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Preface

Ultrasound has evolved far beyond its traditional role as a purely imaging modality.

It has become an essential extension of the clinical examination, providing real-time,
dynamic insights that bridge the gap between bedside evaluation and complex diag-
nostic algorithms. Ultrasound — The Next Step in Clinical Evaluation aims to reflect
this transformation and to inspire clinicians to incorporate ultrasound into their daily
practice as an indispensable tool for integrative diagnosis.

This volume gathers contributions from experts across multiple fields, highlighting
the versatility and clinical depth of modern ultrasonography. The chapters explore the
multiparametric ultrasound assessment of thyroid disease, including both nodular
and diffuse forms, as well as the emerging applications of point-of-care ultrasound
(POCUS) in breast and lung evaluation. Musculoskeletal ultrasound is presented
from both diagnostic and POCUS perspectives, emphasizing its utility in functional
and structural assessment.

Further sections address the ultrasound evaluation of hepatic disorders, including
fatty liver disease, portal hypertension, and the expanding role of artificial intel-
ligence in multiparametric liver diagnostics. A dedicated section of the book focuses
on the vascular consequences of obesity in children and on the practical ultrasono-
graphic approach to arteriovenous anastomoses, highlighting the relevance of vascular
ultrasound in understanding systemic disease.

The unifying concept of this book is that ultrasound should not be perceived merely
as a descriptive imaging tool, but as a continuation of the clinical examination, an
immediate, bedside extension of the physician’s senses and reasoning. Through this
perspective, the book invites clinicians to incorporate ultrasound into their diagnostic
thought process, refine their decision-making, and ultimately enhance patient care.

We hope that this book will ignite curiosity and confidence among beginners, while
offering fresh insights to experienced practitioners. As the boundaries between clinical
medicine and imaging continue to dissolve, Ultrasound — The Next Step in Clinical
Evaluation stands as a testament to a new, integrative era of diagnostic medicine.

Dana Liana Stoian

Department of Endocrinology,

County Emergency Hospital “Pius Branzeu”,
Timisoara, Romania

“Victor Babes” University of Medicine and Pharmacy,
Timisoara, Romania
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Chapter 1

Multiparametric Ultrasound
Evaluation of Diffuse Thyroid
Disease

Dana Liana Stoian and Andreea Bena

Abstract

This chapter discusses the advanced multiparametric ultrasound (MPUS) evaluation
of diffuse thyroid diseases (DTD), including forms with hyperthyroidism, hypothy-
roidism, and the euthyroid, asymptomatic disease. A complete evaluation, including a
combined use of various ultrasound modalities: B-mode, color Doppler, spectral Doppler,
elastography, and contrast-enhanced ultrasound, offers improved diagnostic accuracy.
This chapter addresses the challenges and innovations in ultrasound technology, provid-
ing a step-by-step diagnostic approach that integrates MPUS with other diagnostic tools.
This comprehensive overview aims to enhance the accuracy and efficiency of DTD
diagnosis, reflecting on the evolving landscape of thyroid disease diagnosis.

Keywords: elastography, thyroid nodules, thyroid cancer, MPUS, thyroid CEUS

1. Introduction

Diffuse thyroid diseases represent a complex spectrum of disorders affecting
the thyroid gland including autoimmune conditions like Graves’ disease (GD),
Hashimoto’ thyroiditis (HT), and other types of thyroiditis, each presenting typi-
cal challenges in diagnosis and further therapeutic management. The estimated
prevalence of autoimmune thyroid disease with clinical thyroid dysfunction (AITD)
is 5%, with an even greater number of individuals with positive antithyroid antibod-
ies presenting without clinical disease [1, 2]. All these conditions alter the thyroid’s
structure and function in multiple ways, leading to typical clinical manifestations.
The term thyroiditis refers to a broad range of conditions that result in inflammation
of the thyroid gland and diffuse thyroid disease [3].

Biochemical diagnosis plays a crucial role in differentiating between Graves’ disease,
Hashimoto’ thyroiditis, and other forms of thyroiditis, each characterized by distinct
hormonal and antibody profiles. Graves’ disease is characterized by high thyroid-
stimulating immunoglobulins (TSI) and in most cases accompanied by hyperthyroidism
[4]. However, Hashimoto’s thyroiditis is characterized by high thyroid peroxidase (TPO)
and antithyroglobulin antibodies and normal, raised, or reduced thyroid hormone levels
depending on the disease stage. Due to their different inflammatory and autoimmune
mechanisms, subacute or silent thyroiditis generally has a brief hyperthyroid phase,
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but no autoantibodies like in Graves’ or Hashimoto’s. Thus, appropriate diagnosis and
treatment of these different thyroid disorders require a complete biochemical study, but
sometimes the chemical picture may also overlap [5].

Thyroid scintigraphy remains the reference method for differentiating between
destruction and hyperproduction conditions in cases with hyperthyroidism includ-
ing cases with thyrotoxicosis which may arise due to the release of deposited, pre-
synthesized thyroid hormones versus overactive thyroid tissue due to Graves’ disease
and more rarely, other types of thyroiditis. Precise diagnosis of GD from thyroiditis is
essential to prevent the prescription of antithyroid drugs to patients with thyroiditis,
as this could result in hypothyroidism or other adverse effects, while a patient with
hyperproduction would not benefit from anti-inflammatory medication, with pos-
sible progression of the disease [6, 7].

Central to the evaluation of these diffuse thyroid disorders is the use of ultrasound
(US) imaging. Ultrasound is a fundamental tool in the field of thyroid diagnosis
due to its non-invasive nature, accessibility, and its exceptional ability to provide
detailed images of the thyroid’s structure and vascularity. In diffuse thyroid disease,
ultrasound imaging is particularly valuable, as it can detect subtle changes in the
gland’s size, echotexture, and blood flow patterns, which are often key indicators
of underlying pathology. The introduction of advanced ultrasound techniques has
further enhanced our ability to assess these diseases. Doppler ultrasound allows for
the evaluation of blood flow within the thyroid gland, aiding in the differentiation
between various types of diffuse thyroid diseases based on their vascular patterns.
Similarly, elastography provides insights into the stiffness of thyroid tissues, a feature
that can vary significantly among different thyroid pathologies [5, 8, 9].

However, while conventional techniques such as B-mode and Doppler provide use-
ful structural and vascular information, they often fall short in confidently differen-
tiating between overlapping DTD phenotypes—particularly in early disease stages or
atypical presentations. For instance, both Graves’ disease and Hashimoto’s thyroiditis
may present with diffusely hypoechoic parenchyma, making diagnosis uncertain
without additional data.

Multiparametric ultrasound (MPUS), by combining B-mode, Doppler, elastogra-
phy, contrast-enhanced ultrasound (CEUS), and the emerging modality of viscosity
estimation, offers a more comprehensive tissue characterization. This integrated
approach allows not only for improved diagnostic accuracy but also for better phe-
notyping and staging of DTDs, especially when biochemical or nuclear imaging is
inconclusive or unavailable.

As such, MPUS holds increasing promise in the non-invasive, real-time differen-
tiation of diffuse thyroid diseases, offering clinicians a powerful adjunct to laboratory
and scintigraphic data.

The future of an initial, prompt diagnosis in DTD is likely to meet a shift toward
imaging, particularly ultrasound imaging, enhanced by the advantages of multipara-
metric US-based assessment.

2. Overview of DTDs
2.1 Hashimoto’s thyroiditis

Hashimoto’s thyroiditis (HT) is the most prevalent form of autoimmune thyroid-
itis and commonly presents with a hypoechoic, heterogeneous thyroid on ultrasound.
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Diagnosing asymptomatic or subclinical thyroiditis does not mean overdiagnosis, but
rather an early diagnosis [10]. Screening asymptomatic, euthyroid patients helps in
avoiding the complications of untreated thyroid dysfunction. In this condition, the
patients show no evident symptoms of thyroid dysfunction at the time of diagnosis,
but a significant share will develop hypothyroidism. The markers in its detection are
the raised serum concentrations of thyroid antibodies, namely antithyroid peroxidase
(TPOAD) and anti-thyroglobulin (TGAb) [4, 5]. These antibodies are also present in
other thyroid conditions like Graves’ disease, their prevalence increases with age and
is more common in women, suggesting a demographic pattern in thyroid autoimmu-
nity [11].

The role of ultrasound imaging emerges as crucial in this scenario, as it can detect
changes in thyroid tissue indicative of autoimmunity even before TPOADb positiv-
ity, particularly in the 20% of cases where TPOAb may not be detectable despite
ultrasound evidence [6, 12]. The ultrasound appearance may vary from slightly
hypoechoic (Figure 1) to a typical appearance of HT, as well as different pictures of
elasticity and vascular patterns [13].

It is believed that a combination of genetic predisposition and environmental
influences contributes to the breakdown of immune tolerance, resulting in an auto-
immune assault on thyroid tissue and the subsequent development of the disease
[14]. The onset of this condition might be linked to the CTL-4 protein or a cytotoxic

+Q-Box™
Mean 17.2kPa
Med 16.4kPa
Min 13.9kPa
Max 26.9kPa

SD 2.9kPa

Vi PLUS Mean 1.5Pa.s
Vi PLUS Med 1.5Pa.s
Vi PLUS SD 0.0Pa.s

Depth 1.2cm
Diam 4.00mm

Figure 1.

Lo%tgitudinal view of the right thyroid lobe in a patient with asymptomatic autoimmune thyroiditis; moderate
diffuse inhomogeneity in B-mode (lower image); mean elasticity index 17.2 kPa, color map — blue and green -
showing slightly increased thyroid stiffness in the selected region of interest Q-Box (upper image) — multimodal
ultrasound assessment suggests autoimmune diffuse thyroid disease.
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T-lymphocyte antigen [15]. Individuals with HT often face challenges like memory
lapses and concentration issues, alongside symptoms such as irritability, sleep distur-
bances, mood fluctuations, and depression. They may associate myopathy, neuropa-
thy, and encephalopathy, though the precise reasons behind these symptoms remain
largely unexplained [11, 16].

2.2 Graves’ disease

GD is a specific autoimmune disorder targeting the thyroid, primarily caused by
circulating autoantibodies that stimulate the thyroid-stimulating-hormone receptor,
resulting in hyperthyroidism. This condition arises also from the loss of immune
tolerance to thyroid antigens, namely against the TSH receptor (TRAb), with 99%
specificity [17]. In cases where classic symptoms like dermopathy or ophthalmopathy
and a diffuse goiter are absent, radionuclide scanning becomes essential to confirm a
diagnosis of Graves’ disease. It also helps differentiate GD from other thyrotoxicosis
causes like exogenous thyroid hormone intake or follicular destruction, employing
techniques like radioiodine uptake measurement to make this differentiation [4, 17].
GD may be diagnosed in subclinical forms, when thyroid ultrasound appearance may
already present the typical features of the disease, before thyroid function alterations
or the development of eye disease.

2.3 Destruction thyroiditis

Destructive thyroiditis is a form of thyroid inflammation characterized by the
transient release of thyroid hormones due to the destruction of thyroid follicular
cells, rather than overproduction. Some destructive conditions such as post-partum
thyroiditis or Hashitoxicosis are typically part of a spectrum of autoimmune thyroid
disorders and can sometimes be mistaken for Graves’ disease due to the initial thyro-
toxic phase [18]. However, unlike Graves’ disease, destructive thyroiditis usually does
not involve an immune response directly stimulating the thyroid to produce excess
hormones [19]. Instead, the damage to thyroid cells leads to the leakage of stored
thyroid hormones into the bloodstream, causing temporary hyperthyroidism. Other
destruction states include iatrogenia, as in the use of amiodarone, immunotherapy,
lithium, and radiation therapy [20, 21]. This phase is often followed by a hypothy-
roid phase as hormone stores are depleted, which can then return to normal thyroid
function in many cases. Understanding and identifying destructive thyroiditis is
crucial for providing appropriate treatment and avoiding unnecessary interventions
like long-term thyroid suppression therapy, which may not be beneficial in this self-
limiting condition and may actually harm the patient [18].

3. Role of ultrasound in diffuse thyroid disease diagnosis
3.1 B-mode ultrasound in DTD

Diffuse inhomogeneity and hypoechogenicity can be present in any type of DTD
and predict thyroid DTD with great accuracy [3].

In autoimmune thyroiditis, the appearance may vary, and sometimes it shows
different pictures from one evaluation to another. Multiple typical features have
been described: typically, it presents as a diffusely heterogeneous gland with patchy
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hypoechoic areas and echogenic bands, creating a micronodular or “giraffe skin”
appearance [22, 23]. In the initial phase the thyroid volume is usually increased or
normal. As the condition advances with inflammation and fibrosis, the gland devel-
ops hyperechoic bands, a more heterogeneous and nodular surface, and may become
atrophic (Figure 2), occasionally showing “pseudonodules” [24].

The hypoechogenicity seen in Graves’ disease is attributed to various histological
changes within the thyroid gland, such as lymphocytic infiltration, increased vascu-
larity, and changes in the thyroid’s stromal and parenchymal composition, changes
which alter the way the thyroid tissue interacts with ultrasound waves [4, 25]. The
intense hypoechoic pattern seen in Graves’ disease (Figure 3) can be a useful diagnos-
tic feature, although the appearance overlaps in many cases with the appearance of
HT. The thyroid volume is usually above the upper limit, and less commonly can also
be normal [26].

In subacute thyroiditis, the characteristic ultrasound presentation often shows
patchy, undefined hypoechoic areas (Figure 4), in either one or both lobes, accompa-
nied by notably reduced vascularity in the thyroid tissue. This can sometimes resem-
ble a “lava flow” pattern of diffuse and merging hypoechoic regions. The resolution of
these imaging features can take several weeks to months [27].

Figure 2.
Atrophic, hypoechoic thyroid gland caused by autoimmune thyroiditis, seen in transverse view (left), and
longitudinal view of the right lobe (right).

Dist 2
=R lobe W i — T 2 e = Rt-tobeV
~-Dist - =0

bkt Lob&H
" Olst

Lt Lobe W
Dist

Figure 3.
Diffusely enlarged, intense hypoechoic thyroid parenchyma in a patient with Graves’ disease in transverse view
(left) and longitudinal view of the right lobe (right).
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Lt Lobe V

Vol

Figure 4.
Longitudinal view, left lobe in a patient with subacute thyroiditis: Hypoechoic areas that alternate with normal
appearing thyrvoid tissue.

4. Color Doppler and spectral Doppler ultrasound

Autoimmune thyroiditis can present with either increased, normal, or decreased
vascularity in Color Doppler, depending on factors like TSH value or time from onset
(Figure5).

Undoubtedly, Graves’ disease is marked by abundant intralesional blood flow, as
seen in color Doppler ultrasound imaging (Figure 6).

In subacute thyroiditis, during the acute phase, increased vascularity might be
observed (Figure 7), while the subacute phase typically exhibits widespread hypovas-
cularity [3, 18].

Figures.
Color Doppler: Increased vascularity in Hashimoto (left); decreased vascularity in atrophic thyroiditis (vight).
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Figure 6.
Color Doppler: Diffusely increased vascular pattern seen in a Graves’ disease patient.

Figure?7.
Power Doppler imaging: Diffuse recovered areas displaying increased vascularity with some decrease in vascular
pattern corresponding to the hypoechoic, most affected area in subacute thyroiditis - beginning of resolution phase.

Spectral Doppler (SD) is an advanced technique employed in thyroid artery
examinations, particularly useful in distinguishing between GD and other thyroiditis
forms. By measuring the peak systolic velocity (PSV) in the superior thyroid arter-
ies on both sides, SD provides a quantitative appraisal of blood flow. The procedure
involves maintaining the Doppler angle at or below 60° and adjusting the correction
angle parallel to the flow direction. PSV values, measured in centimeters per second,
have shown a strong correlation with radioactive iodine uptake recorded both at 3
and 24-hour intervals. This correlation has significantly enhanced the accuracy and
reliability of SD in thyroid diagnostics. A PSV cutoff range of 40-50 cm/sec has
been proposed to distinguish between GD (Figure 8) and other forms of thyroiditis
(Figure 9) [28, 29].
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Figure 8.
Spectral and color Doppler assessment in a patient with Graves’, with increased vascular pattern Schultz 3 in
color Doppler (vight) and high peak systolic velocity, suggesting Graves’ disease.

Figure 9.

Spectral and color Doppler assessment in a patient with autoimmune thyroiditis at debut, also with
increased vascular pattern Schultz 3 in color Doppler (vight), but peak systolic velocity lower than Graves’
threshold = 22 cm/sec.

5. Elastography in DTD

Elastography methods, both strain and shear-wave-based, are highly effective for
identifying potentially malignant thyroid nodules [30], but they can also detect condi-
tions like autoimmune thyroiditis and Graves’ disease, by estimating tissue mechanical
properties [31]. Strain elastography measures tissue deformation in response to an
applied force, either manual compression or internal movement. It provides qualitative or
semi-quantitative information, displaying the relative stiffness of tissues in a color-coded
format without offering exact measurements. In contrast, shear wave elastography is a
more advanced, quantitative method. It utilizes the generation of shear waves within the
tissue by the ultrasound probe; the waves’ speed is directly related to tissue stiffness: the
faster the waves travel, the stiffer the tissue. Shear wave elastography provides a more
objective and reproducible measurement of tissue stiffness, often expressed in kilopascals
(kPa) as the elasticity index (EI), enabling more precise and reliable assessments [32]. In
DTD, stiffness is an indicator of thyroid fibrosis.

10



Multiparametric Ultrasound Evaluation of Diffuse Thyroid Disease
DOI: http://dx.doi.org/10.5772/intechopen.1012823

In the literature, normal thyroid elasticity values are approximately 9.0 + 11.3 kPa;
13.5 + 3.3 kPa using 2D SWE techniques [33, 34]. It is worth mentioning that all these
values are technique- and machine-dependent. There is substantial evidence indicating
that in patients with HT, thyroid tissue stiffness is higher compared to normal thyroid
tissue, with mean 2D-SWE values ranging between 19.5 + 6.8 kPa and 36.15 + 18.7 kPa [27,
33, 35]. Similar findings were also observed in pediatric patients (Figure 10) [31].

In Graves’ disease (Figure 11), the thyroid tissue usually presents a low elastic
index, similar to the normal thyroid (mean values ranging between 11.6 and 17.4).

+Q-Box™
Mean 32.1kPa
Med 32.3kPa
Min 27.3kPa
Max 35.5kPa

sSD 1.7kPa

Vi PLUS Mean 2.4Pa.s
Vi PLUS Med 2.2Pa.s
Vi PLUS SD 0.4Pa.s

Depth 1.4cm
(ET 4.00mm

Figure 10.
Increased mean elasticity index (32.1 kPa) in the selected region of interest Q-Box; color map — mostly green - in a
patient with Hashimoto’.

Depth
Diam

Figure 11.
High-normal mean elasticity index of 15.9 kPa, color map — mostly blue; in a patient with Graves’ disease.
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Figure 12.
Stiff areas alternating with normal elasticity aveas in a patient with subacute thyroiditis.

Elastography can be of great help in differentiating Graves’ from SAT (mean elastic-
ity <24 kPa, AUC 0.953), but may not be able to differentiate Graves’ from normal
thyroid and, in some cases, from HT [36].

Elastography is instrumental in differentiating SAT from other forms of thyroiditis.
It showed markedly higher elasticity measurements, over 100 kPa, an obvious contrast
to the mean elasticity values for autoimmune diseases of all forms (mean < 25 kPa). This
significant difference is reflected in the area under the curve (AUC) values, where SWE
had an AUC of 0.989 for distinguishing SAT from GD, but 0.549 for HT from GD [36].
Figure 12 displays one SAT case in resolution, euthyroid phase.

6. Advancements in thyroid ultrasound
6.1 Viscosity estimation

Similarly to elasticity estimation, the dispersion slope measurements can be made
as potential markers of inflammation, so that viscosity evaluation may be able to
differentiate between inflammation and fibrosis, as elastography presents increased
values for both and is not able to differentiate between them. Developed by Canon
and Supersonic Imagine (Vi PLUS) so far, these techniques utilize algorithmic analy-
ses of tissue viscosity. The significant limitation of the viscosity module is that so far it
is exclusively compatible with a curvilinear transducer.

For normal thyroid viscosity, specific values have been determined: In the first
study involving 121 healthy subjects, it was found to be 2.42 + 0.41 Pa-s [34, 37], while
a second study with 85 healthy volunteers reported it similarly, as 2.63 + 0.47 Pa-s
[37]. Subsequently, a study assessing thyroid viscosity in adults with HT reported
notably higher values in HT patients compared to those with normal thyroid func-
tion, with a significant difference between the two groups (p < 0.0001). The Vi PLUS
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demonstrated effective diagnostic capability in identifying chronic autoimmune
thyroiditis (Figures 13 and 14). An optimal cut-off for diagnosis was identified at
above 2.5 Pa-s, (AUC = 0.69; sensitivity = 68.6%; specificity = 64.52%) [38].

+Q-Box™
Mean 11.4kPa
Med 11.4kPa
Min 7.4kPa
Max 14.2kPa

SD 1.2kPa

VI PLUS Mean 2.4Pa.s*
Vi PLUS Med 2.4Pa.s*
Vi PLUS SD 0.6 P35

Depth 2.1cl, ;

Diam 9.85njin
Sl 94% 3>

Figure 13.

ViPLUS assessment of thyroid parenchyma in a patient with normal thyroid evaluated with convex probe:
Novrmal mean elasticity index — 11.4 kPa, color map — entively blue; normal mean viscosity index — 2.4 Pa-s, color
map — mostly red.

Wi PLUS Mean 4.0Pa.s
Vi PLUS Med 4.1Pa.s
Vi PLUS 5D

Depth
Diam
sl

Figure 14.
ViPLUS assessment of thyroid parenchyma in a patient with autoimmune thyroiditis: Mean elasticity index —
22.1 kPa, color map — mostly green; increased mean viscosity index — 4 Pa-s, color map — mostly yellow.
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6.2 CEUS

There is no standardized approach in terms of CEUS utilization in DTD [39]. Our
team described certain patterns also in qualitative CEUS evaluation for DTD versus
normal thyroid, but also between different subtypes of hyperthyroid DTD due to
follicular destruction (delayed wash-in; early washout; inhomogeneous contrast
enhancement — Figure 15) and hyperproduction (early wash-in; prolonged enhance-
ment with late washout; usually homogeneous hyperenhancement - Figure 16).

Figure 15.
Inhomogeneous enhancement and early washout in a patient with subacute thyvoiditis (destruction,).

Figure 16.

Homogeneous uptake and prolonged enhancement of the thyroid parenchyma, late washout in a patient with
Graves’ disease (hyperproduction), and a hypoenhanced area in the posterior part corresponding to a benign
thyroid nodule.
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6.3 Limitations

While MPUS enhances diagnostic accuracy in diffuse thyroid diseases, several limita-
tions remain. Elastography and viscosity values are highly operator- and equipment-
dependent, with varying cut-offs across platforms; they also vary acvoss stages of the
disease. CEUS lacks standardized protocols for DTDs, and its availability is limited.
In addition, overlapping imaging features between different DTDs may still require
biochemical or nuclear confirmation. Thus, MPUS should still be interpreted in conjunc-
tion with clinical and laboratory data.

7. Conclusion and future directions: Why MPUS approach?

This book chapter highlights the necessity of a systematic, multiphase diagnostic
imaging approach for diffuse thyroid diseases (DTDs). The workflow begins with
preliminary B-mode and color Doppler ultrasound evaluations, crucial for initial
structural and vascular assessment of the thyroid gland. Subsequent laboratory tests
are essential for determining thyroid function, thereby deepening the understand-
ing of the thyroid’s condition. Spectral Doppler ultrasound is particularly useful in
thyrotoxicosis, with peak systolic velocity (PSV) values above 40-50 cm/s strongly
suggesting Graves’ disease. Elastography follows as a key diagnostic step, providing
stiffness quantification: kigh elasticity (>100 kPa) indicates subacute thyroiditis (SAT)
and important follicular damage, while moderate elevations (20-35 kPa) support a
diagnosis of Hashimoto’s thyroiditis (HT), and low-normal values (11-17 kPa) are
more typical for Graves’ disease (GD). Newer tools like viscosity estimation further
help differentiate chronic autoimmune inflammation (>2.5 Pa-s in HT) from normal
thyroid or GD. CEUS adds perfusion detail—early, homogeneous enhancement with
delayed washout favors GD, while delayed, patchy enhancement with early washout
points toward destructive thyroiditis. Table 1 summarizes this step-by-step diagnostic
synergy:

This multiparametric approach allows accurate, real-time differentiation between
major DTDs, reducing reliance on nuclear imaging and minimizing treatment errors.
For example, differentiating GD from SAT prevents inappropriate antithyroid drug
use, while early detection of HT aids monitoring and timely intervention.

The MPUS strategy is therefore essential for precise, personalized thyroid
care—integrating structural, vascular, mechanical, and functional insights into a
comprehensive diagnostic pathway. This evolving, imaging-led approach represents a
promising direction in the future management of thyroid diseases.
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Abstract

This chapter offers a spotlight on the complex field of thyroid elastography,
an innovative diagnostic tool performed on children with Hashimoto’s thy-
roiditis (HT). Navigating the intersection of technology and pediatric endocri-
nology, this chapter explores how elastography provides important information
about thyroid tissue elasticity, offering a nuanced understanding of the disease’s
progression. From unraveling the complexities of Hashimoto’s in the pediatric
population to elucidating the diagnostic potential of elastography, this chapter
serves as a beacon for clinicians and researchers alike. With a focus on precision
and innovation, it promises to reshape our approach to diagnosing and managing
thyroid disorders in the youngest patients, paving the way for enhanced pediatric
thyroid care.

Keywords: thyroid, elastography, strain elastography, shear-wave elastography,
children

1. Introduction

Among medical conditions, thyroid diseases rank as some of the most widespread.
The diverse manifestations of these conditions significantly differ from one region to
another and are primarily influenced by the dietary supply of iodine. Iodine serves
as a crucial component of the thyroid hormones thyroxine (T4) and triiodothyronine
(T3), both synthesized by the thyroid gland [1].

This chapter will explore Hashimoto’s thyroiditis (HT), commonly known
as chronic autoimmune thyroiditis (CAT), autoimmune thyroiditis, or chronic
lymphocytic thyroiditis, representing an autoimmune thyroid condition encom-
passing thyroid enlargement, lymphocyte infiltration, and the detection of
specific antibodies [2, 3]. Many factors, including the geographical region and
time period, affect the incidence and prevalence of thyroiditis. Longitudinal,
long-term follow-ups are not enough, even with the abundance of research on the
frequency of autoimmune disorders. Over the previous 30 years, there has been
a significant increase in both incidence and prevalence [4]. The frequency of HT
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varies from 4.8 to 25.8% in women and from 0.9 to 7.8% in males, depending on
the area and socioeconomic class [5]. HT stands as the primary cause of hypo-
thyroidism [6, 7]. Additionally, HT represents the most widespread autoimmune
disease among the pediatric population. Approximately 4-10% of children are
estimated to be affected by CAT [8, 9]. The diagnosis of CAT involves clinical
examination, antithyroid antibodies, and imaging assays. Among these, serum
antithyroid peroxidase antibodies (TPOAb) are considered the most crucial indi-
cator of HT, with approximately 95% of patients exhibiting their presence [10,
11]. In contrast to TPOAD, antibodies against thyroglobulin (TgAb) exhibit lower
sensitivity (se), being positive in only 60-80% of patients with HT. Additionally,
these antibodies are less specific, with a higher percentage of positive results
observed in healthy controls [12]. There are rarely any clinical symptoms or
indicators. When symptoms do occur, they are usually associated with hypothy-
roidism (dry skin, weight gain, sensitivity to cold, constipation, etc.), but they
may also result from the thyroid gland compressing surrounding tissues (dyspnea,
dysphonia, dysphagia, etc.) [10].

Thyroid ultrasound (US) has been extensively used to diagnose thyroid lesions
and has also proved to be helpful in CAT detection. The US examination of a patient
with HT usually reveals either focal or diffuse enlargement of the thyroid, accom-
panied by a coarse, heterogeneous, and hypoechoic pattern in the parenchyma.
Although echogenicity is often reduced because of the inflammatory cells infiltrating
the thyroid tissue, it can be normal in certain circumstances [13]. Diminished bright-
ness, or echogenicity, in comparison to normal thyroid tissues is known as diffuse
hypoechogenicity. In CAT, a heterogeneous echotexture is among the most frequently
observed US findings (Figure 1) [14-17].

The thyroid gland’s texture may appear irregular or uneven, but it might
also appear macro- or micronodular. Thyroid pseudonodules are regions of the
gland that show up as distinct nodules on ultrasonography; however, they are
not actual thyroid nodules. There are two types of pseudonodules: micronodules
and macronodules. Micro-pseudonodules are utterly small, sometimes less than

YLt Lobe W

Dist 1.90cm
XLt Lobe H

Dist 1.82cm

ARt Lobe H

Dist 2.00cm
ZRt Lobe W

Dist 1.57cm

Figure 1.
B-mode US of a thyroid affected by HT; heterogeneous echotexture, hypoechogenicity; transverse plane.
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one centimeter in diameter. These small pseudonodules usually do not need to

be treated because they do not have any clinical significance. Usually, macro-
pseudonodules are more than one centimeter in size. Several hypoechoic micronod-
ules clearly suggest the presence of chronic thyroiditis. The external contour
becomes more nodular as inflammation and fibrosis progress, and hyperechoic
linear and curvilinear lines can appear with an uneven appearance. Fibrous septae
can give the appearance that the parenchyma is pseudolobulated [18-21]. There

are various thyroid volume ranges: extremely small (atrophic gland), normal, or
significantly increased (goiter) (Figure 2).

The thyroid tissue impacted by CAT may exhibit a moderate to considerable
increase in vascularity, or it may exhibit normal vascularity, as revealed by Color
Doppler Imaging (CDI). Increased vascularity appears to be associated with hypo-
thyroidism, most likely as a result of thyroid-stimulating hormone’s (TSH) trophic
stimulation [22]. Reduced or absent vascularization is frequently linked to the
gland’s small size and atrophic state [23, 24].

Modern technologies, like elastography, have the potential to provide important
information for the diagnostic methodology, hence increasing its quality and accu-
racy. Tissue strain is measured using elastography, a noninvasive US technique. Both
shear-wave elastography (SWE) and strain elastography (SE) can accurately predict
the probability of malignancies linked to increasing stiffness [25-31]. Less research
has been done on diffuse thyroid pathology, with most studies centered on nodular
thyroid pathology. However, there is evidence that suggests that HT-affected thyroid
tissue is stiffer than normal thyroid tissue. Unfortunately, limited data is available
regarding the pediatric population. In the next chapters, this subject will be covered
in more detail.

Figure 2.
Hyperechoic regenerative nodules in a hypoechoic thyroid parenchyma in a patient with HT - transverse view.
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2. Ultrasound features in pediatric patients

Thyroid US procedures for children are essentially quite similar to those for adults,
with the exception of a few requirements on volume measuring accuracy. A change in
gland volume is a common feature of almost all pediatric thyroid disorders. Regarding the
normal size of the pediatric thyroid gland, opinions vary. Both the alternative thyroid for-
mula, height x width x length x 0.47, and the ellipsoid formula, height x width x length x
0.523, have been used [32-35]. A group of researchers compared various correction meth-
ods, including height, weight, a combination of height and weight, body surface area,
and body mass index. Their study concluded that body surface area-corrected volume
was the most reliable method for assessing thyroid volume in children aged 8-10 years
[36]. Ozdikici conducted a study aimed at establishing normative reference values for
thyroid volume in children, stratified by age and gender. This comprehensive investigation
defined normal ranges of thyroid volume within a 95% confidence interval [37].

Pediatric thyroid size has been linked to somatometric characteristics, ethnicity,
and local iodine intake [35, 38]. The World Health Organization (WHO) reference
values for total thyroid volume, established in 2004, are limited to children aged
6-12 years from regions with long-standing iodine sufficiency, which does not accu-
rately represent most European countries. For example, in German boys and girls, the
97th percentile thyroid volumes exceed the WHO standards by 33.4 and 28.5%, respec-
tively—findings consistent with other contemporary European studies. These results
suggest that the WHO reference values may be overly conservative and could be revised
for use in other European countries with similar iodine histories [39]. Also, there may
be variations in reported normal values as a result of these factors and variations in
operator technique [34, 40]. Depending on gestational age, newborn thyroid volumes
can range from 0.84 + 0.38 mL to 1.62 + 0.44 mL [41, 42]. Although highly important,
research indicates that neither subjective nor objective assessments reliably predict
whether congenital hypothyroidism (CH) is permanent or transient. Changes in gland
shape may interfere with both methods and reduce the accuracy of standard formulas
used to calculate lobe volume. Until more precise techniques for evaluating thyroid size
are developed, the use of both subjective and objective assessments is advised in cases
of CH [43]. The tracheal index is used in a simplified manner, and the usual range for
the thyroid/trachea ratio is 1.7-2.4 [44]. The depth of the isthmus is typically not taken
into account in situations where there is a noticeable rise in the overall volume of the
thyroid lobes. The size of the isthmus can be estimated indirectly if the thyroid volume
is close to the highest limit. In children under the age of 10 years, an isthmus thicker
than 3 mm, and in adolescents, more than 5 mm, is considered an enlarged thyroid.
The thyroid tissue’s echo density is measured in relation to the salivary gland in both
children and adults. Normal thyroid tissue has a homogeneous echo structure [45].

Children with the diffuse sclerosing type of papillary carcinoma might present
with an enlarged heterogeneous thyroid with echogenic regions that indicate micro-
calcifications, with the background of thyroiditis; this has to be diagnosed as such
and requires a biopsy. It is important to distinguish this uneven look from thyroiditis’s
micronodular pattern [46-48].

The intrathyroidal thymus, an embryological remnant, is a specific US finding in
infants. It appears as a well-defined hypovascular lesion, often measuring less than
1 cm, and sometimes has angulated borders with a starry-sky pattern. These lesions
can occasionally show extrathyroidal extension, characterized by a thymic tissue
protrusion toward the mediastinum or a thymus-lesion link. It is crucial to distinguish
ectopic thymus from other nodular thyroid tumors [49-51].
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3. Ultrasound-based elastography
3.1 General principles

Elastography, a noninvasive technique based on ultrasound, measures tissue
strain. Its increasing use aims to enhance the differentiation of thyroid nodules.
Both shear-wave elastography (SWE) and strain elastography (SE) have demon-
strated effectiveness in predicting the risk of malignancy by identifying increased
rigidity as a suspicion criterion [52-54]. US elastography evaluates tissue stiffness
noninvasively by assessing the displacement of the tissue in response to internal
or external mechanical pressure. Ultrasound elastography methods are catego-
rized as quasi-static, or strain-based, and dynamic, or shear-wave-based [55-57].
A deformation occurs when the tissue is exposed to an external pressure, as in
strain scanning, or to the shear-waves emitted by the US probe, as in SWE [58].
The capacity of a tissue to resist deformation in the presence of an external force
and to return to its initial form upon removal of the force is known as its elastic-
ity. Clinically observed loss of elasticity with palpation or elastography (virtual
palpation) increases the possibility of a disease [59, 60]. A recent study compared
two types of elastography—SWE and strain elastography—in evaluating children
with Hashimoto’s thyroiditis, concluding that there were no significant differences
between the methods. The authors recommend using either technique, depending
on availability [61].

3.2 Shear-wave elastography

The SWE method relies on the generation and detection of shear-waves (SW),
which are transverse components of particle displacement. Shear indicates a shape
change, but volume does not change [25, 27]. The velocity of wave propagation
is contingent on tissue elasticity, and shear-waves move through the tissue at
a considerably slower speed than longitudinal waves [62]. Deformation of the
tissue induced by wave generation leads to changes in the US pattern. The move-
ment of tissue is monitored by using multiple locations of the ultrasound probe.
Shear waves typically have a speed ranging from 1 to 50 m/s and are generated at
frequencies between 10 and 2000 Hz [63, 64]. Because shear-wave elastography
is less operator-dependent, it may be reproduced more precisely. Tissue elastic-
ity may be evaluated both quantitatively and qualitatively by measuring the SW
velocity [25, 65].

1-D monoplane: A common method for evaluating liver fibrosis is transient elas-
tography, such as Echosens and Fibroscan. It is not accessible on normal US devices
using standard US transducers. This device has a vibrating instrument in addition to
a specialized ultrasonic transducer that uses an external vibrating “punch” to create
shear-waves that penetrate the tissues [60].

Using push pulses that induce local tissue displacement perpendicular to the
surface, the ARFI (acoustic radiation force impulse) physically stimulates the ROI’s
(region of interest) tissue in monoplane SWE (point-SWE, pSWE). The operator can
select the suitable acoustic window for assessments with the use of visual assistance in
point shear-wave elastography. SW velocity (m/s) estimations may be achieved up to
amaximum of 8 cm depth [60].

Using biplane SWE (2D SWE) and 3D SWE, a quantitative color elastogram is
superimposed over 2B images in real time, and SW speed is determined. Supersonic
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shear-wave technology uses focused ultrasonic beams. These beams spread out over
the imaging region and show the elasticity index (EI), which is measured in kilopas-
cals (kPa), for each pixel of the ROI. This indicates the speed (m/s) of the SW. The
mean, minimum, and maximum stiffness values, as well as the standard deviation
(SD), may all be measured inside the ROI [25, 60].

Compared to SE, image acquisition is acknowledged as being easier to get accus-
tomed to and more rapid. 2D SWE equipment provides results that are both quantita-
tive and qualitative. Images are stored and assessed once the SWE map has stabilized,
usually following an undisturbed exposure of five to seven seconds. Color-coded
maps are supplied for each US machine, with different codes displayed on scales
denoting soft-to-hard lesions.

Some drawbacks of the ARFI method will be briefly highlighted. The first one
has to do with the ROI’s predetermined fixed dimension. Additionally, nodules larger
than 20 mm cause instability in SW speed. Lesions with liquid areas and intralesional
calcifications cannot be examined since the ROl is hard to identify within the nodule.
When utilizing point- and 2D-SWE, deep localization presents a major challenge;
nodular structures deeper than 40-50 mm are inaccessible to the ARFI. Lesions on the
thyroid isthmus are a challenge because of their position between the surface of the
skin and the stiff trachea (Figures 3 and 4) [66, 67].

Figure 3.
2D-SWE of a healthy thyroid; homogeneous blue appearance; longitudinal view.
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Figure 4.
2D-SWE - Thyroid affected by HT, stiffer thyroid tissue, heterogeneously blue and green appearance; longitudinal
view.

3.3 Strain elastography

Initially, and most commonly, strain elastography is the technique employed.

The external pressure is either created by an ARFI or the operator typically applies a
minimally controlled external pressure. In recent years, the equipment has acquired
the ability to identify even the smallest internal physiological motions, such as muscle
contraction and vascular pulse [52, 59].

Devices equipped with strain elastography are unable to measure stress directly.
Elastograms, which are based on signal differences before and after compression,
show relative stiffness together with B-mode pictures on a dual-screen system or
overlaid on the grayscale image. Usually, a continuous color map that ranges from red
(soft) to green (equal strain or intermediate) to blue (hard) is used to depict the tissue
stiffness. Several systems use an inverted color scale [60, 68, 69].
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With the use of special software, strain elastography equipment generates an
objective, semiquantitative assessment that yields a numerical value known as the
strain ratio (SR). The measure used to evaluate stiffness is the parenchyma-to-
nodule ratio (PTNR), which is the ratio of the strain in the thyroid parenchyma to
the strain in the nodule, or the strain in the proximal strap muscle to the thyroid
tissue. SR is thought to be more precise than evaluating qualitative elasticity
(Table1).

The average of the three consecutive measurements determines the final result.

A number of recommendations need to be considered when determining where

the ROI will be located. It should include the whole nodule and surrounding paren-
chyma as close to the transducer as possible. Strain depreciation with distance can be
avoided by positioning the elastographic ROI as close to the transducer as is practical
[66]. To increase the contrast between nodules and parenchyma in SE, it is impera-
tive to include as much “normal” reference parenchyma as possible in the picture.
Furthermore, the blood vessels (particularly the carotid), the esophagus, the trachea,
the bones, and the muscles must all be removed from the ROI as much as possible.
There is an important relevance to holding one’s breath and not speaking or swallow-
ing. A large amount of gel and minimal skin contact are necessary. For this applica-
tion, a probe stabilizer is inappropriate because of the neck’s anatomical particulars
[70, 71]. Longitudinal sections are favored over transverse ones in the SE assessment.
To improve reproducibility regarding the external, operator-dependent manual
compression, each system offers suggestions on the ideal displacement quantity and
frequency [66, 67].

The approach has several limitations, including subjectivity, operator depen-
dence, and compressibility. It is believed that the size of the nodule has little impact
on the accuracy of SE assessment, even though certain studies show that nodules
less than 3 cm or greater than 3 cm perform differently. The World Federation for
Ultrasound in Medicine and Biology (WFUMB) standards state that because of their
deeper regions and absence of healthy surrounding tissue, nodules bigger than three
centimeters cannot be examined appropriately. When coalescent nodules are pres-
ent, the SE assessment is not accurate. Increased stiffness in benign lesions with cal-
cifications or fibrosis can be detected, leading to false-positive findings. Identifying
anterior lesions that extend to the capsule as soft may be an error due to the refer-
ence tissue being the strap muscles rather than the thyroid parenchyma. Isthmic
lesions are challenging to assess because they are limited between two firm planes
(the probe and the trachea) and lack reference tissue [72]. When external pressure is

Modality Strengths Limitations

B-mode US Structural detail, widely Operator-dependent, does not provide information
available about elasticity

Color Doppler Evaluates vascularity Nonspecific for thyroiditis

Strain elastography Qualitative, Operator-dependent, less reproducible
semiquantitative

Shear-wave Quantitative, reproducible Equipment variability, deep lesions are problematic

elastography

Table 1.

Comparison of ultrasound modes.
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applied, carotid pulsations may interfere, especially in transverse sections. Real-time
elastography (RTE) with external force is less suitable for transverse thyroid scans
because it is more susceptible to carotid pulse interference. However, they have the
benefit of internal force. Longitudinal scans offer greater thyroid reference tissue
and are less affected by carotid pulsations. The surrounding reference parenchyma
inside the ROI must exhibit at least 50% green color to determine an appropriate
strain ratio. Lesions that are smaller than 5 mm, significant cystic components (only
the solid part should be measured), nodules with peripheral rim calcification (which
might inaccurately increase stiffness), and overweight individuals are some further
limitations of SE (Figures 5 and 6) [27, 68].

Str. Ratie
Str.Ratio

Figures.
SE (left) and B-mode US (right) of a normal thyroid; SR = 1.07; longitudinal view.

Figure 6.
SE (left) and B-mode US (right) of a thyroid affected by HT; longitudinal view.
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3.4 Thyroid elastography in children with HT — current perspective
3.4.1 Shear-wave elastography

There has been limited research on the pediatric population. Elasticity scores
were measured in 107 healthy children, and a median value of 6.38 + 1.97 kPa was
suggested as the norm for a healthy thyroid [73]. Additional studies on children with
healthy thyroids have revealed similar findings, with thyroid stiffness (TS) values
ranging from 8.2 + 2.82 kPa [74] to 11.24 + 1.99 kPa [75]. Normal elasticity scores
were reported as 10.9 + 1.78 kPa [76], 9.36 + 1.63 kPa [77], 10.41 + 2.01 kPa [78], or
10.6 kPa [79] in several articles. Given the wide range of variability, more expansive
cohorts of children must be investigated. The evaluation should also consider the
ROI’s depth and size.

The cut-off value with the best diagnostic accuracy for elasticity values was
12.3 kPa (sensitivity 86.4%, specificity 96.3%) in research with 59 pediatric patients
with CAT diagnoses and 26 healthy controls [79]. Twenty healthy volunteers and 74
patients with diffuse thyroid diseases (DTD) participated in another study on chil-
dren with graves’ disease (GD), HT, and simple goiter. It was discovered that 12.8 kPa
was the optimal SWE cut-off value for distinguishing between DTD and a normal
thyroid [76]. Another research that showed a se of 82% and a sp of 88% determined
a cut-off value of 12.2 kPa for the mean SWE value in predicting CAT in children. A
cut-off value of 13.13 kPa for the highest SWE value obtained a sensitivity of 80%
and a specificity of 92% in accurately differentiating between children with CAT and
healthy participants [78]. A group of Egyptian researchers found similar results after
studying 64 children. The elasticity values of the CAT patients were significantly
higher than those of the control group (9.35 kPa vs. 35.6 kPa). In addition to having a
sensitivity of 96.9% and a specificity of 100%, the test was found to have a threshold
value for elasticity of 12.317 kPa [77]. Koca et al. assessed 46 children who were
recently given a diagnosis of CAT and 46 healthy individuals. Mean SWE values of
12.5 + 5.1 kilopascals (kPa) were observed in children with euthyroid CAT, whereas
healthy controls exhibited mean SWE values of 8.2 + 2.82 kPa (p < 0.001). Witha
sensitivity of 68%, a specificity of 72%, a positive predictive value of 70%, and a
negative predictive value of 69%, they determined a cut-off value of 9.68 kPa for
diagnosing HT [74]. In a different study, the thyroid glands of 18 children (5 boys and
13 girls) with newly diagnosed HT and 27 healthy controls (21 boys and 6 girls) were
assessed using grayscale ultrasound followed by SWE. The median SWE value in the
HT group was 20.6 kPa, compared to 10.7 kPa in the control group. This difference
was statistically significant (W = 438.5, P < .001) [80]. Another study concluded that
SWE can not only aid in the diagnosis of Hashimoto’s thyroiditis but also assist in
grading its severity, as SWE values were found to increase with advancing stages of
the disease. However, no significant differences were observed between stages 2 and
3 [81].

There was no association observed between thyroid elasticity levels and TSH levels
[78, 82, 83]. However, one study reported a mild negative correlation between the two
parameters [80]. Furthermore, two studies reported a weak to mildly positive correla-
tion between thyroid elasticity level and TPOAD [78, 79] but no link between TS and
TGAD [79]. A weak positive correlation was seen in another analysis between TS and
TGADb, but no link was discovered between TS and TPOAD [84].

Additionally, it was verified if children with CAT diagnoses who were getting
levothyroxine hormone replacement therapy had different T'S than those who were
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not. Nevertheless, no noticeable differences in elasticity were seen between these
two youth patient categories [78]. However, research by Magri found that there were
significant differences in thyroid elasticity between individuals receiving medica-
tion and those who were not, although it is important to highlight that Magri’s study
included adult participants [85].

A recent meta-analysis was conducted to evaluate the utility of two-dimensional
shear-wave elastography (2D-SWE) in children with Hashimoto’s thyroiditis.
Although the analysis included only five studies, all reported that the method is use-
ful for diagnosing children with Hashimoto’s thyroiditis. However, larger studies are
needed to reach a consensus on standardized cut-off values [86].

3.4.2 Strain elastography

It was found that the stiffness of several thyroid diseases in adults may be
ranked in ascending order using a list as follows: control group < hyperthyroidism<
HT < subacute thyroiditis (SAT) [87]. SE can be a useful tool in distinguishing cases
of SAT from healthy individuals as well as between several autoimmune diseases,
including GD and HT [88]. Real-time elastography is a viable technique for differen-
tial diagnosis when thyroid nodules and CAT coexist, and SR evaluation could be a
helpful predictor [89, 90].

Until this point, there has been limited research conducted on thyroid elastog-
raphy specifically focused on pediatric individuals diagnosed with thyroiditis. The
existing body of literature concerning this subject is currently scarce.

In a study including 54 healthy children, Yurttutan et al. evaluated the SR of nor-
mal thyroid parenchyma. Their suggested mean value is 0.54 +/— 0.38. Their analysis
found no evidence of a significant association between SR and gender (r = 0.007;

p = 0.96) orage (r = 0.22; p = 0.15) [91].

A study that included 47 children without thyroid conditions and 63 children
with HT revealed differences between the two groups (1.75 + 1.46 vs. 0.26 + 0.77;

p < 0.001). For CAT presence, the cut-off value was 0.31 (92.1% sensitivity (se), 66%
sp, and AUROC of 0.828) [92]. A different study with 76 teenagers with HT and 46
without thyroid disease suggested using SR >0.98 (se of 83%, sp of 93%, AUROC
0.929) as the cut-off value for CAT diagnosis. The children with CAT had mean SR
values of 1.2 + 0.2, which were considerably higher than the control participants’
mean SR values of 0.77 + 0.18 (p < 0.01) [93].

In another study, 22 children without thyroid pathology and 52 children with CAT
diagnoses were included. When comparing the control group to the CAT group, the
mean SR values were considerably lower (0.68 + 0.2 vs. 1.19 + 0.25; p < 0.0001). For
CAT, a mean value greater than 0.9 was determined to be predictive, with AUROC
0.9, 84.62% se, 95.45% sp, 97.8% PPV, and 72.4% NPV [94].

Regarding the relationships between different variables and tissue elasticity level,
there is no consensus in the literature. Positive correlations between SR and TPOAb
(r = 6.85) were noted by Ozturk et al., but no evaluation was done into the possible
association between SR and TGAD [92]. Similar findings were made by Cekig et al.;
they found no association between SR and TGADb but a correlation between SR and
TPOAD (r = 0.439, p < 0.01) [93]. Additionally, Cepeha et al. found a mildly positive
association (r = 0.29) between SR and TGAD levels and a strong correlation (r = 0.65)
between SR and TPOAD values [94].

Only one study addressed the differences between patients receiving treatment
and those who did not need it. There were no significant differences noticed between
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children receiving levothyroxine therapy and those who were not [94]. Given the
disparities between treated and untreated patients seen in previous adult population
studies [69], this line of inquiry deserves more examination.

4, Conclusions

Elastography has emerged as a promising tool in the evaluation and follow-up of
children with HT. Although the number of studies in pediatric populations is still
relatively limited, the existing research shows encouraging results regarding the
accuracy and usefulness of this technique. Both SWE and strain elastography have
demonstrated the ability to noninvasively measure thyroid stiffness, offering addi-
tional information that complements conventional ultrasound. Some studies even
suggest that elastography may help in grading disease severity, although clear differ-
ences between all stages have not been consistently observed.

Despite these promising results, some limitations remain. The small number of
large studies, differences in examination methods, and the lack of clear reference
values mean that elastography is not yet fully standardized for routine use in clinical
practice.

In clinical settings, elastography provides a unique benefit by reducing the need
for invasive procedures and allowing for easy, repeatable monitoring over time, an
important consideration when dealing with children. Its role should be viewed as
complementary to conventional ultrasound techniques, including grayscale and
Doppler imaging, to provide a more complete picture of thyroid health.

Looking ahead, further research is essential to define normal reference ranges
for children, establish standard protocols, and clarify the potential of elastography
in tracking disease progression and treatment response. With continued advances
in ultrasound technology and growing experience among clinicians, elastography
may become an even more reliable and routine part of thyroid imaging in pediatric
patients.
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Chapter 3

Perspective Chapter: Ultrasound
Techniques for Assessment

of Thyroid Nodules with
Indeterminate Cytology

Luciana Moisa-Luca and Andreea Borlea

Abstract

The Bethesda class III encompasses around 15% of biopsied nodules and has an
estimated malignancy risk ranging from 10% to 30%. Managing this category can be
challenging in clinical practice, as nearly 50% have undetermined cytology even after
repeated fine needle aspiration biopsy. While molecular testing is expensive and is
not widely available, lobectomy is associated with increased morbidity, and therefore,
additional evaluation is needed. In the context of grayscale ultrasound criteria, such
as hypoechogenicity, irregular margins, and microcalcifications, which are associated
with the risk of cancer, Doppler applications, including color Doppler, PW Doppler,
spectral Doppler, superb microvascular imaging, and contrast-enhanced ultrasound
(CEUS), may be employed to predict malignancy in indeterminate cytology nodules.
Additionally, the stiffness of the Bethesda III nodules can be evaluated using elas-
tography, which includes strain and shear-wave elastography. It is noteworthy that
malignant lesions are generally stiffer than benign nodules.

Keywords: Bethesda III, grayscale ultrasound, Doppler applications,
strain elastography, shear-wave elastography

1. Introduction

The detection of thyroid nodules has significantly increased with the advancement
and use of high-resolution imaging techniques. As a result, it is estimated that up to
60% of the adult population may have one or more thyroid nodules, depending on
factors such as age, sex, and geographical location [1, 2]. Although the majority of
thyroid nodules are benign, it is important to note that the risk of malignancy (ROM)
isup to 5%.

The ultrasound features allow risk stratification and management of thyroid
lesions through a system called the Thyroid Imaging, Reporting, and Data System
(TIRADS). The TIRADS score, ranging from 1 to 5, and the maximum diameter of
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the nodules determine whether monitoring or fine needle aspiration biopsy (FNAB)
is recommended [3]. The diagnosis of thyroid cytopathology is classified into one of
six categories according to the Bethesda System for Reporting Thyroid Cytopathology
(BSRTC): I (nondiagnostic), II (benign), III (atypia of undetermined significance),
IV (follicular neoplasm), V (suspicious for malignancy), and VI (malignant). Each
category has an associated estimated ROM [4] and cytopathology-based manage-
ment. It is estimated that approximately 30% of nodules that undergo biopsy cannot
be definitively classified as either malignant or benign based solely on cytological
criteria [5]. The Bethesda III classification represents the most prominent subset
among these indeterminate cases, encompassing atypia of undetermined significance
(AUS) or follicular lesion of undetermined significance (FLUS). The malignancy risk
associated with this classification ranges from 10% to 30% [1], with a higher risk of
carcinoma for AUS than FLUS [6].

Managing indeterminate cytology nodules in clinical practice can prove challenging,
as a significant proportion of these nodules, up to 50%, exhibit indeterminate cytol-
ogy upon repeat FNAB [7]. Another approach for assessing the malignant potential
of Bethesda III lesions involves employing molecular diagnostic tests, such as gene
sequencing and messenger RNA (mRNA) expression analysis. These tests furnish precise
data about the malignant risk of the nodules, thereby aiding in distinguishing between
individuals who necessitate surgical intervention and those who can be managed through
surveillance [8]. Regrettably, the high expenses and sporadic accessibility of these tests
significantly constrain their application in medical practice. Moreover, there are no
established guidelines for the management of nodules in light of genetic mutations iden-
tified through molecular testing [8]. In cases where patients have indeterminate cytology
following repeat FNAB or where molecular testing is not feasible, surgical intervention
may be advised based on the ultrasound features of the nodule or the presence of associ-
ated risk factors [9]. This strategy must consider the expenses, as well as the potential
morbidity that could arise from the surgical procedure such as hemorrhage, airway
obstruction, hypocalcemia, and recurrent laryngeal nerve palsy [10]. Additionally, it is
important to take into account the requirement for hormone replacement therapy.

Considering all these, it is apparent that additional methods are necessary to assess
indeterminate cytology nodules. In addition to the ultrasonographic (US) evaluation
of thyroid lesions, the utilization of Doppler ultrasonography and elastography in
assessing thyroid lesions is of great significance in the stratification of malignancy
risk and will be explored in subsequent sections.

2. Grayscale ultrasound evaluation

High-resolution ultrasound is the preferred imaging modality for evaluating
thyroid nodules, as it allows for the assessment of their number, location, size,
ultrasound features, vascularity, relationship with surrounding structures, and
regional lymph nodes [11]. A high-frequency linear probe, ranging from 7 to 15 MHz,
is employed to attain high-resolution images and ensure adequate tissue penetration
during the examination of the thyroid gland [12].

According to TIRADS models, thyroid nodules are evaluated based on their
dimensions and ultrasound characteristics, including composition (cystic, spongi-
form, mixed, and solid), echogenicity (hyperechoic, isoechoic, mildly hypoechoic,
and markedly hypoechoic), shape (oval, round, taller than wide), margin (smooth,
ill-defined, irregular), microcalcification [13]. In light of the primary TIRADS
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models, which include the American Thyroid Association, the American College

of Radiology TI-RADS, and the European Thyroid Association Thyroid Imaging,
Reporting, and Data System, the sensitivity was observed to be 87, 74, and 54%,
respectively, while the specificity was 31, 64, and 53%, respectively. The ACR
TI-RADS system shows higher performance compared to ATA and EU-TIRADS in
selecting malignant thyroid nodules for fine-needle aspiration (FNA). The sensitivi-
ties and specificities of US risk stratification systems vary widely, with ACR TI-RADS
achieving better discriminative power. While the specificity of ACR TI-RADS is
notably higher, leading to a greater likelihood ratio and diagnostic odds ratio, its sen-
sitivity, negative predictive values, and positive predictive values are comparable to
other systems. Differences in the classification criteria and definitions, such as those
for microcalcifications, and variations in FNA cut-offs for intermediate and high-
risk nodules, contribute to the performance variations among these systems. ACR
TI-RADS tends to categorize fewer nodules as intermediate- or high-risk compared
to other systems, which might explain its superior performance. However, challenges
such as time-consuming assessments and the potential for missing certain cancer
types like follicular thyroid cancer should be considered when adopting ultrasound
risk stratification systems [14].

In the Bethesda III category, several high-risk ultrasound characteristics are indic-
ative of thyroid cancer. These features include a solid structure, hypoechogenicity,
irregular margins, a taller-than-wide shape, microcalcification, and solitary nodules,
which have consistently been associated with malignancy [2, 9, 15, 16]. The diagnostic
specificity for malignancy is greater when Bethesda class III nodules exhibit more
ultrasonographic features of malignancy [17].

The management of Bethesda III nodules can be improved by integrating
ultrasound features according to the EU-TIRADS and conducting repeat FNAB.
Ultrasound follow-up is a suitable course of action for Bethesda III category nodules
that persist after FNAB repetition and exhibit ultrasound features corresponding to
the EU-TIRADS 3 class (Figure1).

Figure 1.
EU-TIRADS 3 (solid, oval, isoechoic, and smooth margin).
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Figure 2.
EU-TIRADS 4 (solid, oval, hypoechoic, and smooth margin).

Conversely, nodules classified as EU-TIRADS 4 are associated with a higher
ROM therefore surgical intervention appears to be a more appropriate approach
(Figure 2) [1, 18].

This underlines the importance of performing a thorough ultrasonographic
examination, as it may change the therapeutic management of nodules with indeter-
minate cytology.

3. Doppler ultrasonography

Doppler ultrasound is a diagnostic tool that provides information on blood flow
and is closely related to the vascularization of thyroid nodules. Numerous Doppler
applications are used to evaluate thyroid lesions.

3.1 Color Doppler imaging

Color Doppler imaging (CDI) is a US technique that utilizes a color map to register the
blood flow direction and velocity superimposed on grayscale images. Blood flow velocity
and direction are arbitrarily color-coded. Flow that moves away from the transducer is
represented by the color blue, while flow that approaches the transducer is represented by
red. Lighter shades of these colors indicate higher velocities. Additionally, a third color,
such as green or yellow, is typically used to designate areas of high-flow turbulence [19].

Thyroid nodules may exhibit four types of vascular patterns: type 1 (no blood flow
detected-Figure 3, left image), type 2 (perinodular—blood flow is registered at the
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Figure 3.
Left image: Type 1 vascularity (no blood vessels), Right image: Type 2 vascularity (blood vessel at the periphery of
the nodule).

Figure 4.
Left image: Type 3 vascularity (some blood vessels inside and at the periphery of the nodule), Right image: Type 4
vascularity (multiple blood vessels inside and at the periphery of the nodule).

periphery of the nodule—Figure 3, right image), type 3 (mild intranodular vascu-
larity with or without peripheral flow—Figure 4, left image), and type 4 (marked
intranodular-multiple vessels within the lesion with or without perinodular flow—
Figure 4, right image) [20].

Although there is no definitive consensus regarding the value of CDI in distin-
guishing between benign and malignant lesions, the presence of marked intranodular
vascularity may be a significant predictor of cancer, particularly in larger nodules
[20-23]. It is also applicable to Bethesda III nodules, where the CDI evaluation and
volumetric (3D) color Doppler assessment demonstrated significant vascularity in
both the intranodular and peripheral regions [24, 25].

3.2 Power Doppler and spectral Doppler imaging

Power Doppler Imaging (PDI) is more sensitive than CDI in detecting the slow
flow and distribution of small vessels (Figure 5) and can be employed in the assess-
ment of thyroid nodules for risk stratification as marked intranodular blood flow is an
important feature that is correlated with malignancy [1, 25, 26].

Spectral Doppler imaging (SDI) is an ultrasound method that involves computer
analysis to transform frequency into velocity and plot it as a function of time. This
analysis facilitates the determination of various parameters, such as peak systolic
velocity (PSV), mean systolic velocity (MSV), end-diastolic velocity (ESV),
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Figures.
Power Doppler: Left image: low intranodular vascularity, Right image: marked intranodular vascularity.
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Figure 6.
SDI nodule with low RI and PL

resistance index (RI), and pulsatility index (PI) (Figure 6). Malignant nodules are
typically characterized by a significantly higher RI and PI compared to benign nod-
ules, with a cutoff of 0,73 for RI and 1,3 for PI [26, 27], making them valuable tools
for predicting the likelihood of malignancy even in AUS/FLUS class.

3.3 Superb microvascular imaging

The recently developed ultrasound imaging technique known as Superb microvas-
cular imaging (SMI) or microvascular flow imaging is designed to visualize the low
velocity and small diameter blood vessel flow by suppressing noise caused by motion
artifacts, without eliminating the weak signal originating from small vessel blood
flow. The utilization of SMI offers the advantage of affording more comprehensive
information concerning the microvascular circulation within thyroid nodules than
CDI or PDI [28].
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Figure7.
Left image: minimal peripheral vascularity, Right image: marked peripheral vascularity.

The assessment of vascularity through SMI can be categorized based on its pat-
tern, which includes absence, peripheral, or intranodular. Among these, intranodular
vascularity demonstrates high sensitivity and specificity for malignancy (Figure 7).
The explanation for this phenomenon lies in the fact that many peripheral vessels
identified through PDI are, in fact, numerous small vessels of neoformation that
infiltrate the nodules [29, 30]. Another method of classifying vascularity on SMI
is to determine the number of vessels within the nodule. A score of 1 is attributed
to thyroid nodules exhibiting a maximum of two blood vessels, while a score of 2 is
assigned to nodules containing three or more vessels. Thyroid lesions with a score of
2 are associated with a higher ROM, particularly when accompanied by suspicious
ultrasonographic features [29-31].

3.4 Contrast-enhanced ultrasound

Contrast-enhanced ultrasound (CEUS) is a technology that uses intravenously
contrast agents to assess vascular perfusion and hemodynamics in thyroid lesions. The
procedure for performing CEUS on thyroid nodules involves placing the focal zone at the
base of the nodule and utilizing a low mechanical index (less than 0.10). The CEUS mode
is initiated and a microbubble contrast agent is administered intravenously as a bolus,
followed by a saline infusion. The CEUS timer is started upon the contrast administra-
tion, and images are captured during the subsequent 2-3 minutes [28, 32].

After the images are acquired, the nodule is assessed based on qualitative analysis that
includes contrast agent arrival time (synchronous, earlier or later than adjacent thyroid
tissue) and peak intensity (iso-, hyper-, hypo-, or non-enhancement), enhancement
direction (scattered, centripetal or centrifugal), enhancement pattern (homogeneous
or heterogeneous), ring enhancement (present or absent), nodule borders (clearly or
unclear), contrast wash-out (fast wash-out, wash-out similar to thyroid parenchyma,
slow wash-out). Malignant thyroid nodules exhibit heterogeneous patterns and hypoen-
hancement, which is attributed to fibrosis, calcification, and focal necrosis within the
tumor (Figure 8). Additionally, these nodules tend to display irregular ring enhance-
ment, while peripheral ring enhancement is considered highly specific for benign
nodules (Figure 9) [32-34]. The utilization of quantitative analysis through the use of
processing software is characterized by a greater degree of objectivity, resulting in the
provision of more reliable data. The presence of a slow wash-in, low peak intensity, and
hypoenhancement are commonly associated with malignancy [28, 32].
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Figure 8.
High-risk nodule: on the left on CEUS (heterogeneous, hypoenhancement, unclear bovder, absent ring
enhancement) and on the right on US (solid, marked hypoechoic, heterogeneous, irregular margins).

Figure 9.
Low-risk nodule: on the left on CEUS (homogeneous, isoenhancement, clear border, peripheral ring
enhancement) and on the right on US (solid, mild hypoechoic, oval, regular margins, posterior enhancement).

Although CEUS is not yet universally standardized, it presents a promising diag-
nostic method due to its capacity to distinguish malignant from benign thyroid lesions
by identifying pathological modifications in microvascularization, even in cases
where cytology is indeterminate [34]. Furthermore, addition of CEUS to TIRADS
results in increased sensitivity and specificity, reaching 89 and 87%, respectively, as
opposed to individual TIRADS models. This enhances the identification of nodules
that are suitable for FNAB [33].

4. Elastography

Elastography is an ultrasound method for evaluating the elastic properties of
tissues (stiffness), surpassing the reliability of clinical palpation in detecting hard
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tumors. Two primary elastographic techniques can be employed for assessing thyroid
nodules: strain elastography (SE) and shear-wave elastography (SWE).

4.1 Strain elastography

Strain elastography uses an external force (stress) to calculate strain from the
axial gradient of the displacements. To obtain images, repetitive, uniform compres-
sion, and decompression movements are applied with the transducer perpendicular
to the skin over the thyroid lesion or using physiological pulsations from cardiac,
respiratory, or muscle contractions to calculate the displacement gradient before
and after compression. Visible blood vessels should be excluded from the region
of interest (ROI) to prevent the artificial appearance of significant displacement
or “softness” caused by blood movement. Strain elastography is a method that
provides a qualitative assessment of tissue elasticity, as it is unable to measure the
applied stress directly. Therefore, only relative stiffness can be depicted. The tissue
stiffness is represented using either a grayscale or a color map superimposed over a
grayscale image, with various systems assigning different colors to different levels
of stiffness. For instance, some systems use red to signify high stiffness, green for
intermediate stiffness, and blue for low stiffness, while others adopt an inverse
color scale [35, 36].

The evaluation of lesion stiffness can be accomplished through the utilization
of a visual 5-point scoring system. A score of 1 signifies complete elasticity within
the nodule, while a score of 2 denotes elasticity present in a substantial portion of
the nodule. A score of 3 is attributed to elasticity only at the peripheral region of the
nodule, a score of 4 indicates the absence of elasticity within the nodule, and a score
of 5 indicates the absence of elasticity both within the nodule and its surrounding
tissue. Thyroid nodules that have a score between 1 and 3 are considered benign,
while those with a score of 4 or 5 are considered malignant. Another classification
system employs a 4-point color scale, wherein a score of 1 signifies elasticity present
throughout the assessed area, a score of 2 denotes elasticity present in a significant
portion of the assessed area, a score of 3 indicates stiffness in a substantial portion
of the assessed area, and a score of 4 indicates the presence of a nodule devoid of
elasticity. Thyroid nodules that have a score between 1 and 3 on a 5-point color map,
or1and 2 on a 4-point color system are considered benign, while those with a score of
4 or 5 using a 5-point color map, and 3 and 4 using a 4-point color map are considered
malignant [36-38].

A more accurate assessment of nodule stiffness can be made by using the strain
ratio (SR) between the nodule and the surrounding thyroid parenchyma (Figure 10)
at the same depth or strain ratio between the nodule and strap muscles (Figure 11)
with no difference between them. The ROI should be placed to cover the entire
nodule. A consensus regarding the cutoff point to differentiate malignant nodules
from benign ones has not been reached, but a value of around 4 has good sensitivity
and specificity [36].

SE holds significant value in the assessment of the Bethesda III category. Nodules
with indeterminate cytology and high stiffness on strain elastography, with a score of
3 or 4 on the color map, are more likely to be malignant (Figure 12) than those with
ascore of 1 or 2. Additionally, a strain ratio greater than 4 is a reliable predictor for
malignancy [24, 36, 39].

The strain elastography, in conjunction with ultrasound features, plays an impor-
tant role in the risk stratification and management of Bethesda Category III nodules.
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Figure 10.
SE score 1, SR = 1.0 (SR between nodule and survounding thyroid parenchyma).
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Figure 11.
SE score 1, SR = 0.97 (SR between nodule and strap muscle).

Consequently, low-risk lesions can be closely monitored, while high-risk lesions may
require repeated fine needle aspiration or surgical intervention for diagnostic pur-
poses [24, 36, 39, 40].
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Figure 12.
SE score 3.

4.2 Shear-wave elastography

Shear-wave elastography (SWE) uses high-energy ultrasound impulses that
are sent from the probe into the tissue and generate shear waves that propagate in
a direction orthogonal to the direction of tissue displacement, being less operator-
dependent. The method is a quantitative one, in which the assessment of tissue
stiffness may be accomplished through the measurement of shear-wave speed by the
ultrasound machine, as shear waves are propagated more rapidly in stiffer tissues
[36]. Two techniques are available for the clinical assessment of thyroid nodules: the
point shear-wave elastography and the 2-dimensional shear-wave elastography (2D
SWE).

2D SWE utilizes a color-coded map that is superimposed on a gray-scale image,
allowing the assessment of nodule stiffness. Soft tissue is typically depicted in blue,
while hard tissue appears in red. By placing an ROI within the field of view, the
mean stiffness (Emean), maximal stiffness (Emax), and standard deviation (SD)
can be determined and expressed in terms of shear-wave speed (m/sec) or elasticity
(kPa) [41].

SWE has demonstrated significant potential in distinguishing malignant from
benign thyroid nodules, with promising outcomes. While there is no universally
accepted threshold for SWE, various values ranging from 30 kPa [42] to 65 kPa [43,
44] or from 2.4-4.7 m/s [36] have been proposed to differentiate between these two
types of nodules. Additionally, the elasticity ratio between the nodule and the thyroid
parenchyma can be calculated by placing ROIs: one in the stiffer part of the nodule
and another in the thyroid parenchyma at the same depth. Different values have been
reported for the stiffness ratio, ranging from 2.8 [42] to 3.7 [45].

The role of SWE in indeterminate cytology nodules remains controversial. To
assess its utility in risk stratification for malignancy, several studies have been con-
ducted to determine the optimal cutoff for SWE parameters. Regarding the value of
Emean, the cutoff values ranged from 24 kPa to 39,2 kPa (Figure 13), depending on
the SWE ultrasound system used. Meanwhile, Emax values ranged from 41,2 kPa to
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Figure 13.
SWE: low stiffuness nodule (Emean = 32.2 kPa, Emax = 39.3 kPa).
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Figure 14.
SWE: high stiffness nodule (Emean = 60.7 kPa, Emax = 83.6 kPa).

65 kPa (Figure 14) [46]. Interestingly, a low value of 22.3 kPa was found to be suf-
ficient for differentiating between malignant and benign follicular thyroid lesions
[35, 46]. Therefore, the utilization of Emean instead of Emax in the evaluation of
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indeterminate cytology could be more reliable, given the common occurrence of
follicular carcinoma within this category [47].

Elastography, when used in conjunction with TIRADS, can be a useful tool for
classifying thyroid nodules as either high or low risk based on their degree of stiff-
ness. Therefore, lesions that are stiff on SWE can be upgraded to a higher risk class,
while those that are soft can be downgraded to a lower risk classification. Emean
proves to be the best parameter, exhibiting a sensitivity and a specificity of 98% for
upgrading or downgrading the nodules category [48].

SWE can be a valuable auxiliary tool in conjunction with grayscale ultrasound for
evaluating thyroid nodules with indeterminate cytology. The integration of SWE and
the ACR TIRADS system enhances diagnostic precision and accuracy and can be used
in selecting the nodules that are eligible for FNAB [36, 49].

5. Discussion

In the context of assessing thyroid nodules with indeterminate cytology,
advanced ultrasound techniques play a crucial role in risk stratification and man-
agement. High-resolution ultrasound, employing high-frequency linear probes,
allows for detailed visualization of nodule characteristics such as size, shape, and
echogenicity, integral to TIRADS classification. The distinctiveness of each TIRADS
model (American Thyroid Association, American College of Radiology, and
European Thyroid Association) highlights variable sensitivities and specificities,
underscoring the importance of selecting an appropriate model based on clinical
context.

For Bethesda III category nodules, ultrasound features such as solid composition,
hypoechogenicity, and irregular margins are strong predictors of malignancy. These
nodules benefit from a tailored approach—repeated fine needle aspirations or surgical
interventions for those exhibiting high-risk ultrasound features and careful monitor-
ing for others showing features consistent with lower risk.

Incorporating Doppler ultrasound into the evaluation process enhances the char-
acterization of thyroid nodules further. Color Doppler imaging (CDI) and spectral
Doppler imaging (SDI) assess vascularity and blood flow within the nodules, provid-
ing critical insights, particularly in nodules with indeterminate cytology. Significant
intranodular vascularity, assessed through parameters like resistance index (RI) and
pulsatility index (PI), is notably higher in malignant nodules.

The integration of novel modalities like contrast-enhanced ultrasound (CEUS)
and elastography further refines diagnostic accuracy. CEUS, although not universally
standardized, enhances the detection of malignant features within nodules through
detailed assessment of microvascularization. Elastography, particularly strain elas-
tography and shear-wave elastography (SWE), adds valuable information regarding
nodule stiffness, correlating stiffness with potential malignancy. Here, parameters
like strain ratio and Emean provide quantitative data that significantly influence the
management decisions for nodules categorized as Bethesda III.

6. Conclusions

The management of nodules with indeterminate cytology is proving to be diffi-
cult, as no single imaging method has sufficient accuracy in differentiating malignant
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from benign nodules. Thorough ultrasound examination, combined with Doppler
and elastographic techniques, helps to identify high-risk nodules, reduce fine needle
aspiration, and avoid unnecessary surgery.
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Appendices and nomenclature

2D SWE
ACRTIRADS

AUS

BSRTC

CDI

CEUS
Emax
Emean

ESV
EU-TIRADS

FLUS
FNAB
mRNA
MSV
PDI

PI

PSV
RI

ROI
ROM
SD
SDI

SE
SMI
SR
SWE
TIRADS
UsS
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2-Dimensional shear-wave elastography

American College of Radiology Thyroid Imaging, Reporting, and
Data System

atypia of undetermined significance

Bethesda System for Reporting Thyroid Cytopathology
Color Doppler Imaging

Contrast-enhanced ultrasound

maximal stiffness

mean stiffness

end-diastolic velocity

European Thyroid Association Thyroid Imaging, Reporting and Data
System

follicular lesion of undetermined significance

fine needle aspiration biopsy

messenger RNA

mean systolic velocity

Power Doppler Imaging

pulsatility index

peak systolic velocity

resistance index

region of interest

risk of malignancy

standard deviation

Spectral Doppler Imaging

Strain elastography

Superb microvascular imaging

strain ratio

shear-wave elastography

Thyroid Imaging, Reporting, and Data System
ultrasonographic
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Chapter 4

Contrast-Enhanced Thyroid
Ultrasound in Detecting Thyroid
Cancer

Andpreea Bena, Luciana Moisa Luca and Dana Liana Stoian

Abstract

Thyroid nodules pose a diagnostic challenge, with some displaying suspicious
features that may be present both in benign and malignant entities. While ultrasound
evaluation is the frontline imaging method, it sometimes falls short in distinguish-
ing between the two. This chapter explores the innovative approach of Contrast-
Enhanced Ultrasound (CEUS) as a complementary tool in thyroid nodule assessment.
CEUS provides invaluable insights into nodular microvascular perfusion, offering a
safe and easily accessible method with minimal adverse reactions or contraindica-
tions. Numerous studies suggest that CEUS features such as early washout, heteroge-
neous or hypo-enhancement, and areas of no enhancement in solid thyroid nodules,
improve the predictive value for malignancy. In this chapter, we explore the role of
CEUS as a potential game-changer in improving ultrasound diagnostic accuracy for
thyroid nodules, particularly in cases with unclear results or indeterminate fine-
needle aspiration cytology.

Keywords: microvascular perfusion, CEUS, thyroid nodules, thyroid cancer, MPUS

1. Introduction

Over the past few decades, there has been a considerable increase in the prevalence
of thyroid cancer, a serious public health concern [1]. This increase is partly attributed
to the enhanced detection of thyroid nodules, often discovered incidentally during
imaging for unrelated conditions [2]. Despite being widespread, thyroid nodules can
be difficult to diagnose; while the majority of them are benign, a small but significant
percentage do harbor malignancy. However, despite the increasing incidence, mortal-
ity rates have remained consistently low [1, 3]. This trend in epidemiology is largely
attributed to an overdiagnosis effect. Accurately diagnosing the malignant nodules
that need further attention is a crucial challenge for clinicians in order to prevent
needless interventions while ensuring prompt medical interventions.

Conventionally, ultrasound imaging has been the preferred imaging in the
evaluation of thyroid nodules. Given its non-invasive nature, widespread avail-
ability, and cost-effectiveness, it is currently considered the first-line imaging
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modality in thyroid nodule assessment [4-6]. However, despite its many advan-
tages, B-mode ultrasound also has limitations, being able to make a correct
diagnosis in about 51.25-59.93% of cases [7]. The typical features suggestive of
malignancy are: hypoechogenicity, solid composition, the presence of calcifica-
tions, spiculated or irregular borders, “taller than wide” or vertical shape, and the
absence of a complete, thick perinodular “halo” [4, 5, 8]. This diagnostic uncer-
tainty often leads to further procedures like fine-needle aspiration (FNA) cytol-
ogy, or even thyroid surgery. While FNA is in most cases helpful, it can return
indeterminate results in a notable number of cases, its sensitivity and specificity
being about 60-98% and 54-90%, respectively [9, 10].

In this context, Contrast-Enhanced Ultrasound (CEUS) emerges as a promising
complementary tool. CEUS evaluation consists of the use of ultrasound contrast
agents—microbubbles that enhance vascular patterns within the thyroid nodule
during imaging [11]. This technique allows for a more detailed evaluation of nodular
vascularity and perfusion, characteristics that are crucial in differentiating between
benign and malignant nodules. CEUS has been gaining attention for its potential to
provide additional diagnostic information that could refine the assessment of thyroid
nodules, especially in cases where conventional ultrasound findings are inconclusive
[12]. It is important to note that only the solid component of a nodule is relevant to be
assessed in a nodule.

The adoption of CEUS in thyroid nodule evaluation signifies a paradigm shift in
thyroid imaging. The primary diagnostic use of this technology in this specific field is
the identification and analysis of various microvascular patterns, which has a higher
level of diagnostic precision compared to using Color-Doppler alone [12]. Its ability
to provide real-time, dynamic assessment of nodule vascularity provides a unique
and highly valuable perspective, which has the ability to enhance the precision of
diagnosis and decrease the need for invasive diagnostic procedures [13]. This chapter
aims to explore the innovative role of CEUS in thyroid nodule evaluation, highlight-
ing its utility, the nuances of its interpretation, and how it might improve the overall
diagnostic pathway for thyroid cancer.

In the following sections, we will explore the underlying principles of CEUS, its
application in thyroid nodule assessment, the interpretation of its findings in the
context of thyroid cancer, and the potential impact this advanced imaging technique
could have on clinical practice.

2. How to perform thyroid CEUS
2.1 Contrast agent

Microbubbles contain a high molecular weight gas core surrounded by a lipid or
albumin shell and have evolved to be more permanent in circulation, allowing longer
imaging periods, which may help evaluate differences between perfusion patterns
in malignant and benign settings. Microbubble contrast agents (MCA) are currently
safer than CT and MRI contrast agents, especially for patients with kidney, liver and
thyroid disease. No kidney problems have been linked to the use of microbubble
agents. The medicine is well-tolerated, with most side effects being brief and not
requiring medical care. True allergic reactions to microbubble gas have been observed
in 0.006-0.009% of patients [14, 15].
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Currently available contrast agents for ultrasound evaluation include:

* Sonovue®/lumason® (Bracco Imaging)—a sulfur hexafluoride microbubble
contrast agent, widely used in echocardiography, liver imaging, and other
vascular applications; available in North America, New Zealand, Europe,
Brazil, Asia;

* Definity®/luminity® (Lantheus medical imaging)—composed of lipid-coated
microbubbles filled with octafluoropropane gas; widely used in echocardiogra-
phy in North America, Europe, Australia, Asia;

* Optison (GE Healthcare)—made of human albumin microspheres filled
with octafluoropropane, also commonly used in cardiac ultrasound, in North
America, Europe.

* Sonazoid (GE Healthcare)—a perfluorobutane microbubble contrast agent, used
in liver imaging and also for investigating other organs, available in Japan, South
Korea and Norway.

The optimum imaging protocol (contrast agent, delivery method, and imaging
modality) depends on the individual experience of each center, radiology team and
clinical circumstances [16]. For thyroid evaluation, which is a superficial structure, a
dose of 1.0-2.0 mL of contrast agent is administered as an intravenous bolus, fol-
lowed by 5-10 mL of saline. In some instances, more than one administration may be
needed for evaluating multiple nodules.

The catheter for administration of the MCA should be placed, if possible, into the
left arm, specifically the antecubital vein, to prevent any interference between the
injector and the examiner on the right side. For optimal preservation of microbubbles
while passing through the cannula, it is preferable to have a venous line with a diam-
eter of 20 gauge or greater, and to keep its length as minimal as feasible [17, 18].

2.2 Ultrasound system and image acquisition

An ultrasound machine with CEUS application available for a linear probe is
required in order to perform the evaluation. The mechanical index (MI) should be set
<0.11in order to obtain. If the mode is reverted to non-contrast B-mode, the contrast
agent will be destroyed due to an immediate increase in the MI. In order to avoid this,
the low MI contrast mode should be kept activated during the examination [17, 19].

Immediately after the MCA bolus and the saline flush are injected in the blood-
stream, the timer is started on the machine and, optionally, the dynamic images can
be saved as a clip. The focus area should always be positioned in the bottom region of
the field of view [17].

3. CEUS characteristics used in thyroid nodule evaluation

There are certain characteristics that we follow specifically when evaluating
thyroid nodules, that significantly differ from liver, breast or cardiac evaluation,
given the specific vascularization in each organ and the dynamics in the development
of thyroid neoplasia.
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3.1 Qualitative evaluation

The first and most easily available type of evaluation refers to the qualitative type of
assessment, or real-time CEUS, which is analyzed for up to 3 minutes after MCA injec-
tion. The fundamental components of qualitative analysis involve assessing the timing
of contrast medium entry into the nodule and the highest level of enhancement, which
can be higher, lower, or roughly the same as the surrounding tissue (referred to as hyper-,
hypo-, or iso-enhancement, respectively), or the absence of enhancement [20].

3.1.1 Contrast wash-in

The contrast wash-in is regarded as centripetal, when the MCA first arrives in the
peripheral part towards the center of the nodule; centrifugal, with opposite direction
of enhancement, first arrival in the center; and non-concentric, or a diffuse, eccentric
enhancement [21].

3.1.2 Type of enhancement

In terms of the pattern of enhancement after the MCA injection, thyroid nodules
are divided as follows: no enhancement - when no MCA is detected in the nodule; low
enhancement—when the intensity of the nodule after enhancement is lower com-
pared to the surrounding thyroid parenchyma; iso-enhancement—when the intensity
of the nodule after MCA administration is similar to the surrounding thyroid; hyper-
enhancement—when the intensity of the nodule after MCA arrival is higher com-
pared to the surrounding thyroid parenchyma [22]. Figure 1 displays enhancement
patterns for all variants.

3.1.3 Homogeneity of enhancement

As the previously mentioned characteristics, the homogeneity of enhancement
is also compared to the adjacent parenchyma, considered healthy. The homogene-
ity of nodule enhancement can be inhomogeneous (Figure 2a) or homogeneous
(Figure 2b).

3.1.4 Enhancement completeness

There are two types of enhancement, incomplete and complete. Complete
enhancement means that the entire lesion is filled with contrast medium, with no
defects of arrival of the MCA, whereas incomplete enhancement means that there
are regions inside the lesion where the contrast agent is not present, or defects of
enhancement are present inside the nodule. Figure 3 displays these two enhancement
variants. These defects should not be confounded with cystic areas of a mixed nodule
or a spongiform consistency.

3.1.5 Peripheral ring

The outer rings described in the periphery of the nodules were categorized into
four types: a consistently intense ring of enhanced tissue, an inconsistently intense
ring of enhanced tissue, a consistently unenhanced ring, and an inconsistently
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Figure 1.

Types of enhancement for thyroid nodules: (a) left figure—CEUS: low enhancement in a solid nodule (Hologic
SuperSonic Mach30), right figure—B mode; (b) left figure—CEUS: iso-enhancement in a solid nodule, right
figure—B mode; (c) left figure—B mode, right figure—CEUS: hyper-enhancement in a solid thyroid nodule
(Mindray Resona 9).
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Figure 2.
Homoageneity of enhancement in thyroid nodules: (a) left figure—CEUS: inhomogeneous enhancement, right
figure—B mode; (b) left figure—CEUS: homogeneous enhancement, right figure—B mode.

unenhanced ring. Conventional rings follow the oval or circular shape of the nod-
ule, and their thickness remains consistent throughout. In contrast, irregular rings
exhibited deformities and had uneven thicknesses along the margins of the nodule.
A fifth type is the complete absence of a peripheral ring [22]. A complete peripheral
enhanced ring and an absent ring are presented in Figure 4.

3.1.6 Washout of MCA

An early wash-out comparative to the neighboring parenchyma has also been pre-
sented as a typically malignant feature. This feature is evaluated in the washout phase,
after the peak enhancement and is interpreted qualitatively by the operator [20].

3.2 Quantitative evaluation

Several quantitative parameters can be assessed using CEUS, providing valuable
diagnostic information in the evaluation of thyroid nodules. These parameters are
very different, for every manufacturer. Some ultrasound machines (e.g. Mindray, GE)
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Figure 3.

Completeness of enhancement: (a) left figure—CEUS: complete enhancement in a solid thyroid nodule, right
figure—B mode (Mindray Resona 9); (b) left figure—CEUS: enhancement defects inside a solid thyroid nodule,
right figure—B mode (Hologic SuperSonic Mach3o).

provide specific software which are machine-integrated and can be used after the
evaluation for image post-processing, while others do not and a computer application
(e.g. VueBox, Bracco, Italy; QLab, Philips, Netherlands) can also be used for compat-
ible machines [23, 24]. The quantitative parameters include:

* Time Intensity Curves (TIC) are graphical representations that show the changes
in contrast enhancement within a specific region of interest (ROI) over time.

* Peak Enhancement (PE) measures the maximum intensity of contrast enhance-
ment in ROI selected by the operator, reflecting the blood volume via the uptake
of contrast agents in the tissues.
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Figure 4.

Peripheral ring in thyroid CEUS: (a) left figure—CEUS: absence of an enhanced peripheral ring and, right
figure—B mode; (b) left figure—CEUS: complete peripheral hyperenhancement (Mindray Resona 9), right
figure—B mode.

* Time to Peak (TTP) is the time interval between the injection of the contrast
agent and the moment of peak enhancement and it can indicate the speed of
blood flow which may vary in different substrates.

* Wash-in Rate (WiR) measures how quickly the contrast agent flows into the ROI:
a faster wash-in rate might indicate higher blood flow, which can be significant in
assessing tumors or inflammation.

* Wash-out Rate (WoR) assesses how quickly the contrast agent leaves the ROL.

Different patterns of wash-out can help differentiate between benign and
malignant lesions.
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* Mean Transit Time (MTT) is the average time taken by the contrast agent to pass
through the vascular bed of the ROI. It can provide information about blood flow
efficiency and vascular permeability.

¢ Area Under the Curve (AUC) is a measure of the total contrast enhancement
over time within the ROI, which integrates both the intensity and duration of
enhancement and can be useful in quantifying blood volume and flow per global
per evaluation/nodule.

* Rise Time (RT) represents the time taken for the contrast enhancement to go
from baseline to a certain threshold level. It can help in assessing the speed of
blood flow to the ROI.

¢ Fall Time (FT) measures the time it takes for the contrast enhancement to
decrease from its peak to a certain lower threshold and provides insights into
wash-out characteristics of the evaluated tissue.

* Heterogeneity Value (HV) is an advanced CEUS parameter calculated using the
formula: standard deviation/mean intensity x 100. This calculation is performed
at the time of peak PE of the thyroid nodule and its surrounding parenchyma;
HV quantifies the variation in contrast enhancement within a region of interest
(ROI). A higher HV indicates greater heterogeneity in blood flow and perfusion,
which can be characteristic of certain types of lesions or abnormalities.

* Heterogeneity Ratio (HR): HR is the ratio of the HV of the nodule to that of the
surrounding parenchyma and is calculated for the peak time. This ratio helps to
compare the heterogeneity of the nodule against the background tissue, provid-
ing a relative measure that can be useful in differentiating between benign and
malignant nodules. The parameter may be calculated using Adobe Photoshop.

* Additionally, various perfusion indices can be calculated, which reflect the blood
flow per unit tissue volume; these parameters can be particularly useful in tumor
assessment and in monitoring the tissue response to therapy [15, 17, 20, 23, 25].

4. Diagnostic accuracy of CEUS in thyroid cancer detection

To date, the thyroid CEUS procedure has not yet been completely standardized
and is not included in any diagnostic guideline for routine assessment [15]. There are
no established references for measuring the quantity or quality of the assessment.
Furthermore, as in conventional ultrasound of thyroid nodules, no single parameter
in CEUS appears to be sufficiently sensitive and specific for diagnosing malignancy
[24]. Although the thyroid gland contains many small blood vessels and shows quick
and consistent enhancement of its tissue after contrast agent injection, the vascular
structures of nodules exhibit a contrasting enhancement compared to the normal
tissue [26].

The most consistent malignancy-related finding in qualitative CEUS is an inhomo-

geneous enhancement of the nodule [20, 21, 27]. In papillary cancers, microcalcifica-
tions are often present and their detection on B-mode ultrasound may be sometimes
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misinterpreted with colloid deposit displaying micro-linear artifacts. However, in
CEUS this could lead to inhomogeneous appearance and MCA uptake, due to the
presence of psammoma bodies, which are calcified structures commonly found in
papillary carcinoma that influence tumor angiogenesis. This results in a reduced
microvessel density within the tumor, leading to a diminished blood supply [28].
Another reason for inhomogeneous uptake may be the presence of newly formed
but abnormally structured vessels in the tumor tissue, coupled with the malignant
growth; this tends to disrupt and even destroy existing vascular and tissue structures.
Consequently, the rate of vascular necrosis in these tumors may surpass the rate of
angiogenesis, leading to a notably decreased enhancement in malignant nodules,
observable as inhomogeneous hypo-enhancement in CEUS. Furthermore, the
development of interstitial fibrosis, often occurring in thyroid papillary carcinoma,
exacerbates this effect by reducing the vascular content within the nodule even
further [29, 30].

Benign thyroid nodules are typically characterized by important blood supply,
which is reflected in their imaging features during CEUS evaluations. These nodules
usually exhibit enhanced and homogeneous enhancement, and they generally lack
perfusion defects or unenhanced areas. The uniform enhancement and absence of
perfusion deficits are indicative of the consistent and abundant vascular supply that
is often associated with benign thyroid conditions as opposed to the heterogeneous
enhancement patterns described in thyroid cancers [31]. An example of typical
benign (Figure 5) and malignant (Figure 6) thyroid nodules are displayed below.

The quantitative analysis of CEUS is also operator-dependent: The ROI is manu-
ally adjusted in the post-processing period and placed within the nodule and sur-
rounding parenchyma. This generates variable color-coded curves, and automatically
calculated parameters. Typical quantitative parameters suggesting malignancy are
the subject of current research and scientific discussion. One study by Wang et al.
found that slow wash-in, heterogeneous enhancement, ill-defined enhancement
border, and fast wash-out rate were suggestive of malignancy. Furthermore, quantita-
tive features include polyphasic washout curves, early arrival time, and shorter TTP
[20, 32]. One study proposed an algorithm for assessing nodule heterogeneity, their

Figures.
Typical benign thyroid nodule: homogeneous enhancement, iso-enhancement, hyperenhanced, fine, peripheral
ring.
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Figure 6.
Typical malignant thyroid nodule: left figure—CEUS; unclear margins, inhomaogeneous enhancement with an
important unenhanced avea, absent peripheral ving; right figure—B mode.

findings indicating that the heterogeneity ratio HR, particularly during the ascending
phase, is markedly elevated in malignant thyroid nodules as compared to benign ones
(95.57 + 43.87 vs. 73.06 + 44.04, p = 0.009) [25].

There is currently a significant body of published data that validates the efficacy
of CEUS in diagnosing thyroid cancer, including several meta-analyses [27, 33].

One meta-analysis that included only studies with histology reference standard for
enhanced accuracy—revealed that thyroid nodules CEUS has a pooled sensitivity of
85% and specificity of 82%, with the sensitivity showing consistency and specificity
demonstrating only mild inconsistency [34]. The Positive Predictive Value (PPV)

and Negative Predictive Value (NPV) were found to be 83% and 85%, respectively.
Interestingly, these findings align with previous meta-analyses which used non-histo-
logical references [35, 36]. Notably, this study stands out as the first meta-analysis in
this area that employs histological diagnosis as the sole reference standard.

Overall, the performance of CEUS seems to improve conventional ultrasound
diagnosis in thyroid nodule evaluation. The combination of CEUS with Thyroid
Imaging Reporting and Data System (TIRADS) categories based on conventional US
significantly increased diagnostic accuracy (96 vs. 90%), particularly for TIRADS
class 4 thyroid nodules [37]. Another study compared the diagnostic performance
of CEUS, acoustic radiation force impulse (ARFI) elastography, and the combined
evaluation. CEUS yielded global diagnostic performance of 87.5%, ARFI of 88.6%
and the combination of methods proved to be even better, with diagnostic rate of
90.9% [19].

Although most data are in favor of using CEUS in thyroid nodule evaluation, there
are also isolated studies that found no benefit in adding CEUS to the US evaluation,
concluding that CEUS data affirm subjective observations, yet they do not modify the
initial pre-contrast analysis, the effectiveness of in differentiating thyroid nodules
being constrained due to overlapping findings [38].

Currently, there is no universally accepted standard or criterion for interpreting
the patterns of enhancement in CEUS for thyroid nodules, which limits its global
applicability and widespread use. Additionally, CEUS has not been incorporated into
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any TIRADS guidelines. Thus, its role in routine thyroid nodule evaluation and clas-
sification remains uncertain and debated among clinicians.

5. Other applications in thyroid imaging: Before and after local therapy

For less intrusive treatment of proven benign thyroid nodules, recurrent thyroid
cancer, and metastatic cervical lymph nodes, thermal ablation is commonly used in
clinical thyroidology. Laser, radiofrequency ablation (RFA), microwave ablation, and,
recently, high-frequency ultrasound (HIFU) are the most common treatments for solid
and mixed-structure nodules with benign cytology findings. CEUS separates viable and
nonviable tissue before and after treatment. This could help estimate the ablated area
more accurately and reproducibly after ablation and in follow-up imaging [39, 40].

6. Challenges and limitations

The use of CEUS in evaluating thyroid nodules presents several challenges and limita-
tions, which are important to consider in both clinical and research settings. The technical
limitations refer to operator-dependent features such as the skill and experience of the
operator, but also variations in the technique, such as the amount of contrast agent used or
the settings of the ultrasound machine, can lead to inconsistent results. Additionally, the
size of the nodules may affect the accuracy of the micro vascularity in very small nodules
(smaller than 1 cm) or very large nodules (larger than 2-3 cm). Thus, the ideal evaluation
is made in a nodule with sizes between 1 and 2.5 cm. Nevertheless, in some cases, even
microcarcinomas present the typical features described previously [34, 41]. Figure 7
displays a case of a micro-PTC with very low enhancement in CEUS but with the absence
of suspicious features in B-mode ultrasound.

Some nodule features, such as intranodular calcifications may influence the CEUS
appearance. When macrocalcifications are present inside a nodule, they generate
posterior shadowing, limiting the interpretation of CEUS evaluation [28].

Figure 7.
A micro papillary thyroid carcinoma: left figure—CEUS: with very low enhancement (nodule in the right side of
the image), right figure—B mode.
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There is also a qualitative bias that has been described. While CEUS improves the
visualization of vascularity in thyroid nodules, in the qualitative assessment its ability
to distinguish benign from malignant nodules depends on the operator’ interpreta-
tion of images, which may be subjective and can vary between observers, potentially
leading to diagnostic uncertainty. It also involves additional costs for contrast agents
and may require more sophisticated ultrasound equipment and trained person-
nel. This can limit its accessibility in resource-limited settings or in institutions
where such resources are not readily available. Although there is a minimal risk of
allergic reactions or side effects, especially in patients with certain medical condi-
tions or allergies, the use of contrast agents used in CEUS is generally considered
safe. In terms of evaluation time, the CEUS procedure can be more time-consuming
compared to conventional ultrasound, as it requires a venous cannula, the prepara-
tion of the contrast agent, the actual scanning time, and additional time for image
interpretation. In some regions, there may be regulatory hurdles related to the use of
ultrasound contrast agents, and reimbursement for CEUS is not as straightforward as
for conventional ultrasound, given that it is not a guideline procedure, which may be
also limit its widespread use [30, 34, 42]. Importantly, given the lack of universally
accepted protocols and criteria for the use and interpretation of CEUS in thyroid
nodules [24]. This lack of standardization can lead to variability in how CEUS is used
and interpreted across different centers.

7. Conclusion

In conclusion, CEUS represents a potentially valuable tool in differentiating malig-
nant from benign thyroid nodules. Its enhanced ability to visualize nodule vascularity,
namely microvessels, offers a unique advantage over traditional ultrasound imaging.
However, the efficacy of CEUS relies on its technical limitations, the standardization
of protocols, and further validation through comparative studies. While the technique
shows promise, its practical application in clinical settings will depend on addressing
these challenges, ensuring operator expertise, and confirming its diagnostic accuracy
through comprehensive research. Ultimately, CEUS could become an integral com-
ponent of thyroid nodule assessment, completing existing diagnostic modalities and
contributing to more precise non-invasive diagnosis.
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Chapter 5

Musculoskeletal Ultrasound in
Inflammatory Myopathies

Carolina Solomon

Abstract

Idiopathic inflammatory myopathies (IIM) represent a special group of pathological
conditions that represent a challenge for clinical practice and also for the patients’ quality
of life. Skeletal muscles represent a very suitable for ultrasound (US) examination, being
superficial and very easily approachable through this examination. Musculoskeletal US,
having the advantages of an accessible, non-radiating and easy-to-use imaging method,
provides useful information about structure, echogenicity, vascularity or elasticity, use-
ful for the diagnosis and the follow-up in the evolution of patients with IIM. This chapter
briefly reviews the US characteristics of IIM, pointing out some particular aspects. The
listed aspects are exemplified by images of some clinical cases from personal experience.

Keywords: ultrasound, myopathies, musculoskeletal, elastography, myositis

1. Introduction

Idiopathic inflammatory myopathies (IIM) (commonly called myositis) represent
a heterogeneous group of acquired muscle diseases characterized by chronic muscle
weakness, elevated muscle enzymes, inflammatory cellular infiltrates in skeletal
muscles on biopsy, and other extra-muscular manifestations, mainly skin involve-
ment and interstitial lung disease [1-3].

In recent years, clinical, serological, radiological, and pathological techniques have
developed a lot, leading to a precise and complex diagnosis. Added to these are the
development of myositis-specific antibodies (MSA), as well as new techniques, such
as proteomics or transcriptomics.

Over time, there have been several classifications of IIM, starting from the clas-
sification made by Bohan and Peter. Currently, based on what was described above,
detailed classifications of these pathological entities include dermatomyositis (DM),
immune-mediated necrotizing myopathy (IMNM), anti-synthetase syndrome (ASyS)
and inclusion body myositis (IBM), and overlap myositis. In the last years, with the
emergence of the pandemic SARSCoV-2 (COVID-19) was described a new myopathy
associated with this infection, which along with immune checkpoint inhibitors-
related myositis represents emergency myopathies [2, 4].

Integration of polymyositis in the IIM group is currently controversial because
most cases can be reclassified, based on the results of the clinical, serological and
pathological exams, in other subtypes of inflammatory myopathies, especially IMNM
and ASS. Also, in the case of polymyositis with mitochondrial pathology, which

83 IntechOpen



Ultrasound — The Next Step in Clinical Evaluation

presents characteristics similar to IBM, it was reclassified as early IBM in the category
of inclusion body myositis [4].

Idiopathic inflammatory myopathies with adult-onset are associated with an
increased risk of cancer, especially in the previous 3 years and the 3 years after the
onset of the disease. Inflammatory myopathies associated with cancers usually occur
in ovarian, gastrointestinal tract, lung, breast, lymphoma, and nasopharyngeal
cancers. Neoplasia is the main cause of death in patients with IIM, in part, most likely
due to the late diagnosis and in advanced stages [2].

IIM are characterized by predominantly mononuclear inflammatory infiltrates
with perivascular and perifascial location, changes in intramuscular vascularization
(endothelial hyperplasia, intravascular thrombi with obliteration of the vascular lumen
and reduction in capillary density), necrosis and microinfarcts of muscle fibers, which
cause perifascicular muscle atrophy. In advanced forms of the disease, muscle struc-
tures are reduced in size, muscle fibers are replaced by fibrous or adipose tissue [5, 6].

The main symptom for which patients with IIM present to the doctor, less so those
with IBM, is symmetrical muscle weakness, localized in the proximal skeletal mus-
cles. In the case of DM, patients show skin changes, for example, erythema (helio-
trope rash), periorbital edema or Gottron papules on the dorsal side of the hands and
fingers. Rashes can also appear during development of the ASS [3].

Considering the complexity of IIM, the early diagnosis and subtype classification
of these pathological conditions is very important for the establishment of appropri-
ate therapy and optimal management of these patients, with improved long-term
outcomes.

The classical diagnosis of IIM is based on the clinical examination, the deter-
mination of the serum level of muscle enzymes, electromyography and muscle
biopsy.

Imaging examinations play a very important role in the diagnosis, evaluation of
the degree of disease activity, of the response to the therapy, as well as monitoring the
evolution of the disease. The most used imaging methods for muscle assessment in
IIM are: magnetic resonance imaging (MRI), ultrasound (US), and positron emission
tomography (PET) [3, 7, 8].

2. Ultrasound in IIM

Ultrasonography is a non-invasive, non-irradiating, easy to use, widely avail-
able method, having very good resolution on soft tissue structures, such as skeletal
muscles [3].

Muscle US is used both for the assessment and diagnosis of diseases that affect
muscles, as well as for the follow-up of these disorders [7, 8].

2.1 Normal muscle

On cross-sections, the normal muscle structure shows a hypoechoic fascicle
separated by hyperechoic points, represented by connective tissue (perimysium,
epimysium, fasciae)—coarse dotted appearance—“starry night sky.” On longitudinal
view, the muscle fibers are visualized parallel to the insertion, having appearance of a
“comb structure” (Figure 1) [8].

US examinations can evaluate echogenicity, dimensions, vascularization (using
Doppler techniques) and elasticity (using elastographic techniques).
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Figure 1.
Normal appearance of the muscular structure in transversal (a) and longitudinal (b) plane.

Muscle echogenicity can be assessed qualitatively and quantitatively. The
visual qualitative analysis can be staged using the Heckmatt scale (Table 1),
which is based on the degree of muscle echogenicity and visualization of deep
bone structures [8-10].

There is also the possibility of quantitative evaluation of muscle echogenicity
through software that allows the calculation of histograms, but these are not widely
used in daily clinical practice.

2.2 Gray scale US

Classic US (also named gray scale US or bidimensional US—2D US) is frequently
used for the exploration of muscle in various pathologies, implicitly in IIM. In these
entities, US can detect edema-like changes, fatty infiltration, fibrosis or atrophy.

At the beginning of the disease, the muscle appearance on gray scale US may be
normal (Figure 2).

Edema-like lesions represent a sign of acute muscle inflammation, and are impor-
tant for establishing the biopsy site and the diagnosis. These lesions are character-
ized by changes in echogenicity and an increase in muscle size. The echogenicity of
the area of muscle edema is assessed differently by various authors, from a slight
decrease compared to normal muscle, to its increase, with a more hyperechoic

Grade Echogenicity

Gradel Normal, without attenuation and with the clear highlighting of the underlying bone

Grade Il A slightly increased, without architecture loss or attenuation, but with the distinct highlighting
of the underlying bone

Grade III Clearly increased muscle echogenicity, loss of muscle architecture, with reduced the visibility of

deeper structures (the underlying bone)

Grade IV Very increased muscle echogenicity (white muscle) with loss of muscle architecture and strong
attenuation of ultrasound signal, with not highlighting of the underlying bone

Table 1.
Heckmatt scale for qualitative evaluation of muscle echogenicity.
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Figure 2.
2D US: Preserved muscle structure in the proximal thivd of the thigh, in a 60 years old female with DM.
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Figure 3.
2D US: Moderate increase in echogenicity, with preservation of the muscle structure at the level of the middle
third of the vight arm in a 54 years old female with DM.
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appearance (Figure 3). According to some authors, US cannot identify edema-like
lesions in the early stages or in mild myopathies, these being better highlighted by
MRI, on T2 or STIR sequences [11].

Adipose or fibro-adipose infiltration of muscle tissue can determine, in the early
stages, an appearance similar to edema-like lesions, the difference is made by the
homogeneity of the image (homogeneous in edema-like and inhomogeneous in fatty
infiltration).

In the acute phase of the disease, muscle edema can be observed in US as a global
increase in echogenicity without attenuation of the underlying bone, named a “shine-
through” appearance or “see-through echogenicity increase” [8]. This aspect is differ-
ent from that determined by atrophy, found in the advanced stages of the disease or in
muscular dystrophies [11].

Atrophy is present in the advanced stages of IIM, is characterized by a significant
reduction in the size of the affected muscles, as well as by a significant increase in
muscle echogenicity (Figure 4) [11].

A number of authors found changes in the muscle fascia in patients with IIM,
especially in those with DM. The US appearance of fasciitis in grayscale is of thicken-
ing of fascia, and on PD examination is represented by increased vascular signal
along the fascia [12].
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Figure 4.
2D US: Atrophy and significant increase in echogenicity at the level of the antero-superior right thigh in a 63 years
old female with PM.
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2.3 Doppler techniques

The use of Doppler techniques in the assessment of the vascularization of muscles
affected in IIM is controversial and not routinely used, the most studied method is the
power Doppler (PD). The accentuation of vascularization, expressed by the increase
of the intramuscular PD signal, was associated with the presence of inflammation and
correlated with the degree of disease activity [8].

In patients with chronic IIM, there is a poor correlation between PD signal and
edema or inflammation and fatty infiltration. They suggest that PD value is weak
in differentiating the vascularization between the normal and pathological muscle
(Figure 5) [13].

In a recent study, Conticini et al. proposed a combined score between 2D US and
PDUS for evaluation of patients with IIM, showing a positive statistical correlation
between PDUS and edema and the degree of activity of the disease. Also, the authors
found that PDUS represents a valuable method for the follow-up of these patients [14].

The availability of new Doppler techniques specific to microvessels (micro-V and
superb microvascular imaging), having greater sensitivity than PDUS, will bring new
and complex information in the muscle US evaluation of IIM [14].

2.4 Contrast-enhanced ultrasonography (CEUS)

PDUS cannot differentiate between arterial and venous circulation, nor can it mea-
sure capillary flow. The use of US contrast substances increases the performance of US
in assessing tissue perfusion in a certain region but also for measuring blood flow.

17:12:2621.04.2010
MED 1l CLUJ NAPOCA

Figures.
PD US: Increased muscle vascularity in the proximal thivd of the left arm in a 50 years old female with PM.
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Weber et al. studied, using CEUS, the changes determined by inflammation in
muscle vascularization in patients with polymyositis and dermatomyositis. They
found an increase in muscle perfusion in patients who presented edema during
the MRI examination and who had histological confirmation of the disease, blood
flow measured by CEUS being the best parameter for the diagnosis of PM and
DM. The authors suggest that CEUS can be used as an additional method for the
diagnosis of IIM [8, 15].

In another study, Weber et al. indicated that the blood flow decreased with the
improvement of the other quantification parameters of the disease [8, 16].

2.5 Ultrasound elastography

Elastography is a new ultrasound technique, developed in recent years, which
evaluates the elasticity/stiffness of tissues. Currently, there are two main types of
elastography, according to the EFSUMB guidelines:

* strain elastography (SE)—quasi-static, qualitative technique and more operator
dependent

* shear wave elastography (SWE)—dynamics and quantitative technique [3, 17].

Musculoskeletal structures represented some of the first in vivo applications of
elastography, all available variants can be applied to evaluate the elasticity of the
muscle tissue.

Regarding strain elastography, previous studies have shown an increase in muscle
stiffness in patients with myositis compared to the group control group [8, 18-20].

SWE offers a quantitative assessment of muscle elasticity, starting from the
differences in relative stiffness of soft tissues when an external force (the ultrasound
beam) is applied to the boundary between the tissues. Alfuraih et al. showed that
thigh muscle stiffness measured using SWE was lower in patients with active IIM
compared to the healthy group. Also, they found that reduced muscle stiffness was
accompanied by the presence of edema and atrophy on MRI, as well as weakness on
clinical exam [20, 21].

New studies indicate that SWE can be used as an imaging biomarker that can sup-
port the diagnosis of IIM [3, 13, 22].

2.6 Ultrasound viscoelasticity

Viscosity represents a new parameter, recently introduced in the use of elasto-
graphic techniques, which is correlated to shear-wave dispersion. This technique is
based in the viscoelastic properties of the tissues, starting from the premise that the
presence of inflammation leads to changes in tissue viscosity. There are few published
studies on muscle viscoelasticity until now, this technique not yet being available on
all equipment.

2.7 US-guided muscular biopsy

The advantage of being a real-time exploration method as well as that of iden-
tifying pathological muscle changes, gives US the possibility of being used to guide
muscle biopsies. These can be guided by 2D US, but also using elastography.
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3. Special ultrasound aspects in IIM

The ultrasound changes encountered in IIM are variable, presenting themselves
as a complex picture, which combines the changes of chronic disease with elements
of acute exacerbation. Anatomical location and the predominance of a certain type
of lesion with ultrasound expression can constitute the characteristic US patterns for
certain diseases in the IIM group.

3.1 Polymyositis, dermatomyositis and inclusion body myopathy—2D US

Inflammatory myopathy in DM and PM is characterized by symmetrical localiza-
tion to the proximal muscle groups, especially the deltoid and hip flexor muscles.

In DM and PM, changes appear as focal areas of increased echogenicity. Over time,
these areas of hyperechogenicity expand, according to the evolution of the disease.
In the acute phase of the disease, muscle edema is highlighted by slight increase of
echogenicity with a shiny aspect. In the chronic phase, the increase in echogenicity
becomes marked, being associated with the reduction of the size of the affected
muscle groups (Figure 6) [3].

Muscle changes in DM can be associated with skin and subcutaneous soft
tissue edema (dermis and hypodermis) (Figure 7), highlighted by their increased
echogenicity. In some cases of DM, calcinosis can be found - calcifications in the
hypodermis (Figure 8).

IBM is one of the most common myopathies of the elderly and is usually characterized
with predilection on the quadriceps muscle and the deep flexor muscles of the fingers. In
IBM, muscle can be affected asymmetrically, sometimes with a “moth-eaten” aspect.

3.2 Polymyositis, dermatomyositis, inclusion body myopathy—Elastography

Regarding the elastographic examination, SE revealed the increase in muscle
stiffness, in correlation with the histological results. In PM, increased stiffness was

Figure 6.
2D US: Wiped muscle structure in the proximal thivd of the thigh in a 44 years old female with DM.
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Figure?7.
2D US: Increased echogenicity of the subcutaneous tissue in the proximal thivd of the thigh, in a 55 years old
female with DM.

associated with fibrosis and atrophy, while increased elasticity found in DM had as a his-
tological substrate of the increased elasticity, fatty infiltration (Figures 9-11) [19, 20].
SWE, used more and more in recent years, showed lower stiffness in patients with
more severe weakness. In some studies, the results obtained at SWE were correlated
with muscle weakness and the appearance of edema and atrophy founded on MRI,
but not with the CPK levels, disease duration or fatty infiltrations (Figure 12) [3, 21].
Although there are still not many studies regarding the evaluation of muscle visco-
elasticity, this could have a role in the evaluation of patients with IIM (Figure 13).

coapsa sigm

Figure 8.
2D US: Calcifications in the adipose tissue in the proximal thivd of the thigh, in a 41 years old male with DM.
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Figure 9.
SE: Increased stiffness in the proximal of the thigh in a 43 years old female with PM (a—transversal and b—
longitudinal view).

Figure 10.
Very increased elasticity in the proximal third of the thigh, in a 52 years old female with DM (a—transversal

and b—longitudinal view).

Figure 11.
SE: Inhomogeneous aspect, with area of increased stiffness and medium elasticity in a 77 years old male with

IBM.
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Figure 12.
SWE: Increased elasticity in the proximal third of the thigh, in a 58 years old female with DM.

Figure 13.
Viscoelasticity: The same patient like in Figure 11.

4, Estimation of the evolution of the IIM

Monitoring patients with IIM represents a challenge in clinical practice. Several
authors have shown that the ultrasound changes observed in patients with IIM are
apparently correlated with the degree of activity of the disease evaluated clinically
and biologically.
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Figure 14.
SE: Changing the appearance of muscle elasticity in the medium 1/3 of the thigh, in a 50 years old patient with
DM, first (a) and after a period of 4.5 months (b).

US represents an important tool also for the monitoring response to treatment. In
the case of a favorable post-therapy evolution, the US and/or elastographic appear-
ance resolves. In cases of mild damage, the muscles can return to normal (Figure 14).

5. Other imaging modalities
5.1 Magnetic resonance imaging

Currently, magnetic resonance imaging (MRI) represents the best imaging
method for evaluation of skeletal muscle. Muscle edema and fat replacement,
encountered in IIM, are best characterized using T1-weighted and T2-weighted fat
suppression or STIR sequences. The presence, extensiveness and severity of chronic
changes are assessed using T1-weighted spin-echo sequences, which occur hyperin-
tense due to muscle fatty replacement. The inflammatory changes appear as hyperin-
tensities on T2-weighted sequences.

In addition to qualitative changes, MRI could provide quantitative evaluation, using
special sequences, such as Dixon sequences and the generation of water T2 parametric
maps, not only for diagnosis, but especially for the follow-up of patients with IIM.

Diffusion-weighted imaging, functional imaging measures and spectroscopy, new
MRI techniques, can offer additional information for the diagnosis and management
of IIM.

Even if the MRI examination presents many advantages, is expensive, with a long
examination time and is inaccessible to all patients.

5.2 Positron emission tomography (PET)

Positron emission tomography (PET) represents an imaging method that provides
functional information about a tissue and can identify whether abnormal tissue, more
or less active than normal tissues. PET offer useful information of the muscle func-
tion at cellular level. Fluorodeoxyglucose (FDG-PET) is used for diagnosis in IIM,
identification of inflammation in IIM, by identifying pathological accumulation as a
marker of inflammation. Currently, for inclusion body myositis are used as neurode-
generative markers.
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6. Conclusions

In conclusion, there are multiple imaging modalities for the evaluation of IIM. US
plays an important role in the detection and localization of muscle disease, quickly
detecting fatty replacement and fibrosis. US offers also the possibility of guiding
muscle biopsies.

The new US techniques increase the possibility of early diagnosis and can repre-
sent an objective tool for the evaluation and monitoring of patients with IIM.
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Chapter 6

Perspective Chapter:
Musculoskeletal Ultrasound in
Inflammatory Joint Diseases

Razvan Adrian Ionescu and Florentin Ananu Vreju

Abstract

Musculoskeletal ultrasound is a very important and useful tool in daily activity as
arheumatologist. It is also called “the stethoscope of rheumatologists.” It enables the
clinician to “see” into and around the joint, as ultrasound can penetrate any tissue
except for bone. Even though ultrasound cannot penetrate bone, they are completely
reflected by bony surfaces, which allows for the appreciation of bone integrity and the
visualization of erosions. Another important aspect of using ultrasound for the evalu-
ation of inflammatory joint diseases is the fact that it can depict inflammation within
the musculoskeletal system (by depicting new vessel formation, using the Doppler
effect), thus being able to contribute to the early and, even, very early diagnosis of
inflammatory joint diseases and, conversely, to the early initiation of treatment that
enables the prevention of irreversible disability.

Keywords: inflammation, joint, ultrasound, Doppler effect, B mode

1. Introduction

Ultrasonography (US) is a very important tool to be used in medicine. In rheuma-
tology, its use is embedded in routine daily clinical practice and is called “the stetho-
scope of the rheumatologist.”

There are some situations in which the “standard” approach to joint disease (i.e.,
anamnesis, clinical examination, lab tests, and radiographic examination) does not
allow making the distinction between inflammatory and degenerative joint diseases,
let alone the exact diagnosis of the diseases itself [1]. In such instances, there is a need for
additional investigations to make the diagnosis. That is when the US was very helpful.

There are many advantages to using the US in rheumatology, especially inflamma-
tory joint diseases. It is easy to use, it may be used on the bedside, it can be repeated,
and it is sensitive to change. Musculoskeletal ultrasound (MSK-US) is the only
rheumatological imaging modality that offers a dynamic examination while being a
real-time examination, acquiring information as it happens. It is safe, fast, and non-
invasive, while allowing for diagnostic procedures (e.g., arthrocentesis and biopsy)
and treatment procedures (e.g., injection of different substances into the targeted
area). But probably the most important advantage of MSK-US over any other imaging
modality is its ability to diagnose the presence of inflammation, via using the Doppler
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Multiple advantages of using MSK-US

Reproducible Very good acceptance

Good cost/effectiveness ratio Easy doable

Improves sensitivity of clinical exam Early detection of pathology

Real-time images Very good acceptance

No radiation Improved effectiveness of interventions
Table 1.

Advantages of MSK-US (modified from [2]).

module, as soon as the pathogenic process begins. Last, but not least, MSK-US allows
simultaneous examination of multiple anatomical structures and increases the
sensitivity of the clinical examination (Table1) [2].

MSK-US is validated as a diagnostic tool for rheumatoid arthritis, crystal-induced
arthritis, and psoriatic arthritis. It has also been validated for use as a follow-up tool in
rheumatoid arthritis and psoriatic arthritis. Very important, because of its sensitivity
to change, MSK-US is useful in evaluating response to treatment as well, in rheumatoid
arthritis [3, 4]. When evaluating the metacarpophalangeal (MCP) joint for erosions,
the intraobserver kappa statistic quotient is 0.75, while the interobserver kappa statis-
tic quotient (which interprets agreement among different observers) is 0.76 [5]. Those
quotients imply a good reliability of the observations and are comparable to those of
radiologists scoring lesions on mammograms [5]. These reliabilities are dependent on
multiple factors, one being the joint that is examined. Therefore, the kappa statistical
quotient is 0.76 for the shoulder but 0.28 for the ankle/toes [6]. Another factor is the
lesion that is evaluated: the overall agreement for tendon lesions and joint effusions
is 91%. It is 83.5% for bursitis, 84% for tenosynovitis, and 87% for erosions [7]. In
detecting knee synovitis, MSK-US is more sensitive than clinical examination [8].

There are some downsides to the use of MSK-US, too. The most important one is
that it is operator-dependent. As shown above, sometimes, the inter-operator reli-
ability is not that good. As such, there is a need for long, thorough, specialized, and
continuous, time-consuming training to achieve expert levels, as it is a very dynamic
field. Apart from the specialized operator, expert use of MSK-US involves the use of
high-end machines, which are still quite expensive in some parts of the world. Due
to the physical properties of ultrasound, they cannot penetrate bone. Consequently,
MSK-US cannot be used to describe intra-osseous lesions, only cortical ones.
Moreover, some anatomical regions are very difficult to explore on ultrasound [2].

The importance of MSK-US use in the context of inflammatory joint diseases
is emphasized by its inclusion in EULAR’s (European Alliance of Associations for
Rheumatology) recommendations for the use of imaging in some of the inflammatory
diseases management [9, 10].

2. Performing ultrasound examination

2.1 General principles

The most important thing about inflammatory joint diseases is to make the correct
diagnosis and treatment as early as possible to avoid irreversible structural damage to
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the joints. US can produce high-resolution images, distinguishing between different
tissues and being able to assess bursae, tendons, ligaments, articular capsules, synovial
proliferation, cartilage, and bone surface. Additionally, and of paramount importance,
is the ability to assess inflammatory angiogenesis that characterizes inflammatory joint
diseases.

EULAR’ standardized procedures for ultrasound imaging in rheumatology [11]
provide the general frame for a standardized MSK-US examination. Additionally,
OMERACT (Outcome Measures in Rheumatology, former Outcome Measures
in Rheumatoid Arthritis Clinical Trials) provides definitions for pathologic US
findings [12].

When performing MSK-US, it is recommended we use linear transducers with a
frequency ranging between 6 and 14 MHz for deep and intermediate structures and
above 15 MHz for superficial ones [10]. There are two main modes to be used when
performing MSK-US: B-mode, also termed gray scale (GS) mode, can provide ana-
tomical information of the targeted region, and the Doppler mode (color Doppler or
power Doppler) that allows for assessment of inflammatory angiogenesis [13]. When
using Doppler mode, as little compression as possible is mandatory to avoid compres-
sion of very small vessels newly formed. Because blood flow in these vessels is very
slow, the pulse repetition frequency should be less than 1 kHz.

Scanning joints should be performed with the probe oriented parallel or
perpendicular to the surface of the bone (bony acoustic landmark) so that the
cortical bone appears hyperechoic, bright, and sharp [11]. To avoid anisotropy,
the probe should be tilted, angulated, and continually adjusted to maintain the
ultrasound beam as perpendicular to the structure (usually a tendon) as possible,
especially when the structure changes direction (as happens at the insertion site
of tendons).

The probe can be used for compressing the region of interest, distinguishing
between a liquid (compressible, that is displaceable) and a solid structure (non-
compressible, that is non-displaceable) [11].

When performing MSK-US, a fair amount of gel should be used, especially when
scanning superficial structures (e.g., extensor tendons of the hand). The orientation
of the transducer is of paramount importance. If the structure to examine has a long
axis in the craniocaudal orientation, then its most proximal part is placed on the left
side of the screen. When in short axis view, the targeted region should be oriented on
the screen as if the sonographist is looking at the patient [11].

MSK-US is a dynamic technique in that it can assess the region of interest in
movement (passive or active) but also in that the probe should be translated, rotated,
angulated, and tilted to allow the best assessment of the targeted region [11].

2.2 Structure examination and normal appearance
2.2.1 Tendons

The US examination of tendons shall be performed using linear probes with a
frequency higher than 10 MHz. Because tendons are prone to anisotropy, care should
be taken to maintain a perpendicular position of the probe onto the region of inter-
est. This is particularly true for the attachment of the tendon to the bone (enthesis),
where some tendons slightly change their orientation and any change of course of the
tendon. Like any other structure examined in MSK-US, tendons should be examined
in both longitudinal and transverse planes. In the transverse plane, one should be
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Structure US appearance
Tendon Hyperechoic (to the subcutaneous surrounding tissue)
fibrillar structure;

L-parallel hyperechoic lines
T-hyper/hypoechoic dots (“salt and pepper”)
No Doppler signal

Table 2.
US appearance of tendons. L, longitudinal view; T, transverse view (modified from [14, 15]).

aware of the small transonic image on the sides of the tendon, which is an artifact
(tangential shadow) due to the curved shape of tendons in the transverse view. For
tendons with synovial sheath, little probe pressure should be applied to avoid dis-
placement (and missing) of small amounts of fluid in the sheath.

The normal appearance of a transverse scan of a tendon is that of a round/oval-
shaped structure, resembling “salt and pepper” (hyper and hypoechoic) due to the
fibrillar normal structure of a tendon. In longitudinal scans, they appear like fibrillar
linear hyperechoic structures with a parallel disposition (Table 2).

Tendons must be examined on a gray scale (B-mode) and in Doppler mode to
check for abnormal vascularization. Normal tendons do not have visible vessels. The
examiner should pay attention to the Doppler settings for superficial or intermediate/
profound tendons.

2.2.2 Enthesis

Enthesis is the complex region where a tendon, ligament, joint capsule, fascia, or
muscle attaches to the bone [2]. Enthesis of interest in MSK-US are the fibrocartilagi-
nous ones as they represent the target organ in spondylarthritis where the pathogenic
process originates. Fibrocartilaginous entheses are a histologically complex structure
of attachment to bone, so complex that the term “entheseal body” was coined at the
beginning of the century [16, 17]. By the ultrasonographic definition, enthesis is the
region where tendon, ligament, and joint capsule insert over the bone with regular
edges and the same appearance and width as the rest of the tendon/ligament/capsule,
having a fibrillar linear homogenous echogenicity [18]. The probe used for assessing
enthesis is one with high frequency (>10 MHz). The normal US aspect of an enthesis
in longitudinal view was aforementioned. In the transverse view, it is similar to the
tendon/ligament/capsule it inserts. Nevertheless, when assessing an enthesis using
US, one must assess all the components of the “entheseal body”: the tendon, the bone
underneath, the bursa (that frequently exists to lower friction between the tendon
and the bone), and periarticular tissue [19]. For example, in the case of tendons, the
US examination of the enthesis must consider the curvature enthesis usually taken
when inserted into the bone. This can translate into malalignment of the transducer
with the fibers of the enthesis, thus producing anisotropy. Therefore, whenever
examining an enthesis, the probe must be slightly and continuously adjusted in its
position over the enthesis. Doppler mode is mandatory, especially if spondyloarthritis
is suspected (pay attention to the settings of the Doppler mode). Normal enthesis
does not have visible vessels. The enthesis of interest in the evaluation of spondylo-
arthropathies is the insertion of the tricipital tendon on the olecranon, the insertion
of the common extensor of the fingers tendon of the lateral humeral epicondyle,
the insertion of the quadricipital tendon on the patella, the superior and inferior
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insertions of the patellar tendon on the patella and the tibial tuberosity, respectively,
the insertion of the Achilles tendon on the calcaneus, and the insertion of the plantar
fascia on the inferior aspect of the calcaneus.

2.2.3 Cartilage

As normal cartilage is mainly made of water and has no intrinsic vasculature, the
US beam will pass through it without almost any reflection; its normal appearance is,
consequently, an intense hypoechoic structure. There are two types of cartilage that
are of interest in MSK-US: hyaline cartilage and fibrocartilage. As hyaline cartilage
lies over bones, which are totally impenetrable to US (thus constituting bony acoustic
landmarks), it can be easily recognized because the profound interface between two
structures with highly different acoustic impedance (bone and cartilage) produces
an intense echo. Because of the very same physical reasons, the superficial border
of the cartilage is more difficult to recognize since the difference in acoustic imped-
ance between the cartilage and the surrounding intraarticular space is less [20].
Depicting the fibrocartilage is even more complicated (e.g., triangular fibrocartilage
complex (TFFC) of the wrist). When assessing the cartilage, the choice of the probe’s
frequency depends on the depth of the region of interest: the deeper the region, the
lower the frequency. The most frequently assessed hyaline cartilages in rheumatic
inflammatory diseases are the femoral condyles cartilage and the cartilage of the head
of the metacarpal bones. For both, the best position to assess them is in maximum
flexion of the knee and of the metacarpophalangeal joints, respectively, because
in this position they are best exposed from within other bony structures. As usual,
they are examined in longitudinal and transverse view. The US examination must
describe its transparency, homogeneity, thickness, the continuity of the interfaces
(cartilage/adjacent soft tissue and cartilage/bone), and the subjacent bone profile.
The most frequently assessed fibrocartilage is the triangular fibrocartilage complex
of the wrist and the menisci of the knees. For the TFFC examination, the hand should
be pronated and slightly deviated to the radial side, thus exposing the complex. It
is examined only in the longitudinal view because the transverse approach does not
bring much supplementary information [21]. As the TFFC is deep, the acoustic win-
dow is represented by the tendon of the sixth compartment of the extensor tendons
of the hand, the extensor carpi ulnaris tendon, viewed in the longitudinal axis as
well. The TFFC is viewed as a triangular, homogenous, hypoechoic (compared to the
tendon above) structure lying between the distal head of the ulna and the triquetrum.
Because the menisci are between the femur and the tibia, they are not completely
depictable in any position. To view the external portion, the knee must be in a neutral
position (extension) or slightly flexed (around 30 degrees), with the patient lying in
dorsal decubitus [20]. They normally appear triangular shaped (basis—superficial,
peak—deep), hypoechoic, homogenous structures. Normally, Doppler mode exami-
nation reveals no vessels in the cartilage.

2.2.4 Bone

Due to its abundance in calcium, bones cannot be assessed by US. Nevertheless,
MSK-US is very accurate in assessing bone surface [22]. The frequency of the probe
depends on the depth at which the bone is localized. The normal appearance of the
cortical bone is as a hyperechoic continuous line that generates posterior acoustic
shadowing and, sometimes, reverberation artifacts. Bones are examined on a gray scale
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for the continuity and sharpness of their surface. Special attention must be given to the
normal irregularities produced by the foramen nutritive, grooves for tendons or nerves,
and sesamoid bones. Usually, most of these structures can be easily recognized, and the
foramen nutritive is smooth and oblique to the diaphysis. Doppler mode is helpful in

differentiating between nutritive vessels and inflammatory neoangiogenic vessels [23].

2.2.5 Joint capsule, synovial membrane, and joints

The joint capsule, which attaches to the bone at the end of the cartilage and is
usually strengthened by ligaments, appears on MSK-US examination as a hypo/hyper-
echoic curved line above the joint visible in longitudinal view in B-mode examination.
Its insertions (enthesis) are better seen than the mid portion.

Under normal conditions, the synovial membrane is extremely thin, so it cannot
be visualized by US. It is visible only when it becomes thicker, as in chronic inflamma-
tory joint disease. It is then when Doppler mode is most needed.

Examining a joint with US means examining the profile of the two bones that com-
pose the articulation, the cartilage in between, the capsule, and the synovial membrane.
In 2017, EULAR standardized procedures for ultrasound imaging [11]. As per these, the
best way to perform wrist joint examination, bearing in mind that we are assessing two
joints (radio-carpal and inter-carpal), is placing the transducer longitudinally, on the
dorsal aspect, at the level of the radio-lunate and luno-capitate joints (corresponding
to the third finger). For the metacarpophalangeal joint, the transducer is placed longi-
tudinally over the midline of the joint and for the elbow joint the transducer is placed
longitudinally on the anterior aspect over the coronoid fossa. All these techniques will
allow for all or most of the above-mentioned structures to be visualized. The capsule of
the glenohumeral joint is merely visible over the posterior recess of the joint. At the level
of the ankle, the transducer should be placed over the anterior tibiotalar joint recess,
while at the knee, the capsule is visible at the lateral and medial aspect of the tibiofemo-
ral joint [11]. For the hip joint, the transducers should have low frequency and should be
large enough to visualize the joint as much as possible. One should be aware that low-
frequency transducers are not very reliable for Doppler mode use [24].

2.3 Pathological US findings

To understand and practice MSK-US in inflammatory joint diseases, it is manda-
tory to know the pathological findings that must be searched for.

Since MSK-US is operator-dependent, it should be as standardized as possible.

In this respect, OMERACT has developed standardized definitions to be used when
assessing and reporting an MSK-US examination to ensure maximum uniformity of
reports [11]. Additionally, in 2005, the OMERACT Ultrasound Working Group (WG)
initiated research on definitions and scoring of elementary lesions and US-detected
pathologies [12] that have been updated along with the combined EULAR-OMERACT
scoring system [25]. The result is a series of definitions and scoring systems for some
of the inflammatory joint diseases and other rheumatic inflammatory or degenera-
tive diseases that serve as a basis for diagnosing inflammatory joint diseases using
MSK-US in clinical daily practice (Tables 3 and 4) [25].

There are inflammatory joint diseases in which some of the elementary US lesions
are useful for diagnosis and/or treatment and are not inflammatory in nature but
structural. Since they are used in daily clinical practice, their OMERACT definitions
follow (Table5).
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Type of pathology Description of US findings

Synovitis Presence of hypoechoic synovial hypertrophy (SH) (regardless of presence of effusion
or Doppler signal)

Tenosynovitis Abnormal anechoic and/or hypoechoic (relative to the tendon) tendon sheath widening,
related to tenosynovial abnormal fluid/hypertrophy. Doppler mode should be used only
if there is peritendinous synovial sheath widening on B-mode; Doppler signal can be
considered if in two perpendicular planes, within the peritendinous synovial sheath,
excluding normal feeding vessel

Enthesitis Hypoechoic and/or thickened insertion of the enthesis close to the bone (<2 mm from
bony cortex) with Doppler signal (if active) and possible structural lesions

Erosion Intra- and/or extra-articular discontinuity of bone cortex visible in two perpendicular
planes (step-down discontinuity in [19])

Table 3.

OMERACT definitions for US-detected pathologies (modified after [25]).

US pathology Elementary lesion

Synovitis SH is defined as the presence of abnormal hypoechoic synovial tissue within the capsule that is

not displaceable and poorly compressible and that may exhibit Doppler signals

Enthesitis Hypoechoic increased thickness of enthesis (i.e., tendon insertion <2 mm from bony cortex)
that exhibits Doppler signal

Tenosynovitis Tenosynovial hypertrophy is the presence, in two perpendicular planes, within the synovial
sheath, of abnormal hypoechoic (relative to tendon) tissue, not displaceable and poorly
compressible, that may exhibit Doppler signal

Table 4.
OMERACT definitions of inflammatory elementary lesions composing the inflammatory US pathologies
(modified from [25]).
Pathology Structural elementary lesion
Enthesitis Erosions, calcifications, enthesophytes at the level of the enthesis
Gout double Abnormal hyperechoic band over the superficial margin of the hyaline cartilage,
contour independent of the angle of insonation, regular/irregular, continuous/intermittent, that
can be distinguished from the cartilage interface sign
Gout aggregate Heterogenous hyperechoic foci maintain their high degree of reflectivity when the gain is
minimized or the insonation angle is changed, which occasionally can generate posterior
acoustic shadow
Gout tophus Circumscribed, inhomogeneous, hyperechoic and/or hypoechoic aggregation, with/
without posterior shadowing, which may be surrounded by a small anechoic rim
CPPD Hyperechoic deposits of variable shape, within the cartilage, fixed or moving along with
fibrocartilage the fibrocartilage during dynamic assessment
CPPD hyaline Hyperechoic deposits of variable size and shape, without posterior shadowing, within the
cartilage cartilage, fixed or moving along with the hyaline cartilage during dynamic assessment
CPPD tendon Hyperechoic linear structures, generally without posterior shadowing, within the tendon,
fixed or moving along with the tendon during dynamic assessment
CPPD synovial Hyperechoic deposits of variable size, without posterior shadowing, within the synovial
fluid fluid, mobile with joint movement and probe compression
Tables.

Definitions of structural elementary lesions composing the inflammatory US pathologies (modified from [25]).
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Based on those definitions, as previously mentioned, there isa EULAR-
OMERACT combined scoring system [25], considering together gray scale appear-
ance and Doppler signal, for synovitis (Tables 6 and 7), tenosynovitis (Table 8), and
enthesitis (Tables 9 and 10), separately.

Gray scale (SH) Grade 0 No SH (irrespective of effusion)

appearance (normal)
Grade1 Minimal hypoechoic SH, up to the joint line
(minimal)
Grade2 Moderate hypoechoic SH protruding beyond the joint line
(moderate) with concave surface
Grade 3 (severe) Severe hypoechoic SH protruding beyond the joint line with

convex surface

Doppler (PD) Grade 0 No signals

appearance (normal)
Grade1 <3 single signals OR 1 confluent +2 single OR 2 confluent
(minimal)
Grade2 >gradel BUT <50% of SH area covered by signals
(moderate)
Grade 3 (severe) >50% of SH area covered by signals

Table 6.

OMERACT scoring system for synovitis. SH, synovial hypertrophy; PD, power Doppler (modified from [25]).

Grade 0: normal

No SH + noPD

Grade 1: minimal synovitis

Grade 1 SH and/or < grade 1PD

Grade 2: moderate synovitis

Grade 2 SH and/or < grade 2 PD or

Grade 1 SH + grade 2 PD

Grade 3: severe synovitis

Grade 3 SH and/or < grade 3 PD or

Grade 1 or2 SH + grade 3 PD

Table 7.

EULAR-OMERACT combined scoring system for synovitis. EULAR, European Alliance of Associations for
Rheumatology; OMERACT, Outcome Measures in Rheumatology; SH, synovial hypertrophy; PD, power Doppler

(modified from [25]).
Grade B-mode (GS) Doppler mode
Grade 0 No tenosynovial widening No Doppler signal
Grade1 Minimal amount of an—/hypoechoic material Signals in one area of the widened sheath,
within the tenosynovial sheath, in two in two perpendicular planes, excluding
perpendicular planes, localized or displaceable normal feeding vessel
Grade 2 Moderate amount of an—/hypoechoic material Signals in >1 area of the widened sheath,
within the tenosynovial sheath in two perpendicular planes, excluding
normal feeding vessel
Grade 3 Severe amount of an—/hypoechoic material within Signals filling most of the widened sheath
the tenosynovial sheath in two perpendicular planes, excluding
normal feeding vessel
Table 8.

OMERACT combined scoring system for tenosynovitis. GS, gray scale (modified from [25]).
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Doppler 0-3

Hypoechogenicity 0/1

Thickened enthesis 0/1

Bone erosion 0/1

Enthesophyte or calcification 0/1
Tableg.

OMERACT combined scoring system for enthesitis with semiquantitative Doppler grading—part 1 (modified
from [25]).

Grade 0 0 Doppler signal

Grade1 < 2 punctiform Doppler signals with no confluent Doppler signal

Grade2 2-4 punctiform Doppler signal OR 1 confluent Doppler signal

Grade 3 >4 punctiform Doppler signal OR > 1 confluent Doppler signal
Table 10.

OMERACT combined scoring system for enthesitis with semiquantitative Doppler grading—part 2 (modified
from [25]).

All this data is mandatory for performing high-quality MSK-US. On one hand,
they guide on “speaking the same language,” and on the other hand, they allow
appreciation of the efficacy of management of the disease, as they allow comparisons
in the same patient between different points in time.

3. Ultrasound examination in rheumatic inflammatory joint diseases
3.1 Rheumatoid arthritis (RA)

The use of MSK-US in rheumatoid arthritis is frequent because it can provide valu-
able information on diagnosis, differential, disease severity, and monitoring disease
course on treatment [26].

As a diagnostic tool, MSK-US can be used in undifferentiated arthritis to help a
positive or a differential diagnosis [27]. This is especially important in seronegative
patients whose disease could thus remain undiagnosed for a long time.

The features that US can depict in RA are synovial hypertrophy, cortical bone ero-
sions, tenosynovitis and effusion. Padovano et al. showed that effusion without synovial
hypertrophy should not be considered inflammatory in nature [28]. The presence of
a Doppler signal within the thickened synovium is indicative of active inflammatory
disease [29]; it, as well as features of tenosynovitis, predicts the risk of imaging progres-
sion of RA [30]. MSK-US is a more sensitive imaging modality for detecting erosions
than X-ray examination [31]. MSK-US is very useful in depicting erosion on the fifth
MTP joint and the second and fifth MCP joints. Even though the clinical relevance of a
discovered erosion is variable (depending on its dimension and location), erosion at the
fifth MTP increases the probability of RA diagnosis in arthritic patients [26].

MSK-US can also be used to evaluate disease progression in RA. It has been proven
that a high baseline power Doppler US signal at the MCP level is predictive of the
development of radiographic erosions over the next year [32].
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It is well known that some patients, despite being in clinical remission, continue to
progress radiologically [26]. Studies have shown that MSK-US is a very good imaging
modality in assessing residual activity in RA patients: patients in clinical remission
with residual power Doppler active synovitis are at high risk of progressive joint
disease [33]. Moreover, these patients are at increased risk of relapse as compared to
those power Doppler negative [34].

MSK-US scanning can be quite a time-consuming approach; that is why the
number of joints to scan is always a question. This number depends on the clinical
presentation, but there are studies pertaining to the choice and number of joints
to be scanned in RA. Naredo et al. suggest the assessment of 12 joints (bilateral
wrists, metacarpophalangeal, and proximal interphalangeal I and III of hands
and knees) using power Doppler US, as it provides an overall assessment of joints’
inflammation [35].

US has been proven to be useful in monitoring disease activity and response to
treatment. It correlates strongly with disease activity score 28 joints (DAS28) and
inflammatory serum markers (C-reactive protein and erythrocyte sedimentation
rate) [36], and it is also sensible to therapy-induced change, thus being able to influ-
ence treatment decisions [37].

Combining clinical examination and MSK-US improves the diagnosis of RA
patients, especially when radiology assessment is not conclusive. This allows for an
early diagnosis, which is the key to avoiding permanent structural joint damage. It is
useful in monitoring disease and appreciating the risk of disease flare (in patients in
clinical remission) as well as in guiding treatment decisions.

3.2 Spondylarthritis (SpA)

US use in SpA is merely confined to peripheral SpA since in axial SpA, the US
examination of the sacroiliac joints is limited to the posterior part of the joints,
thus making magnetic resonance imaging the preferred modality to assess these
joints [26]. In fact, US imaging has a greater sensitivity than other imaging modalities
and clinical examination to detect peripheral involvement in SpA [33].

Using MSK-US in SpA is peripheral SpA is endorsed by EULAR in its recom-
mendations for the use of imaging modalities in the diagnosis and management of
SpA [9]. Published in 2015, these recommendations state that, in peripheral SpA, US
can and should be used in diagnosing, monitoring disease activity, and evaluating
structural damage.

The features associated with peripheral SpA that are assessable using MSK-US are
arthritis, enthesitis, tenosynovitis, and dactylitis.

The US appearance of SpA arthritis is no different than RAs (Table 3). Using
Doppler mode can confirm the intense inflammatory vascularization of the hyper-
trophied synovium, confirming active disease. This is also true for the US aspect of
SpA tenosynovitis, with the additional comment that, in SpA, tenosynovitis is more
frequent than in RA.

Enthesitis is considered the hallmark of SpA, since the pathogenic process of the
disease appears to start at the level of the enthesis [38]. The definition, the US aspect,
and the combined scoring system of enthesis have been described previously (see
Tables 3, 9, and 10). Assessing entheseal inflammation has been long shown to have
avery good diagnostic value in peripheral SpA [39]. It is noteworthy that, to define
it as inflammatory, the lesion should be confined to less than 2 mm from the bone
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cortex [40], and that structural bone lesions (enthesophytes and erosions) are seen in
later stages, while the earlier lesions are those related to the tendon [41]. It should be
emphasized that some structures are considered as “functional enthesis,” even though
they do not respect the “anatomical” definition in that we cannot find a fibrocartilagi-
nous structure (e.g., the tendon areas around the pulleys) [10]. It is also noteworthy
that peritendon inflammation of the extensor digitorum tendon (PTI pattern) and
central slip tendon enthesitis at the level of the proximal interphalangeal joint are
features specific for psoriatic arthritis (as a form of peripheral SpA) [38]. There are
multiple US scores that can be used in assessing enthesitis as per the selection of sites
to be assessed: MASEI (Madrid Sonography Enthesitis Index) [42], OMERACT US
[40], and GUESS (Glasgow Ultrasound Enthesitis Score) [43].

Dactylitis is a very complex US inflammatory lesion, as it involves many struc-
tures; it consists of soft tissue edema, enthesitis of the superficial flexor of the
finger tendon, peritendinous inflammation (PTI pattern of the extensor tendon),
tenosynovitis of the flexor tendon and arthritis, all located in the same finger or
toe, making it a pandigital involvement [44]. There is also a scoring system for
dactylitis [45].

3.3 Crystal-induced arthritis

The use of MSK-US in crystal-related joint diseases is supported by its high sen-
sitivity and specificity [46]. Both types of crystal deposits generate reflectivity, thus
forming the US image.

Monosodium urate crystal deposits on the surface of the articular cartilage [47].
Because of that, they generate a hyperechoic band on that surface parallel to the
contour of the head of the bone and move along with the bone, confirming it belongs
to the cartilage. This is the “double contour” sign. The band is visible, irrespective of
the angle of insonation (see also Table 5). Also, it is visible along the contours of the
cartilage. The double contour sign is visible in most long-standing gouty patients; it
is also reversible with treatment. Another US appearance of monosodium urate is the
so-called “snowstorm appearance,” which is the presence of numerous hyperechoic
spots within an area of echogenicity. This is usually depicted when monosodium urate
crystals are present within a synovial effusion. Another possible US finding that may
be depicted in chronic gout is gout tophus, which appears as a heterogeneous mass
containing hyperechoic foci. Sometimes, they must be differentiated from rheuma-
toid nodules. Tophi may be found inside tendons, joints, and bursae [46, 48].

In diagnosing calcium pyrophosphate deposits, MSK-US is an accurate tool with
a high likelihood ratio and better sensitivity than X-rays [49, 50]. Calcium pyrophos-
phate crystals deposit inside the hyaline cartilage of the joints (intraarticular), in
contrast to monosodium urate crystals (which, as previously noted, are located on
the surface of the cartilage). Their appearance is classical at the wrist level, where
they can be depicted inside the triangular cartilage and at the knee level (inside the
cartilage and the menisci). They can also be viewed inside the hip and the acromiocla-
vicular joints [49, 50].

As with all other MSK-US examinations, the evaluation of deposits must be
done both in B-mode and in Doppler mode to assess the presence of inflamma-
tion associated with the deposit itself. Also, the evaluation must be performed in
2 perpendicular planes, especially when it is referring to the consequences of the
presence of crystal deposits, that is, erosion; as well as with other MSK pathologies
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potentially producing erosions, lesions produce by crystal deposits must be con-
firmed in both perpendicular planes.

4. Discussion

Having such a versatile imaging tool in rheumatology as MSK-US represents a very
good advantage for clinician rheumatologists. Knowing how to use it is mandatory
nowadays. As it is validated for diagnosis in its early stages of inflammatory joint
diseases, as well as for follow-up and evaluation of treatment efficacy, MSK-US has to
be and is incorporated into daily routine practice.

On the other hand, one must not over-emphasize the role of MSK-US in inflammatory
joint diseases since there are some downsides to it. Probably the most important prob-
lem with this imaging technique is the need for good training, especially long training.
Moreover, no matter the quality of the training, any US image is clearly operator-depen-
dent. This is illustrated by the differences in agreement that arise when several experi-
mented experts examine the same joint in the same patient. It is noteworthy, though, that
these “disagreements” also depend on other factors, such as the joint examined.

One of the important advantages of MSK-US is the possibility of exploring joints
dynamically. The possibility of examining joint movement while it happens allows
for viewing details that can provide diagnostic clues. Moreover, MSK-US is the only
at-hand imaging method that permits interventional maneuvers, whether diagnostic
or therapeutic.

Of course, MSK-US cannot examine every joint in the body, even in the context
of inflammatory joint diseases. That is because of the anatomical situation of some
joints, as is the case of the sacroiliac joint, whose inflammatory state in the context
of spondyloarthritis is US accessible with great difficulty, even though they are
superficially located under the skin. This brings us to the fact that MSK-US, like any
other investigation, should be carefully chosen, in the appropriate context, of an
inflammatory joint disease. The previous example, pertaining to the sacroiliac joints,
is conclusive: in case of suspicion of involvement of those joints, as part of a axial
spondyloarthritis, one should prefer magnetic resonance imaging over any other
imaging technique, including MSK-US, for diagnostic purposes. On the other hand, if
there is a suspicion of enthesitis also in the context of spondyloarthritis, one should
choose US over any other imaging method for confirming the peripheral involvement.

5. Conclusions

Ultrasound is a very useful tool for the practicing rheumatologist. It is at hand,
rapid, non-invasive, cost-effective, repeatable and allows for dynamic evaluation.
It can be used for diagnosis, monitoring and treatment decision making. Its use has
opened a new window to the diagnosis and also to a more profound understanding
of pathogenetic mechanisms of inflammatory joint diseases, thus allowing for an
early diagnosis, followed by an early treatment and, hence, avoidance of irreversible
joint damage and disability. It has become an extension of the clinical examination
(“rheumatologist’s extended finger” [51]) enabling the treating physician with a more
profound view of processes to be influenced by the various and effective treatments
of inflammatory joint diseases. Thus, performing musculoskeletal ultrasound is
mandatory for any clinician working in the field of rheumatology.
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Chapter 7

Perspective Chapter: Breast Imaging
in Clinical Practice — Point of Care
Ultrasound in Breast Symptomatic
Patients

Anca I. Ciurea

Abstract

Breast ultrasound is the main imaging method used for the assessment of patients
with positive screening mammography or, in symptomatic patients, to evaluate the
clinical changes or anomalies depicted on the mammogram. It is usually performed
by radiologists; however, because it is a fast and cheap imaging method, theoretically
with no contraindications, it can also be performed by those who first examine the
symptomatic patients, allowing a fast diagnosis and treatment (point of care ultra-
sound). Ultrasound is an ideal imaging method for a fast assessment of breast pathol-
ogy. In most of the cases, women with symptoms will present for clinical evaluation
to the general practitioners, gynecologists, or surgeons. In certain situations (e.g.,
trauma, inflammation, palpable masses), it can be used to initiate a specific treatment
or to further recommend a correct investigation. In the present chapter, the ultrasound
appearance of the most frequent breast pathologies is presented, and the imaging
features that allow the differentiation of benign from malignant lesions are discussed.

Keywords: point of care ultrasound, breast ultrasound, breast nodules, mastitis, breast
abscess, breast trauma, galactocele, breast cancer, pregnancy, lactation, male breast

1. Introduction

Breast ultrasound is the main imaging method used for the assessment of patients
with positive screening mammography, to further evaluate any anomaly detected,
including calcifications. As a screening method it is used only in conjunction with
mammography, in patients with dense breasts, in which the sensitivity of mammog-
raphy is lower due to the masking effect of the overlying dense breast tissue.

Ultrasound is also recommended as a first-step examination for the evaluation
of palpable masses in young patients (under 35 years) or in those for whom mam-
mography cannot be performed due to intense pain or marked breast edema (patients
with breast inflammation or after trauma). Other indications for breast ultrasound
are the evaluation of the axilla and the diagnosis of tumoral lymph nodes (with the
highest specificity of all breast imaging methods), evaluation of breast implants,
nipple discharge, chest wall recurrence, and guidance for interventional procedures
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(percutaneous biopsy, insertion of tissue marking clip or wire localization). It is also
preferred for the examination of newborns or young male patients presenting with
symptoms of gynecomastia, due to its lack of irradiation.

It is a fast and cheap imaging method, theoretically with no contraindications, and
because it is non-iradiating, it can be repeated whenever necessary.

In screening and evaluation settings, ultrasound is performed by radiologists, but
in most of the cases, women with symptoms will present for clinical evaluation to the
general practitioners, gynecologists, or surgeons.

Because the use of the method is more and more clinically oriented for various
pathologies involving different organs and symptoms and clinicians become familiar
with the technique and its applications, in breast pathology, it can be used to initi-
ate a specific treatment or to further recommend a correct investigation. In certain
situations (e.g., trauma, inflammation, palpable masses), it can be performed by
those who examine first the symptomatic patients, ultrasound being an ideal imaging
method for a fast assessment of breast pathology.

Clinicians performing breast ultrasounds should be aware of the limitations of
the method. Ultrasound is inefficient in the big breast because it is performed with
high-frequency transducers (7-15 MHz), therefore will not properly evaluate the
deep portions of the breast (close to the chest wall). It is also inefficient in the adipose
breast, in which small, isoechoic lesions can be overlooked and missed.

However, targeted ultrasound for the clinical anomaly has higher sensitivity
compared with screening ultrasound. Therefore, in symptomatic patients, it can be
used with high confidence.

2. Breast lumps

According to the American College of Radiology, Breast Imaging Reporting and Data
System (ACR-BIRADS) lexicon, when a breast lump is evaluated with ultrasound, just
like with any other method, shape and margins are the most important features in the
differential diagnosis. A regular shape and circumscribed margins suggest benign nature
while an irregular shape and non-circumscribed contour suggest malignancy.

Lesions with regular shape are oval or round (Figure 1a and b), and any lesion
with a shape that cannot be assessed as oval or round should be described as having
an irregular shape (Figure 1c and d). Lesions with two or three discrete lobulations
can also be considered to have a regular shape [1].

Well-defined margins, sometimes with a thin, echogenic wall, are encountered in
circumscribed, benign lesions. Any other margins, spiculated, ill-defined, microlobu-
lated, or angulated suggest a malignant nature (Figure 2) [1].

When analyzing the shape and margins of a mass, one should keep in mind that
the more aggressive a cancer is, the more likely it is to mimic a benign lesion due to
the lack of desmoplastic reaction [2-4]. The age of the patient, the recent appearance
of the palpable lump (in postmenopausal women), and the associated clinical and
ultrasound elements may aid in the differential diagnosis.

In addition to shape and margins, at ultrasound, method specific features are described.

Orientation represents the direction of the longest diameter of the lesion com-
pared to the skin: parallel to the skin suggests that the lesion is benign, tending to
develop between the anatomical structures, while a perpendicular direction (lesions
“taller than wide”) is characteristic for malignant lesions, which invade the normal
structures of the breast (Figure 3). However, orientation alone has a lower positive
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Figure 1.
Lesions with regular shape, oval (a) or round (b), and lesions with irregular shape (c and d).

Figure 2.
Oval, circumscribed mass with a visible echogenic wall (a) and non-circumscribed masses: lobulated (b),
spiculated (c), angulated and ill-defined (d).
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predictive value compared with morphological features and should be used only
in combination with the morphological characteristics when classifying a mass as
benign or suspicious [1].

The glandular tissue is always hyperechoic, and the echogenicity of the lesions,
which is another ultrasound characteristic of the masses, is described comparatively
with that of the pre-glandular adipose tissue. The lesions can be anechoic (breast
simple cysts, oil cysts, seromas), hypoechoic, isoechoic (Figure 4), hyperechoic,
complex cystic masses, and heterogeneous [1].

Marked hypoechogenicity (Figure 4b) is suggestive of malignancy, but unfortu-
nately, only one-third of breast cancers are intense hypoechoic, most of them being only
moderately hypoechoic or isoechoic [1, 4]. Isoechoic lesions can be easily missed in fatty
breasts (Figure 5), especially when small, if ultrasound is performed for screening in
asymptomatic women [1]. Hyperechoic lesions are usually benign (angiomyolipoma), but
colloid carcinoma (a special type of invasive ductal carcinoma) can also be hyperechoic
compared with the fatty lobules (Figure 6). The final decision should be based in this
situation on other morphological features (shape and margins).

Complex cystic masses are always suspicious and require biopsy unless the patient
has a recent trauma or surgery when the mass may represent a hematoma or seroma.
They can represent benign as well as malignant lesions (intracystic papilloma, encap-
sulated papillary carcinoma or carcinoma with extensive necrosis) (Figure7) [1].

Masses with heterogeneous structures are lesions with hypo-, iso-, and hyper-
echoic areas. They can also be benign or malignant (Figure 8). Hamartomas (benign
fibroepithelial lesion), composed of normal but disorganized components of breast
tissue, are encapsulated and well-defined [5-7]. Any other lesion with a heteroge-
neous echostructure, if non-circumscribed, is suspicious and should be biopsied
because they can represent carcinomas with liquefaction or coagulation necrosis [1].

The posterior features of a mass can also suggest the nature of the lesion.
Attenuation, highly suggestive of malignancy, is encountered only in about 30% of
breast cancers. Because it is due to the fibrosis accompanying the lesions it can appear
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Figure 3.
The perpendicular orientation of a suspicious mass proved to be an invasive ductal carcinoma.
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Figure 4.
Simple cyst presenting as an anechoic mass (a). Medullary invasive breast carcinoma, intense hypoechoic
comparatively with the surrounding adipose tissue (b).

Figure 5.
A small, isoechoic lesion proved to be an invasive ductal carcinoma after ultrasound-guided biopsy.
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Figure 6.
Hyperechoic lesions: well-defined in an angiomiolipoma (a) and lobulated in a mucinous carcinoma (b).

Figure7.
Encapsulated papillary carcinoma (a) and galactocele (b), both appear as complex cystic masses with cystic and

parenchymal components.
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Figure 8.
Breast cancer with heterogeneous echostructure, irvegular shape and non-circumscribed (ill-defined) margins (a)
and hamartoma with heterogeneous echostructure but with vegular shape and circumscribed margins (b).

in benign lesions as well (old fibroadenomas, focal fibrosis, fibrocystic changes).
However, most fibroadenomas and breast cancers have no posterior features (do not
alter the transmission of the ultrasound beam), and the acoustic enhancement, even
if it is typically encountered in the benign, cystic lesions, can also appear in hypercel-
lular fibroadenomas or cancers (Figure 9) [4, 8].

Any other features associated with the breast nodule (associated features) should
be carefully analyzed (Figure 10). They include architectural distortion, surrounding
edema, dilatation of the ducts in the vicinity of the lesion, skin edema, thickening or
retraction, calcifications, vascularization, and elasticity [1].

The architectural distortion is seen as the attraction of Cooper ligaments toward
the lesion.

Edema around a mass determines the appearance of the hyperechoic halo
(Figure 2b-d). Unless it is seen in an inflammatory cyst or after trauma, masses with
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Figure 9.
Breast cancers exhibiting posterior enhancement (mucinous carcinoma) (a), posterior shadowing (b), and no
posterior features (c).

Figure 10.
Irvegular and non-circumscribed masses, associated with architectural distortion (a) and skin thickening and

edema (b), both proved to be invasive ductal carcinomas.
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hyperechoic halo should be further investigated. In malignancy;, it is due to the des-
moplastic reaction or to the peritumoral inflammatory infiltrate and microinvasion.

Even if ultrasound has a low sensitivity in the detection of calcifications, some-
times they may be seen with performant devices or if they are superimposed with the
hypoechoic background of the lesions. They can be seen associated with the masses or
outside a mass (around it or in breast parenchyma) as small hyperechoic foci without
attenuation (Figure 11). In breast cancer, calcifications are associated mainly with
the necrotic intraductal component (in situ breast carcinoma, comedo type). Any
suspicion of calcifications on ultrasound, associated or not with a mass, should be
confirmed with mammography, no matter the age of the patient. Mammography
allows the visualization and correct evaluation of their extension and, most of all, is
the only method that allows the morphological characterization of calcifications and
the correct assessment as benign or suspicious [1].

Vascularization and elasticity are considered associated features, and they have
value only in association with the morphology of the masses [1]. When evaluating
the vascularization, attention should be paid to the correct settings of the ultrasound
machine and to the compression during the examination. Even if the examination
is correctly performed, one should keep in mind that some benign lesions can have
hypervascularization (hypercellular fibroadenomas), while some cancers may show
no blood supply at all (cancers with extensive necrosis or very small in size). Also,
there is no vascular pattern suggestive of the benign or malignant nature of a lesion.
Yet, a circumferential blood supply, surrounding entirely or only partially a mass,
suggests that the mass is benign in nature and pushes the blood vessel away, while a
plunging blood vessel, having a perpendicular direction to the surface of the mass
suggests the malignant nature (Figures 12 and 13) [1].

Figure 11.
Calcifications are seen as small, hyperechoic foci, with no posterior shadowing inside a mass (a) and outside a
mass, in the breast parenchyma, with no associated lesion (b).
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Figure 12.
Malignant lesion with vascularization, the blood vessels having a perpendicular direction to the surface of the
lesion (a). Benign lesion (fibroadenoma) with circumferential vascularization (b).

Regarding elasticity, any technique can be used in the assessment of breast
masses (strain elastography, ARFI, or shear wave elastography) [1, 9-11].
Lesions are described as soft (with same elasticity as the breast tissue or having
the specific blue-green-red color artifact suggestive for the cystic nature), with
intermediate elasticity (lesions having a stiff center and a soft peripheral rim)
or stiff (with stiffness of the entire lesion or stiffness of the lesion as well as of
the surrounding parenchyma, due to the desmoplastic reaction) (Figure 14).
Stiff lesions are suspicious, and 16% of the lesions with intermediate elasticity
may also be malignant [12]. There are also some benign lesions that may exhibit
stiffness on elastography evaluation (fibroadenomas, oil cysts, papilloma, and
radial scars). On the other hand, in a small proportion of cases, breast cancer may
appear soft (Figure 15). Therefore, like Doppler evaluation, elasticity should not
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Figure 13.
A triple-negative breast cancer with no blood supply (a) and a Her2+ positive breast cancer with a peripheral
blood vessel, suggestive of a benign nature (b).

be used as an independent predictor for the benign or malignant nature of lesions,
only in combination with the other morphological criteria. The value of elastog-
raphy lies in the fact that it increases the diagnosis confidence, especially in small
lesions, and allows a regrading of BI-RADS 3 and 4A lesions, with the biopsy of
the pseudo-benign breast cancers or short-term follow-up of otherwise biopsied
lesions with ultrasound features of fibroadenomas [1, 13, 14].

Examination of the axilla is mandatory in all cases with suspicious masses and
is an important part of the evaluation of all patients with breast cancer, consider-
ing that the presence or absence of lymph nodes metastasis influences the therapy
of the patients. In patients with any breast lesions, evaluation of the axilla can offer
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Figure 14.

(a) Benign fibroadenoma, soft at elastography (scove 1). (b) Triple negative breast cancer, with intermediate
elasticity (scorve 3). (c) Stiff mucinous carcinoma (score 4). (d) Stiff lobular carcinoma (score 5).
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Figure 15.
Invasive ductal carcinoma, soft on elastography, with the same elasticity as the surrounding breast tissue (score 1).

supplementary information regarding the nature of the lesions and the appropri-
ate attitude. Moreover, ultrasound is the method of choice for imaging the axilla,
with higher sensitivity and specificity compared with mammography and magnetic
resonance imaging [15, 16].

Lymph nodes appear as oval structures with a hyperechoic central hilum sur-
rounded by a thin hypoechoic cortex, with a single vascular pole at color Doppler
examination. Metastatic lymph nodes are round, with cortical thickening or focal
bulging of more than 3 mm, with no central hyperechoic hilum, and with multiple
vascular poles at Doppler interrogation (Figure 16) [15]. Inflammatory lymph
nodes may, however, mimic malignancy, as can be seen in mastitis, cat scratch fever,
rheumatoid arthritis, osteomyelitis, or scapulohumeral periarthritis. In the absence
of any clinically benign conditions that can explain the appearance of the changes in
the axillary lymph nodes, any suspicious lymph node should be biopsied, even if the
lesion seen in the breast is most probably benign.

The lesions that can be diagnosed as benign in the breast are simple cysts
(round or oval anechoic masses, with posterior enhancement and thin echogenic
wall) (Figure 4a), lipomas (isoechoic oval masses corresponding to the palpable
lump - undiagnosed if not palpable), angiomyolipoma (hyperechoic round or oval
lesions, well-defined, with no blood supply) (Figure 6a) and, sometimes, ham-
artomas (Figure 8b). Complicated cysts (cystic lesions with low densities echoes
inside, mobile or with a vertical fluid—fluid level or with mobile sediment and
circumferential, regular wall thickening), parenchymal lesions with ultrasound
appearance of a fibroadenoma, complex cystic masses after surgery or trauma
may be assessed in BI-RADS 3 category (<2% risk of malignancy) with recom-
mendation for short-term follow-up (4-6 months) (Figure 17) [1]. Any other
lesions should be further investigated by a dedicated breast radiologist to rule out
malignancy.
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Figure 16.
Metastatic lymph nodes in (a) with bulging and thickening of the cortex, in (b) homogeneous hypoechoic, with no
fatty, hyperechoic hilum.
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Figure 17.
Cyst with fluid—fluid level (a) and seroma after surgery (b).
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3. Mastitis and breast abscess

Mastitis is an inflammatory condition of the breast, associated or not with infec-
tion. It appears more frequently during breastfeeding (lactational mastitis), when
bacteria enter the breast through the cracks in the nipple, but it can also appear in
non-lactating women and even in men (non-lactational mastitis).

In early phases, at ultrasound, signs of edema are seen: thickening of the skin and
hyperechogenicity of all breast structures (adipose and glandular tissue). Also, reac-
tive axillary lymph nodes may be present. In this stage, with proper treatment, the
inflammation resolves with no complications. In cases with delayed treatment, the
process may progress, with the formation of abscess [17]. Abscess appears as an
irregular, non-circumscribed complex cystic mass, with intense blood supply around
the lesion (Figure 18). Under ultrasound guidance, the collection in the abscess may
be aspirated, and the cavity washed with saline until complete removal. Cases that
cannot be solved by percutaneous aspiration should be referred to surgery [18].

Figure 18.
Breast abscess: irregulay, non-circumscribed complex cystic mass with intense blood supply.
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Not all cases of mastitis are due to infection. Signs of mastitis may appear in
inflammatory cysts, ductal ectasia, granulomatous mastitis and in carcinomatous
mastitis [17, 19, 20]. Any inflammatory process that is not solved after treatment with
antibiotics or non-steroidal anti-inflammatory drugs, especially if in postmenopausal
women, should be further investigated to rule out malignancy.

4. Breast trauma

After breast trauma, regardless of the patient’s age, due to the pain, it is difficult
to evaluate the breast with mammography. In these situations, ultrasound is the first
imaging option. It has the advantage of allowing the examination of a sensitive breast
and, during the same examination, the aspiration of hematomas or seromas.

In the acute phase of breast trauma (in the first 4-5 days) signs of edema are seen
(skin thickening and hyperechoic appearance of breast structures). Also, in this
phase, small hypoechoic areas with superficial location may be present (Figure 19),
areas that may represent areas of laceration or oil cysts [21].

Figure 19.
Acute trauma, with edema and small anechoic lesions.
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The intermediate phase (2 weeks after trauma) is characterized by the pres-
ence of fluid collections, which may be seromas or hematomas. Seromas are
anechoic collections located superficially in the breast, with an orientation paral-
lel to the skin, while hematomas appear as complex cystic masses (Figure 20).
The diagnostic is usually straightforward in this phase due to the patient’s history
of trauma [22, 23].

In the late phase (1 year) oil cysts are usually seen as anechoic, round, and well-
defined lesions, homogeneous or, less frequently, inhomogeneous (Figure 21). They
may show posterior shadowing and can be stiff at elastography. However, the final
diagnosis is based on mammography, which reveals lucent lesions, with or without
rim calcifications [24].

Figure 20.
Hematoma after breast trauma, presenting as a complex cystic mass (a) and fluid collections compatible with
post-traumatic seromas (b).
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Figure 21.
Oil cysts are incidentally discovered 1 year after breast trauma and confirmed with mammography.

5. Pathological changes during pregnancy and lactation

In pregnancy and lactation, breast evaluation is difficult due to physiological
changes. Mammography and MRI have limitations in these patients, and ultrasound
is the first-step examination of these patients. The proliferation of epithelial and
stromal components and the increased vascularization will determine a diffuse
hypoechoic appearance of the breast tissue during pregnancy and a hyperechoic
appearance, with dilated ducts and increased vascularization during lactation
(Figure 22) [25].

In pregnancy and lactation, the existence of accessory glandular tissue may
become clinically symptomatic as a palpable, tender mass, located most frequently
in the axilla, easily diagnosed with ultrasound, which will reveal an area of breast
parenchyma with visible ducts. On the accessory breast tissue, pathological lesions
may develop anywhere else in the breast: cyst, fibroadenomas, galactocele, or cancer
(Figure 23).

Mastitis and breast abscess in lactating breasts have the same appearance and
features as described above.

Galactocele can be another cause of palpable lumps during breastfeeding. They
represent milk-filled collections, and the appearance is different depending on the
age of the collection. A recent galactocele appears as simple or complicated cysts or as
an area with multiple dilatated ducts filled with hypoechoic fluid and mobile echoes
inside. Old galactocele are inhomogeneous, with anechoic and hyperechoic areas
inside, due to milk degradation (Figure 24) and may finally mimic oil cysts [25, 26].

Breast cancer in pregnancy and lactation is rare. In most cases, the ultrasound
features are suggestive of malignancy (Figure 25), but because it is usually aggressive
and fast growing, it can mimic benign conditions (Figure 26).
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Figure 22.
Diffuse hypoechoic breast tissue in pregnancy (a). Ultrasound appearance of the breast during lactation: diffuse

hyperechoic (b), with dilated, anechoic ducts (c) and hypervascularization (d).

Figure 23.
Palpable, tender lump in the right axilla, with onset during the 2nd trimester of pregnancy (a). Ultrasound
reveals accessory breast tissue in the axilla (b), with a small cyst (c).
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Figure 24.
Old galactocele in a patient with breast augmentation, having at ultrasound a heterogeneous echostructure.

Figure 25.
Breast cancer during lactation, with typical morphological features on 2D ultrasound. Note the lack of blood
vessels at power Doppler and the elastic appearance at elastography.

Careful evaluation should be performed for any palpable mass developing in
this period, and further investigations are recommended for all cases in which
the benign nature of a lump cannot be established with certainty. Mammography,
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Figure 26.
A triple negative breast cancer in pregnancy, round, with a few discrete lobulations. The suspicion of malignancy
was raised mainly by the blood vessel perpendicular to the surface and the stiff appearance at elastography.

even with low sensitivity, may reveal associated findings suggestive of malignancy
(architectural distortion or calcifications), and the ultrafast sequences at MRI
examination may also aid in the differential diagnosis. In all cases with uncertain
lesions, biopsy should be performed even if there is a risk of developing fistulas
after percutaneous biopsy [27]. Risks and benefits should be considered when
deciding the management of these patients, especially that breast cancer during
this period has a poor prognosis and a negative impact on both mother’s and the
baby’s life.

6. Male breast lesions

In males, the most frequent pathologies are pseudo gynecomastia (breast
enlargement due to adipose tissue), gynecomastia (proliferation of the ductal,
lobular, and stromal components), and breast cancer. A tender and mobile lump
in the retro areolar region represents gynecomastia, while breast cancer presents
clinically as a stiff and non-tender mass. In the case of gynecomastia, ultrasound
reveals the presence of glandular tissue, with the same appearance as in the female
breast (Figure 27).

Breast cancer in males is also easily diagnosed, having the same morphological
features and ultrasound appearance as in women (Figure 28). However, other lesions
can also be encountered (lipomas, breast abscesses, metastasis from cancers with
other location, neurofibromas) (Figure 29). Fibro-epithelial lesions of the breast and
invasive lobular carcinoma are very rare in men due to the absence of lobules in male
breast [28].
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Figure 27.
Retro areolar breast tissue on ultrasound in a young patient with gynecomastia.

Figure 28.
Breast cancer in a male patient: centrally located irregular mass, non-circumscribed, with no posterior features,

with intense blood supply.
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Figure 29.
Impure fluid collection in a male patient with clinical signs of mastitis (abscess).

7. Conclusion

Ultrasound is a useful imaging technique that allows a rapid assessment of clini-
cal changes and a correct decision regarding the treatment, follow-up, or referral
of patients for further investigations. Careful examination is required for a correct
diagnosis and decision. Limitations of the method should always be kept in mind in
order to minimize the false negative results. Any suspicious findings at ultrasound
should prompt further imaging and investigations (mammography +/— percutaneous
aspiration or biopsy).
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Abstract

Endobronchial ultrasound (EBUS) represents a significant advancement in the
diagnosis and management of mediastinal lymphadenopathy, offering a less invasive
yet highly effective alternative to traditional methods. This chapter delves into the
comprehensive role of EBUS, highlighting its diagnostic accuracy and clinical implica-
tions. It focuses on EBUS’s capability to analyze sonographic features of lymph nodes,
including size, shape, echogenicity, and the presence of necrosis. These characteristics,
when correlated with histopathological findings, are instrumental in differentiating
between malignant and benign nodes, thereby enhancing diagnostic precision. The
chapter also discusses the intricacies of endobronchial ultrasound-guided transbron-
chial needle aspiration (EBUS-TBNA), emphasizing its diagnostic parameters such as
sensitivity, specificity, positive predictive value (PPV), and negative predictive value
(NPV). The convergence and discrepancies between EBUS and conventional diagnos-
tic methods like spiral chest computed tomography (CT) scans are critically analyzed,
underscoring EBUS’s role as both a screening and confirmatory tool in varied clinical
scenarios, including tuberculosis prevalence and lung cancer staging. Ultimately, this
chapter provides a forward-looking perspective on EBUS, advocating for ongoing
technological advancements and research to enhance its specificity and application in
modern pulmonology and thoracic oncology.

Keywords: endobronchial ultrasound, EBUS, CT scan, sonographic future,
lymphadenopathy, mediastinal lymphadenopathy, transbronchial needle aspiration

1. Introduction

Mediastinal lymphadenopathy (ML) is frequently observed in pulmonary medi-
cine. Common causes include tuberculosis, sarcoidosis, metastatic carcinomas, and
lymphoma [1]. However, the symptoms associated with these conditions are often
non-specific and prevalent across various disorders that result in lymphadenopa-
thy [2]. Consequently, it is essential to conduct pathological and microbiological
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assessments to determine the precise etiology of ML [2]. Additionally, lymph node
enlargement may arise as a response to non-malignant or infectious comorbid condi-
tions, a process referred to as reactive lymphadenopathy [3]. This condition often
accompanies obstructive or interstitial lung diseases, chronic heart failure (CHF),

or pulmonary arterial hypertension (PAH) [3]. ML is present in approximately half
of the patients with bronchitis/emphysema and in about two-thirds of those diag-
nosed with usual interstitial pneumonia (UIP) and CHF [4]. Table 1 illustrates the
prevalence of mediastinal lymphadenopathy (ML) etiologies using the cumulative
frequency data from 11 studies, including 2455 patients [1, 5-8]. Accordingly, the
mycobacterial infections, malignancies (including carcinomas and lymphoma), and
sarcoidosis were respectively the most common etiologies. Traditionally, diagnostic
efforts for mediastinal lymphadenopathy have relied heavily on imaging techniques
such as chest radiography and computed tomography (CT) scans [9]. While these
methods provide valuable insights, they fall short in terms of sensitivity, specific-
ity, and the ability to perform real-time tissue analysis [9, 10]. Also, their limited
guidance for fine-needle aspirations restricts their utility in obtaining cytological or
histopathological samples, essential for definitive diagnoses. Recently, the advent of
endobronchial ultrasound-guided transbronchial needle aspiration (EBUS-TBNA)
has marked a paradigm shift in the diagnostic landscape of mediastinal lymphade-
nopathy in some studies (Figure 1) [11, 12]. However, there have been relatively
fewer systemic reports into the efficacy of EBUS-TBNA in ML patients. Accordingly,
the sensitivity of EBUS-TBNA was reported ranging from 83 to 91.8%, with a diag-
nostic accuracy of 87 to 91.5% [11-15]. EBUS-TBNA emerges as a minimally invasive
technique that not only offers real-time imaging but also facilitates the procurement
of tissue samples directly from the mediastinal structures [16, 17]. This ultrasound-
based technology enables dynamic evaluations of lymph node characteristics, includ-
ing vascularity, a feat that might be unachievable using conventional CT scans [18].
The incorporation of guided biopsies through EBUS significantly enhances diagnostic

Disease n %
Mycobacterial 1317 50.9
Confirmed tuberculosis 846 32.7
Probable tuberculosis 360 139
Non-tuberculosis mycobacterial lymphadenopathy 111 43
Malignancy 503 19.5
Adenocarcinoma 193 7.5
Small cell 109 4.2
Squamous cell 91 35
Hodgkin lymphoma 75 29
Other 35 13
Sarcoidosis 482 18.6
None-malignant reactive adenopathy 239 92
Inadequate sample 43 16
Table 1.

Final diagnosis of 2584 patients with mediastinal lymphadenopathy.
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Figure 1.
Endobronchial ultrasound (EBUS)-guided transbronchial needle aspiration (TBNA).

accuracy while diminishing the need for more invasive surgical procedures [11]. The
objective of this chapter is to evaluate the diagnostic performance of EBUS-TBNA

and identify the underlying etiologies in patients who underwent this procedure

for mediastinal lymphadenopathy (ML). This evaluation focuses on elucidating the
operational benefits and challenges of EBUS. Furthermore, integrating EBUS with
traditional diagnostic techniques such as CT scans provides a more holistic assessment
by combining the advantages of each modality.

2. Methodology

This chapter incorporates a systematic review of the literature focusing on the
diagnostic performance of EBUS and CT-guided mediastinal lymph node biopsies.
The studies included were selected based on their relevance to assessing the sensitiv-
ity and specificity of these diagnostic tools for mediastinal lymphadenopathy (ML).
A comprehensive search was conducted in multiple electronic databases including
PubMed, MEDLINE, and EMBASE, covering publications from January 2000 to
December 2023. The search terms used were “endobronchial ultrasound,” “EBUS,”
“CT-guided biopsy,” “mediastinal lymphadenopathy,” and “diagnostic performance.”
Inclusion criteria for the studies were: (1) studies that directly compared the sensitiv-
ity and specificity of EBUS and CT-guided biopsies, (2) studies involving human
subjects diagnosed with ML, and (3) studies published in English. Exclusion criteria
included case reports, conference abstracts, and reviews. Data extraction was per-
formed independently by two reviewers using a standardized data extraction form.
The form captured details such as study author, publication year, study design,
number of participants, diagnostic methods evaluated, sensitivity, specificity, and
relative ratios. Any discrepancies between reviewers were resolved through discussion
or by consulting a third reviewer. The quality of the included studies was assessed
using the Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) tool,
which evaluates the risk of bias and applicability of the diagnostic accuracy studies
across four domains: patient selection, index test, reference standard, and flow and
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timing. Meta-analytic techniques were used to combine the sensitivity and specific-
ity data from the included studies to estimate pooled values for these parameters.
Heterogeneity amongst studies was assessed using the I statistic, which measures the
percentage of total variation across studies due to heterogeneity rather than chance.
An I value greater than 50% was considered indicative of substantial heterogene-

ity, prompting the use of random-effect models to pool the data. The comparative
effectiveness of EBUS and CT-guided biopsies was further analyzed using relative risk
ratios for sensitivity and specificity.

3. Revolutionizing mediastinal lymphadenopathy diagnosis
and management via EBUS

The diagnosis and management of mediastinal abnormalities, particularly lymph-
adenopathy, are crucial yet challenging aspects of pulmonary medicine. Traditional
diagnostic methods have limitations, necessitating advancements in this field. The
introduction of EBUS-TBNA represents a significant breakthrough, transforming
the approach to these challenges. The transducer emits sound waves that bounce
off bodily tissues, creating echoes that are then converted into detailed, live images.
These images are crucial for guiding procedures such as needle aspirations, enhanc-
ing both the accuracy and safety of the process [19]. EBUS-TBNA offers several
significant advantages over conventional imaging methods like CT scans and MRI. It
provides real-time imaging and biopsy guidance, allowing for the direct visualization
of lymph nodes and masses during biopsy procedures, which increases the accuracy
and yield of the samples collected. Being minimally invasive, EBUS avoids the need
for surgical incisions, reducing patient morbidity and speeding up recovery [20].

The high-resolution images obtained through EBUS enable the distinction between
benign and malignant lesions based on size, shape, and internal structure, leading to
improved diagnostic accuracy. In the context of lung cancer, EBUS is instrumental
for staging, enabling the sampling of critical nodal stations to ascertain the extent of
the disease [14]. Additionally, EBUS can be more cost-effective than more invasive
diagnostic procedures, potentially reducing overall healthcare costs [19].

The EBUS-TBNA procedure is a comprehensive process that begins with the
patient’s preparation using local anesthesia and sedation to ensure comfort. The
throat is numbed to suppress the gag reflex. The EBUS bronchoscope is then inserted
through the mouth or nose and advanced into the trachea and bronchial passages.
Once in position, the ultrasound is activated, and the operator assesses the airway
walls and surrounding mediastinal structures [21]. Lymph nodes and masses are iden-
tified using ultrasound images, and a fine needle is passed through the bronchoscope
into the target tissue under ultrasound guidance. Suction is applied, and samples are
collected for cytological or histopathological examination. The collected samples are
then prepared on glass slides for pathology, with additional samples possibly reserved
for microbiological cultures. After the procedure, patients are monitored for compli-
cations and given post-procedure instructions [21].

EBUS-TBNA has established itself as a cornerstone in the diagnosis and staging
of lung cancer, sarcoidosis, and other diseases associated with mediastinal lymph-
adenopathy in several studies [21-23]. It is also vital for investigating unexplained
chest imaging findings, especially when malignancy is suspected. Looking ahead, the
future of EBUS may include advancements like the integration of higher-resolution
imaging, molecular testing of samples obtained, and the development of new
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ultrasound probes for better access and visualization. As technology progresses, the
utility of EBUS is expected to expand, solidifying its role as an indispensable tool in
pulmonary medicine.

3.1 Assessing EBUS and CT Scan efficacy in lymphadenopathy diagnosis

The diagnostic potential of endobronchial ultrasound (EBUS) in evaluating
mediastinal and hilar lymph nodes has been suggested in various studies, indicat-
ing a trend toward high sensitivity, with figures often cited between 88 and 93%,
for detecting malignancies [23]. Its specificity, while not universally consistent, is
frequently reported to be high, sometimes reaching 100% in certain patient groups
[24]. The positive predictive value (PPV) of EBUS often approaches or exceeds 90%,
suggesting a likelihood of accurately identifying malignant lymph nodes. Similarly,
its negative predictive value (NPV) is generally strong, typically above 80%, which
points to its potential reliability in ruling out cancer when no malignant cells are
detected [25].

Emerging research has begun to shed light on sonographic characteristics of
lymph nodes that might indicate malignancy. These characteristics, such as a lymph
node size greater than 1 cm, round shape, non-hilar vascular pattern, heterogeneous
echogenicity, hyper echogenicity, distinct margins, and signs of necrosis, offer
promising insights [13]. Moreover, previous analyses between EBUS and spiral chest
CT scans have shown some level of congruence, though these findings are not conclu-
sive. For instance, one study reported an 80.5% concordance rate between EBUS and
CT scan findings [13]. In previous reports, five studies [15, 26-29] have prospectively
examined the differences in sensitivity and specificity of CT-guided biopsy versus
EBUS-TBN as depicted in Tables 2 and 3. Accordingly, the data indicate that EBUS
generally shows high sensitivity, with most studies reporting values close to or at
1.00, suggesting excellent ability to correctly identify true positive cases. In contrast,
the specificity of EBUS varies more widely, ranging from as low as 0.16 to perfect
specificity, indicating some inconsistencies in correctly identifying true negative
cases across different studies. CT-guided biopsies also demonstrate high sensitivity,
comparable to EBUS in many instances, with several studies reporting perfect scores.
However, the specificity of CT-guided procedures tends to be consistently higher than
that of EBUS, as evidenced by fewer variations and generally higher-lower bounds in
confidence intervals. Overall, while both biopsy techniques exhibit strong diagnostic
capabilities, CT-guided biopsies may offer a slight advantage in specificity. This

Author Number Sensitivity Relative Ratio
EBUS CT-guided EBUS CT-guided
Gupta etal. 2014 [27] 62 68 0.75 (0.61-0.85) 0.48 (0.35-0.61) 763 (2.14-19.256)
Arslan et al. [26] 30 30 1.00 (0.81-1.00) 1.00 (0.66-1.00) 3.99 (1.18-9.63)
Tremblay et al. [29] 26 24 0.86 (0.66-0.97)  0.74 (0.49-0.91) 4.65 (2.00-15.96)
Herth etal. [28] 100 100 1.00 (0.95-1.00) 1.00 (0.94-1.00) 3.58 (1.66-7.85)
Haghi et al. [15] 40 40 1.00 (0.75-1.00) ~ 1.00 (0.65-1.00) 4.99 (1.68-9.63)
Table 2.

Comparison of sensitivity amongst endobronchial ultrasonography biopsy versus CT-guided mediastinal lymph
node biops).
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Author Number Specificity Relative Ratio
EBUS CT-guided EBUS CT-guided

Guptaetal. [27] 62 68 1.00 (0.59-1.00) 1.00 (0.54-1.00) 0.93 (0.91-0.82)

Arslan etal. [26] 30 30 0.74 (.046-0.95) 0.95 (0.76-1.00) 0.89 (0.71-4.56)

Tremblay et al. [29] 26 24 1.00 (0.30-1.00) 1.00 (0.59-1.00) 0.95 (0.75-3.33)

Herth etal. [28] 100 100 0.65 (0.43-0.84) 0.92 (0.78-0.98) 0.75 (0.65-2.88)

Haghi et al. [15] 40 40 0.16 (0.11-0.75) 0.22 (0.17-0.85) 0.66 (0.31-0.82)

Table 3.
Comparison of specificity amongst endobronchial ultrasonography biopsy versus CT-guided mediastinal lymph
node biopsy.

suggests that while EBUS is highly effective in ruling in diseases, CT-guided biopsies
might be more reliable for ruling out conditions when mediastinal lymphadenopathy
is suspected. The selection of a diagnostic approach should therefore consider the
clinical context and the necessity for high precision in either detecting or exclud-

ing specific pathologies. These results suggest that both EBUS and CT scans have
potential as highly sensitive tools for detecting infiltrating lymph nodes, yet their
specificity and accuracy might be less optimal, particularly for CT scans. Therefore,
they are often considered valuable screening tools that may benefit from additional
confirmatory methods like pathology for a definitive diagnosis. Of note, the align-
ment between EBUS and CT scans suggests the potential benefits of a multi-modality
approach in the diagnostic process. While EBUS offers real-time imaging and biopsy
capabilities, CT scans provide a more comprehensive view of the chest, contributing
to the overall clinical assessment [19]. This approach, which combines the strengths
of both EBUS and CT scans, is seen as a hopeful strategy for a more thorough diag-
nosis of mediastinal lymphadenopathy, aiming to ensure optimal patient care by
leveraging the unique capabilities of each modality.

3.2 Integrating EBUS and CT in lymph node analysis

EBUS and computed tomography CT-scans each play a vital role in the evaluation
of mediastinal lymphadenopathy, offering unique and complementary insights. EBUS
excels in providing real-time imaging and the opportunity for direct tissue sampling,
making it invaluable for assessing the internal characteristics of lymph nodes. CT
scans, on the other hand, offer a more comprehensive anatomical overview of the
mediastinum and the entire thoracic cavity, excelling in initial assessments and iden-
tifying lymphadenopathy based on size and morphological features like enhancement
patterns and calcifications. However, CT scans may not always reliably differentiate
between benign and malignant lymphadenopathy [15].

Recent studies have further explored these differences. For instance, a study
compared EBUS and contrast-enhanced computed tomography (CECT) in lung
cancer evaluation, noting the distinct features of mediastinal lymph nodes on EBUS
and CECT that aid in predicting metastatic disease. Another study focused on the
diagnostic value of CT attenuation in mediastinal lymph node metastases, highlight-
ing the usefulness of attenuation values on CT scans for diagnosing enlarged medias-
tinal lymph node metastases [15, 30]. Discrepancies between EBUS and CT findings
can arise due to several factors. Small lymph nodes that may be overlooked on CT
scans can be detected on EBUS, thanks to its superior resolution [30]. EBUS provides
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higher spatial resolution compared to CT scans, enabling the visualization of internal
structures and vascularity of lymph nodes that CT scans might miss [31]. EBUS’s
functional imaging with Doppler assessment can detect increased vascularity within
malignant nodes, a feature beyond the capabilities of CT imaging [32]. Additionally,
while CT scans cannot provide tissue diagnosis, leading to potential misinterpreta-
tions, EBUS can directly sample lymph nodes, offering a more definitive diagnosis. In
conclusion, EBUS and CT scans are indispensable yet complementary tools in thoracic
medicine [30]. CT scans are crucial for initial evaluation and staging, while EBUS is
essential for obtaining tissue diagnosis and evaluating lymph nodes that do not meet
the size criteria for malignancy on CT. Understanding the strengths and limitations of
each modality is key to ensuring accurate diagnosis and optimal patient management.

3.3 Emerging applications in thoracic disease diagnosis

EBUS is increasingly being recognized for its potential in the diagnostic evaluation
of granulomatous diseases, including tuberculosis (TB), particularly in areas with
a high prevalence of TB [16]. EBUS seems to allow for precise sampling of affected
lymph nodes, which may lead to a more rapid diagnosis and the initiation of appropri-
ate therapy. It shows promise in distinguishing between TB and other granulomatous
conditions such as sarcoidosis by potentially identifying specific sonographic features
indicative of TB, like necrotizing granulomas or calcifications, although these find-
ings are not universally definitive [14, 16].

In the context of lung cancer, EBUS is emerging as a crucial tool in staging by
providing a minimally invasive means to sample mediastinal lymph nodes. It appears
to be becoming a key component in the lung cancer staging process, aiding in assess-
ing lymph node involvement, which is vital for determining the stage of the disease,
informing treatment options, and understanding prognostic implications. The use
of EBUS-TBNA has been associated with a reduction in the need for mediastinos-
copy, which was previously the standard procedure for mediastinal staging [25].
Additionally, EBUS seems to assist in differentiating primary tumors from metastatic
disease, thereby guiding therapeutic decisions [24].

The real-time imaging capability of EBUS offers immediate feedback during
procedures, allowing for adjustments in needle placement and ensuring adequate
tissue sampling. This aspect of EBUS is thought to enhance the yield of diagnostic
material and increase the safety of the procedure by helping to avoid vascular
structures. However, EBUS is not without its limitations. The procedure demands
specialized training and expertise for accurate interpretation of sonographic images
and safe performance of needle aspirations. While EBUS is effective for sampling and
evaluating lesions adjacent to the airways, its efficacy for peripheral lesions might
be limited, with other modalities such as transthoracic needle aspiration or surgical
biopsy potentially being more suitable.

In summary, EBUS is becoming increasingly important in the management of
thoracic diseases, showing promise in diagnosing and staging lung cancer and in dif-
ferentiating between various granulomatous diseases. Its real-time imaging capability
is a significant advantage, yet it comes with certain limitations.

3.4 Enhancing diagnosis and treatment in thoracic medicine

Endobronchial ultrasound (EBUS) is increasingly recognized for its nuanced
role in differentiating between benign and malignant mediastinal lymph nodes,
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enhancing clinical decision-making in thoracic disease management. Recent evidence
suggests that EBUS’s high-resolution imaging, combined with specific sonographic
features, aids in this differentiation [30]. Malignant nodes often appear larger and
more rounded compared to the oval or reniform shape of benign nodes. They tend to
have irregular or spiculated margins, whereas benign nodes usually present smooth,
well-defined borders. Heterogeneous echogenicity is more commonly associated
with malignancy, in contrast to the homogeneous echogenicity of benign nodes. The
presence of necrosis within a lymph node, appearing as a hypoechoic area without
vascular signals on Doppler, is also suggestive of malignancy [30, 33]. Additionally,
increased vascular signals or non-hilar blood flow patterns on Doppler can indicate
malignancy. Recent advancements in EBUS elastography, measuring tissue stiffness,
further contribute to distinguishing between benign and malignant nodes, as malig-
nant tissues are typically stiffer.

EBUS-TBNA provides material for cytological and molecular analysis, crucial for
managing patients with mediastinal lymphadenopathy. Diagnosing and staging lung
cancer non-invasively with EBUS alters treatment pathways, enabling personalized
and targeted therapies. Identifying lymph node metastases, for instance, can direct
patients toward neoadjuvant therapy or systemic treatment rather than surgery. In
benign conditions like sarcoidosis or TB, EBUS can confirm diagnoses without more
invasive procedures, leading to appropriate medical therapy, preventing unnecessary
surgeries, and reducing healthcare costs.

Recent studies have reinforced the value of EBUS in clinical decision-making. In
cases with indeterminate EBUS findings, it helps identify patients who may need
additional diagnostic procedures, such as mediastinoscopy or PET scans. This capabil-
ity positions EBUS as a pivotal tool in patient management, guiding toward the most
effective and least invasive treatment options, thereby significantly impacting patient
prognosis and quality of care [30, 34].

To be more detailed, mediastinal lymph nodes, characterized by their distinct
ultrasound features, are pivotal in the differential diagnosis of thoracic diseases.
Endobronchial ultrasound (EBUS) plays an instrumental role in evaluating these
features, offering detailed insights that, when correlated with pathological results,
significantly enhance the accuracy of diagnoses. In the realm of EBUS evaluation,
the size of alymph node is a primary consideration. Nodes exceeding 1 cm in the
short axis are often viewed with suspicion for malignancy. Complementing this, the
shape of the nodes provides additional diagnostic clues; malignant nodes typically
exhibit a round appearance, in contrast to the oval or triangular shape more com-
monly associated with benign nodes [30, 35]. Further, vascular patterns within lymph
nodes, assessed using Doppler ultrasound in EBUS, offer further diagnostic insights.
Malignant nodes may display non-hilar vascular patterns or increased vascular
signals, which are indicative of neo angiogenesis. In contrast, benign nodes frequently
exhibit a hilar vascular pattern or may even be avascular, underscoring the diversity in
vascular presentation between benign and malignant conditions [36]. Another critical
feature is echogenicity, which refers to the ability of lymph nodes to reflect ultrasound
waves. Nodes that demonstrate heterogeneous echogenicity, suggesting the presence
of varying densities, are often associated with malignancy [37]. Conversely, homoge-
neous echogenicity is more typical in benign conditions, providing a stark contrast in
the ultrasound presentation of different types of nodes [37]. The margins of lymph
nodes are also highly telling in this diagnostic process. Benign nodes generally pres-
ent with sharp, well-defined margins, while malignant nodes may have blurred or
irregular margins, a manifestation of invasive growth. Furthermore, the presence
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of necrosis, manifesting as hypoechoic or anechoic areas, or calcification, appear-

ing as hyperechoic foci within lymph nodes, can be indicative of malignancy [38].
However, it’s noteworthy that calcification can also be seen in benign conditions, such
as granulomatous diseases, depending on its pattern and distribution within the node.
The interpretation of these sonographic features requires a high level of expertise,
and their integration with pathological data can lead to highly accurate diagnoses. For
instance, a lymph node that is large and round, with heterogeneous echogenicity and
anon-hilar blood flow pattern, if found to contain malignant cells upon EBUS-guided
aspiration, would confirm the initial suspicion raised by the ultrasound character-
istics. EBUS also facilitates real-time correlation of these sonographic features with
cytological analysis, thereby enhancing the precision of the diagnostic process. For
example, if sonographic features are suggestive of lymphoma and cytology reveals a
monotonous population of lymphocytes, this concordance confirms the diagnosis.
Similarly, the identification of granulomas on cytology, in conjunction with sono-
graphic signs of calcification, can confirm the diagnosis of granulomatous diseases
like sarcoidosis or TB [19, 33].

In summary, the ultrasound characteristics of mediastinal lymph nodes serve not
merely as diagnostic tools but also as integral guides for pathologic evaluation. They
often provide a provisional diagnosis even before the availability of pathology results,
playing a crucial role in facilitating timely and accurate diagnosis and treatment plan-
ning in thoracic medicine.

4. The future horizons in EBUS technology

The potential for advancements in EBUS technology and techniques is substantial,
with recent studies indicating various directions for future development. Innovations
in transducer design are anticipated to provide higher resolution imaging, which
could significantly improve the differentiation between benign and malignant nodal
features [39]. The integration of three-dimensional (3D) ultrasound capabilities is
expected to offer more comprehensive views of mediastinal structures, aiding in
precise needle placement during transbronchial needle aspiration (TBNA) [16, 39].
Furthermore, the development of EBUS elastography, assessing tissue stiffness, may
enhance the specificity in differentiating various pathologies [40].

Recent research has also explored the integration of artificial intelligence (AI)
in interventional pulmonology, including EBUS [41, 42]. Some investigations also
highlight the potential of Al, particularly deep learning, in analyzing endobronchial
ultrasound images to distinguish between benign and malignant targets with high
accuracy [42]. This advancement is facilitated by increased computational power and
the use of large datasets, enabling more precise detections and predictions.

Another area of innovation is the use of image-guided navigation in surgical
procedures. The integration of imaging modalities like CT, MRI, and ultrasound with
surgical navigation systems, including in EBUS procedures, is enhancing surgeons’
ability to navigate complex anatomical features and plan surgical paths with greater
confidence [43].

Furthermore, the effectiveness of EBUS and endoscopic ultrasound (EUS) in
cytomorphological verification of malignant processes has been evaluated in a study
by Pavlyuk et al. The combination of EBUS and EUS with TBNA showed high effec-
tiveness, with the sensitivity, specificity, and accuracy of cytologic analysis during
EBUS and EUS with TBNA being significantly improved by rapid on-site evaluation
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(ROSE) [18]. Additionally, deep learning applications in EBUS-TBNA image analysis,
as explored by Wang et al., show promise in improving the overall diagnostic yield
of sampling mediastinal lymphadenopathy. This research represents the first fully
automated analysis of enlarged mediastinal lymph node using EBUS-TBNA cytologi-
cal whole-slide images (WSIs), achieving high precision and sensitivity [44, 45].

In conclusion, the trajectory of EBUS technology is marked by ongoing research
and technological innovation, with the integration of Al, advanced imaging tech-
niques, and new diagnostic tools promising to make EBUS an even more indispens-
able tool in pulmonary medicine. These advancements are expected to significantly
improve patient outcomes through early and accurate diagnosis, personalized treat-
ment approaches, and minimally invasive therapeutic options.

5. Strengths and limitations

The current study highlights the operational, diagnostical, and technical benefits
of EBUS, such as its minimally invasive nature and its ability to provide real-time
imaging and tissue analysis. These features not only improve the safety and comfort
of the patient but also increase the precision of the biopsy, which is critical for accu-
rate diagnosis and staging of diseases. Also, the use of relative ratios to compare sensi-
tivity and specificity between the two methods introduces a quantitative measure that
can be directly applied in clinical practice to assess and choose the most appropriate
diagnostic approach. This aspect of the study underscores its practical applicability
and potential to impact patient care positively by guiding the selection of diagnostic
techniques based on empirical evidence. The study examining the diagnostic perfor-
mance of endobronchial ultrasound (EBUS) and CT-guided mediastinal lymph node
biopsies presents several limitations that warrant consideration. First, the variability
in EBUS specificity across different studies suggests potential inconsistencies in
procedural execution or interpretation of results, which could affect the reliability
of EBUS as a diagnostic tool. Additionally, the studies included in the analysis have a
limited number of patients, which may not provide a comprehensive representation
of the broader patient population and could affect the generalizability of the find-
ings. Furthermore, the studies are retrospective in nature, which inherently includes
biases related to case selection and data collection. The comparison between EBUS
and CT-guided biopsies might also be influenced by technological differences and
operator skill, which are not uniformly controlled across studies. These factors can
introduce variability in sensitivity and specificity outcomes, potentially skewing the
comparative effectiveness of these diagnostic methods. Lastly, while the data suggest
EBUS has high diagnostic sensitivity, the lower specificity in some cases indicates a
need for adjunctive diagnostic modalities to confirm EBUS findings. This dependence
on additional testing could complicate the diagnostic process and impact the overall
efficiency and cost-effectiveness of using EBUS in clinical settings. As such, further
research involving larger, prospective studies is needed to validate these findings and
improve the diagnostic algorithms that incorporate EBUS.

6. Summary

This chapter has highlighted the pivotal role of endobronchial ultrasound (EBUS)
in the diagnosis and management of mediastinal lymphadenopathy. EBUS stands out
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for its minimally invasive approach, offering real-time, high-resolution imaging and
guided biopsy capabilities, which surpass traditional methods like CT scans in sen-
sitivity and specificity. Key to its utility is the sonographic features EBUS identifies,
aiding in the differentiation of thoracic diseases and in the management of conditions
like tuberculosis, sarcoidosis, and lung cancer. Looking forward, the potential for
advancements in EBUS technology, including 3D imaging and molecular diagnostics,
is promising. These innovations, alongside ongoing research, are expected to enhance
the specificity and accuracy of EBUS, extending its applications and solidifying its
role in pulmonary medicine and thoracic oncology. As we continue to evolve our
understanding and improve the technology, EBUS has significantly advanced medi-
astinal lymphadenopathy diagnosis while facing challenges like limited accessibility
and operator-dependence. Future advancements are anticipated to overcome these
limitations, further enhancing EBUS’ role in thoracic medicine.

Acknowledgements

The author acknowledges the usage of ChatGPT for language polishing and
grammar correction of the manuscript.
Conflict of interest

The authors hereby declare that there are no conflicts of interest that could have
influenced or biased the work presented. This declaration encompasses financial,

personal, or professional relationships that could be perceived as potential sources
of bias.

Acronyms and abbreviations

Al artificial intelligence

CECT contrast-enhanced computed tomography
CT computed tomography

EBUS endobronchial ultrasound

EUS endoscopic ultrasound

MRI magnetic resonance imaging
NPV negative predictive value

PPV positive predictive value

TB tuberculosis

TBNA transbronchial needle aspiration
WSIs whole-slide images
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Chapter 9

Lung Ultrasound Findings in
COVID-19 Patients, Patients

Recovered from COVID-19, and
Patients without Lung Disorders

Susana Gongzdlez Sudrez

Abstract

The use of lung ultrasound progressively increased during the SARS-CoV-2
pandemic. The presence of a pulmonary interstitial pattern, consolidations, and
pleural alterations, with a typically bilateral, predominantly peripheral, and patchy
distribution, are common ultrasound findings in COVID-19 pneumonia. In asymp-
tomatic patients recovered from SARS-CoV-2 infection, residual lung lesions were
also detected by ultrasound. Ultrasound lung abnormalities have also been found
in asymptomatic patients without baseline lung pathology and with some systemic
disease. Therefore, although lung ultrasonography has demonstrated comparable
sensitivity to other imaging techniques, its specificity is limited, especially compared
to CT for the diagnosis of COVID-19. The real impact of the lesions caused by SARS-
CoV-2 must be determined by integrating the ultrasound pattern with the clinical
context and laboratory results. Lung ultrasound has not only contributed to the early
identification of COVID-19 but is also a very useful tool in making decisions about
hospital admission and therapeutic strategies.

Keywords: lung ultrasound, COVID-19, SARS-CoV-2 infection, post-COVID-19
patients, interstitial involvement, pleural alterations, lung consolidations

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first detected
in China in late 2019 and spread rapidly around the world [1]. As of mid-September
2022, the SARS-CoV-2 pandemic infected more than 600 million people, causing
more than 6 million deaths worldwide. Most countries experienced five consecutive
waves of the disease in their epidemiological curve. The severity of the epidemics
in each country varied depending on multiple factors, viral, patient-related, and
social [2], including behavioral restrictions and disease mitigation strategies [3].

Overall, COVID-19 deaths increased during the first three waves but decreased
significantly during the next two [4]. Furthermore, mortality increased in those patients
with COVID-19 who required surgery, especially in the context of ischemic phenomena
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(of the intestine, lower extremities). Increased mortality and pulmonary complica-
tions were also observed in patients undergoing surgery within 6 weeks of SARS-CoV-2
diagnosis. Therefore, it was indicated that surgery should be delayed for at least 7 weeks
after infection, and even longer in those patients with persistent symptoms [5].

The early diagnosis of COVID-19 during the pandemic made it possible to estab-
lish appropriate patient management and isolation measures. Early lung ultrasound
(LU) demonstrated good discrimination between COVID-19 patients who could be
treated on an outpatient basis and those who required hospital admission [6].

This review article addresses the important role of LU in patients with coronavirus
disease 2019 (COVID-19), the pulmonary sequelae produced, and the interpretation
of the real impact of these lesions for the diagnosis and management of the disease.
A bibliographic search was carried out in the PubMed and Google Scholar databases
using the keywords “lung ultrasound”, “COVID-19”.

2. SARS-CoV2 infection
2.1 Imaging modalities in COVID-19

Chest imaging has been recommended for patients with COVID-19 to inform deci-
sions regarding hospital admission (inpatient ward versus intensive care unit [ICU],
as well as the decision to discharge home) [7].

At the beginning of the pandemic, the use of chest X-ray and chest computed
tomography (CT) was more established than the use of LU. Chest radiography
shows lower sensitivity and similar specificity to chest CT [8]. Additionally, chest
radiography requires fewer resources and involves less exposure to ionizing radiation
compared to chest CT.

The use of LU has increased significantly during the pandemic, particularly in the
evaluation of acute or critical patients, and in the early identification of patients with
symptoms suggestive of COVID-19 [9]. Furthermore, the rapid spread of LU is since
it is a noninvasive, rapid, and reproducible procedure, which can be performed at the
point of care and requires nonionizing radiation, allowing for repeated examinations.

2.2 Equipment of LU

Ultrasound machines are potentially portable, require little maintenance, and run
on a standard power supply and/or batteries. Any commercially available portable
ultrasound device with standard B-mode imaging could be sufficient for transthoracic
ultrasound [10]. Both convex probes and high-resolution linear probes can be used.
Phased array cardiac probes can be used to perform integrated lung-heart analysis [11].
Low-frequency phased arrays and convex transducers allow visualization of deeper
structures such as consolidations and pleural effusions [11]. High-frequency and
high-definition linear transducers are preferable for imaging superficial structures and
abnormalities (pleural irregularities, small amounts of pleural effusion, pneumothorax,
and subpleural consolidations). Microconvex (small surface) probes provide a magnified
view of the pleural surface and deeper penetration [12]. The use of low-frequency probes
allows visualization of more B lines compared to high-frequency probes [11].

Advanced ultrasound modes with processing techniques, tissue harmonic imag-
ing, and interpolation algorithms should be disabled for better visualization of lung
artifacts [11].
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On the other hand, two advanced applications can be used in LU, which are
contrast-enhanced ultrasound (CEUS) and shear wave elastography (SWE) [13]. It
is necessary to define the role of both applications in the study of COVID-19 pneu-
monia. CEUS can detect peripheral areas of low perfusion and infarction in patients
with COVID-19 [14]. It uses sulfur hexafluoride microbubbles as a contrast medium
to detect perfusion changes at the capillary level. Ultrasound elastography provides
a quantitative assessment of lung tissue elasticity by analyzing wave propagation in
tissues [15]. In case of interstitial pulmonary edema, SWE demonstrated a decrease in
the velocity of lung surface waves [16].

Although lack of knowledge of the benefits of ultrasound and lack of qualified
personnel are often the main barriers to the utilization of ultrasound, some stud-
ies showed that completing 25 expert-supervised LU exams could be sufficient for
inexperienced staff to gain proficiency [17].

2.3 Standardization of LU and scoring system

The examination should be performed systematically to produce information that
is as reliable as possible. The exam begins with probe selection and image setup and
then continues by dividing the surface of the chest to cover all lung areas. For patients
in a sitting position, 14 thoracic evaluations have been proposed (three posterior, two
lateral, and two anterior for each hemithorax). However a more simplified protocol
with acquisition of 12 or even 10 zones is often used in patients in the supine position.
Three longitudinal lines are drawn (parasternal, anterior, and posterior axillary) that
delimit the anterolateral and posterior areas and a mammary line delimits the upper
and lower areas of each hemithorax, resulting in six exploration areas per hemi-
thorax. Anterosuperior and anteroinferior areas of the thorax correspond to areas
1and 2, respectively; laterosuperior and lateroinferior thoracic areas correspond to
areas 3 and 4, respectively, and areas 5 and 6 correspond to the posterosuperior and
posteroinferior thoracic areas, respectively. Regions that are not explored by LU are
the dorsal lung segments of the upper lobes, located behind the scapula. The probe
is placed perpendicular to the ribs at a depth of approximately 9-12 cm to the hemi-
thorax, with the focus placed at the pleural level. A longitudinal examination should
be performed to allow correct identification of the pleura within the intercostal space
(“bat sign”) (Figure1).

For each lung zone, a quantification of the loss of aeration is carried out; the most
common uses four progressive steps, according to an ultrasound pattern where a
higher score indicates less aeration (Figure 2). The score “zero” includes the presence
of lung sliding with A lines or one or two isolated B-lines; the pleural line is continu-
ous and regular. The score “one” includes the presence of three or more B lines with an
obvious distance indicating a moderate loss of lung aeration; the pleural line may be
indented. In the score “two,” the pleural line may be broken, with subpleural con-
solidations, and the presence of a large area of coalescent, crowded B lines indicates
severe loss of lung aeration. Finally, a score of “three” points refers to a white, dense
lung with a tissue-like pattern (consolidation) and is characterized by a complete
loss of lung aeration. The total score obtained ranges between 0 and 36 (for 12 lung
areas). It must be considered that not only the degree of lung deaeration must be
determined but also the qualitative pattern and distribution of the alterations.

The extent and degree of loss of lung aeration were related to the clinical outcome
of the disease and its progression, anticipating a worsening or improvement of clini-
cal symptoms [18].
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Figure 1.

The normal aerated lung ultrasound image. The outer periosteum of the ribs represents the bat’s wings, and the
pleural line between two adjacent vibs vepresents the bat’s body. A-lines are hovizontal lines below and parallel to
the pleural line.

100% 1

Air

Figure 2.
Different degrees of lung aeration. From top to bottom, from more to less lung aeration. A: normal aeration, B:
B-lines, C: confluent B-lines, D: consolidation.

On the other hand, in LU procedures, effective implementation of infection
prevention and control measures is essential to prevent the spread of COVID-19 and
ensure the safety of both patients and healthcare personnel. All exposed components
of the machine and ultrasound probe must be disinfected. In addition, the use of por-
table equipment with a touch screen and single-use gel packs is recommended [19].

2.4 Clinical use of LU in COVID-19
2.4.1 Typical lung ultrasound findings in COVID-19

Lung ultrasound findings are mainly constituted by artifacts produced by air, lung
parenchyma, chest wall, and pleura.
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COVID-19 pneumonia is characterized by acute alveolar damage, typically
bilateral, with peripheral and irregular distribution [8], and with clearly defined
preserved areas [20]. When using LU, interstitial patterns (60-90% of patients),
irregular pleural lines (59-78%), and subpleural consolidations (35-55%) are the
most frequent findings in COVID-19 pneumonia [21-23]. At the beginning of the
disease, pathological changes appear in the peripheral regions of the lungs, mainly in
the lower lung lobes, progressing to the pulmonary center in more advanced stages.
These peripheral findings allow LU to be a suitable tool for diagnosing COVID-19
pneumonia in the early stages. On ultrasound, focal B lines (affected segmental
lung areas) appear as intermittent bright bands alternating with normal lung (“light
beam” sign). Subsequently, focal B lines progress to confluent B lines with subpleural
consolidations that may evolve into larger bilateral lung consolidations in multiple
lung lobes and occasional air bronchogram. Typical LU findings in patients with
COVID-19 pneumonia are shown in Figure 3.

2.4.1.1 Interstitial involvement

Lung ultrasound is predominantly artifact-based. Normal lung parenchyma can-
not be visualized, and the pleura is seen as a hyperechoic line because LU is reflected
from the pleura due to acoustic impedance mismatch at the air-tissue interface. In air-
filled lungs or normal lungs, A lines can be seen. These lines are horizontal reverbera-
tion artifacts from the hyperechoic pleural line (Figure1).

When the pulmonary interstitium is thickened (pulmonary edema, interstitial
inflammation and/or infection, or pulmonary fibrosis), B lines appear replacing
normal A lines. Thus, the ultrasound manifestation of interstitial syndrome consists

Figure 3.
Lung ultrasound findings in COVID-19. A and B: B-lines and altevations of the pleural line (thickened,
fragmented and irregular). C and D: consolidations.
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of the presence of three or more B lines between two ribs. These B-lines are vertical
hyperechogenic artifacts, bilateral in distribution, that originate from the pleural line
and usually reach the bottom of the screen and move synchronously with respiration.
If the interstitial involvement is mild, a few scattered B-lines appear, while if the
involvement is severe, the B lines are more frequent and convergent, giving a “white
lung” pattern [24].

An artifact called a “light beam” has been described in patients with COVID-19
and could correspond to ground-glass opacities seen on CT during early active
disease. This artifact consists of a large shining band-form B-line, arising from a
portion of the normal pleural line, and appearing and disappearing frequently during
the breathing.

2.4.1.2 Alterations of the pleural line

During respiration, sliding of the visceral and parietal pleura is visualized as a
bright movement of the pleural line, known as pulmonary sliding. Lung ultrasound
in COVID-19 shows a reduction or complete absence of normal pleural sliding in
association with pleural alterations. The pleural line may be thickened, fragmented,
or irregular in affected areas.

2.4.1.3 Lung consolidations

Consolidations occur when the air content in the lung tissue falls below 10% of
normal lung aeration, altering the pleural line and eliminating the A-line artifact,
allowing direct visualization of the lung parenchyma. Patients with COVID-19
pneumonia, consolidations appear mainly in the posterior and inferior regions of
each hemithorax and may or may not present an air bronchogram and are usually
multiple [25]. Lobar hepatization is not a frequent finding, however it usually appears
in bacterial pneumonia.

A higher prevalence of pleural thickening and subpleural consolidations and a
higher LU score were ultrasound findings predictive of clinical deterioration and
mortality [26]. Also, these findings, along with the presence of multiple and coalesc-
ing B lines, were found in patients with refractory hypoxemia admitted to critical care
units [27] and were associated with an increased need for mechanical ventilation and
risk of death [28].

2.4.1.4 Pulmonary infarction and pulmonary embolism

Both venous and arterial thromboembolism are common in COVID-19, with rates
of pulmonary embolism described between 1.6 and 36% in patients admitted to the
ward and between 14 and 25% in hospitalized ICU patients [29]. Among the causes
of the development of thromboembolism, hypoxia, excessive inflammation, diffuse
intravascular coagulation, and immobilization have been described [30].

CT pulmonary angiography should be considered the imaging technique of choice
in patients with suspected pulmonary thromboembolism, because it is difficult to
diagnose using ultrasound [31]. Triangular or round pleural lesions seen on ultrasound
examination, which characterize pulmonary embolism [32], are difficult to distinguish
from other inflammatory abnormalities of COVID-19. In this case, CEUS may be useful
to distinguish these lesions [33] along with the appearance of symptoms of dyspnea or
respiratory failure or thrombi in the deep venous territory of the lower extremities.
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2.4.2 Uncommon presentations of COVID-19

2.4.2.1 Pleural effusion

Pleural effusion is a rare finding in COVID-19 and usually arises from a concur-
rent condition (Figure 4) [34]. Ultrasound directly visualizes the pleural fluid, with
simple effusions being visualized as anechoic fluid and more complex collections
(malignant, chronic effusions, hemothorax, and empyema) with a more heteroge-
neous ultrasound appearance. It is a very reliable method in the detection, quantifica-
tion, and monitoring of pleural effusion with better diagnostic accuracy than chest
radiography [35]. Additionally, LU is useful for image-guided procedures such as
pleural drainage or thoracentesis.

2.4.2.2 Pneumothovax

Spontaneous pneumothorax is rare, although it can be observed in severely ill
patients with COVID-19 associated with a high mortality rate [36]. In pneumothorax,
there is a separation between the visceral and parietal pleura, eliminating the normal
sliding of the lung between these two layers. Thus, specific features of LU include the
lack of lung sliding and the identification of a lung point (transition point between
pneumothorax and normal lung), which is 100% specific for pneumothorax, and the
absence of B lines.

Pneumothorax can also be identified on M-mode ultrasound. The M-mode LU
pattern seen in a healthy lung is called the “seashore sign” because it represents
the boundary between the stationary chest wall (“ocean”) and the lung in motion

“sand”). The tissue superficial to the pleural line is visualized with horizontal lines,
and below the pleural line, a granular or “sandy” pattern appears. In case of pneu-
mothorax, the horizontal lines are uninterrupted, creating an image called “bar code
sign” since the chest wall and the air deep in the pleura are stationary in pneumotho-
rax (Figure5).

Lung ultrasound for the detection and monitoring of pneumothorax is superior
to chest radiography [37]. Lung ultrasound surpasses chest radiography in sensitivity

Figure 4.
Pleural effusion and consolidation.
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Figure 5.

A:gthe M-mode LU pattern seen in a healthy lung "seashove sign"; the tissue superficial to the pleural line is
visualized with horizontal lines, and below the pleural line a granular or “sandy” pattern appears. B: M-mode
LU pattern seen in pneumothorax "bar code sign"; below the pleural line hovizontal lines appear. C: lung point
M-mode (transition point between pneumothorax and normal lung); below the pleural line a granular pattern
and horizontal lines appear.

for pneumothorax; thus, the sensitivity of ultrasound ranges between 78 and 90%,
compared with 39-52% of chest radiography, while the specificity is >98% [37].

2.4.2.3 Diffuse and symmetrical B lines with a gravity-velated

The presence of diffusely and symmetrically distributed B lines can be observed in
pulmonary edema of cardiac origin, being rare in COVID-19 pneumonia. In these cases,
making a good diagnosis includes performing an ultrasound of the heart, as well as the
great vessels (inferior vena cava) and the deep veins of the lower extremities.
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2.4.2.4 Subcutaneous emphysema

Subcutaneous emphysema is rare in patients with COVID-19 but may be found in
patients with severe disease, undergoing mechanical ventilation, and associated with
barotrauma, pneumothorax, or pneumomediastinum [38]. Subcutaneous gas bubbles
produce many reverberation artifacts that prevent visualization of deeper structures
such as the ribs or lungs.

2.5 Lung ultrasound in post-COVID-19 patients

Lung ultrasound was performed to determine the existence of residual lung
lesions in asymptomatic patients who had suffered a SARS-CoV-2 infection [39].
The results showed that 24.27% of patients presented >3 B lines and 28% of patients
presented pleural thickening. Furthermore, the pathological findings detected by
lung ultrasound were associated with the severity of the infection suffered by SARS-
CoV-2. Thus, patients with residual pleural thickening had a higher incidence of
acute respiratory syndrome and pneumonia and required more vasoactive drugs and
longer hospital stays during SARS-CoV-2 infection. Patients with >3 B lines required
more days in an ICU and vasoactive drugs during SARS-CoV-2 infection. Other
authors also demonstrated the presence of residual lung wounds due to SARS-CoV-2
infection [40].

But not all the ultrasound findings can be attributed to SARS-CoV-2 infection. The
differential diagnosis with other viral lung infections is difficult since the LU find-
ings (subpleural consolidations, white lung areas, abnormalities of the pleural lines
and B lines) are similar in different viral pneumonias [41]. B lines are not specific to
COVID-19 and can be observed in other pulmonary disorders with a reduced ratio
between aerated and non-aerated lung spaces, and in interstitial lung disorders
associated with pulmonary edema or fibrosis.

2.6 Diagnostic value of LU and CT in COVID-19

Computed tomography showed advantages in the diagnosis of COVID-19 at
the time of hospital admission compared with LU (sensitivity and specificity for
CT 90-95% and 43-70% vs. 94% and 7-30% for LU respectively) [42]. However,
although CT was used in the early stages of the pandemic for the diagnosis of COVID-
19 pneumonia, it required more resources and carried a risk of radiation exposure and
nosocomial spread of infection. The American College of Radiology did not recom-
mend it as a primary tool for the diagnosis of SARS-CoV-2 lung involvement [43].
The safety and accessibility of LU make it a widely accepted tool and an alternative
to CT, with a good correlation between ultrasound findings and those obtained by
CT [44]. Several studies found that LU in the diagnosis of interstitial syndrome is a
very sensitive test [45]. Also, lung ultrasound was useful in excluding COVID-19 lung
abnormalities, especially in patients with no medical history of cardiopulmonary
disease (negative predictive value and sensitivity of 100%) [46], and in emergency
departments in high-risk settings for SARS-CoV-2 prevalence. In any case, the low
specificity of LU should be considered. To rule out COVID-19 pneumonia, the
different patterns obtained from LU must be integrated with clinical and laboratory
findings [47].
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2.7 Lung ultrasound findings in patients without pulmonary pathology

Ultrasound lung abnormalities have also been found in asymptomatic patients
without baseline lung pathology and with some systemic disease. In this context,
3.8% of patients presented pleural effusion of probable cardiogenic and/or renal
etiology and 6.73% of patients presented B lines >3 [48]. ASA Physical Status
Classification System is a tool that evaluates the patient’s medical comorbidities prior
to anesthesia. This classification system along with other factors (patient frailty,
type, and severity of surgery) can predict perioperative risks. ASA grade I indicates
a healthy patient with minimal risks and grade VI a brain-dead patient with organ
donation plans. No pathological B lines were observed in ASA I patients, but >3 B
lines could be observed in ASA II (mild systemic disease), ASA III (severe systemic
disease), or ASA IV (severe health-threatening systemic disease) patients; the lung
parenchyma, vasculature, pleural membranes, and respiratory muscles can be vari-
ably affected by systemic processes.

Other authors [49] also pointed out that it is possible to find B lines in volunteers
without respiratory disease, but the “normal” number of B lines that can be observed
in this context is unknown. It is possible that the existence of B lines in the laterobasal
areas of the lung is a normal finding, and the appearance of >3 B lines has also been
described in 34% of hospitalized patients [50].

3. Conclusion

Lung ultrasound contributes to the early identification of patients with COVID-19
and allows pulmonary monitoring of these patients, supporting therapeutic decisions.
It offers different advantages such as avoiding exposure to ionizing radiation, and
can be repeated on multiple occasions, especially in pregnant women and children.

In addition, it can be performed in different clinical settings (including outpatient
settings) when using portable devices.

A well-known limitation of LU is that it is highly operator-dependent and requires
a standardized approach. Furthermore, although B-lines and pleural irregularities
constitute the so-called ultrasound interstitial syndrome, we must consider that it is not
specific and there may be ultrasound alterations in patients without lung pathology. The
interpretation of the ultrasound pattern is always linked to the need to integrate all the
available information considering the clinical context and laboratory results. Finally,
although LU has shown comparable sensitivity to other imaging techniques, its specific-
ity is limited, especially compared to CT for the diagnosis of COVID-19. However, the
safety and accessibility of LU make it a widely accepted tool and an alternative to CT,
with a good correlation between ultrasound findings and those obtained by CT.
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Chapter 10

Lung Ultrasound in the Treatment
of Pneumonia
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and Aleksandrina Topalova-Shishmanova

Abstract

Respiratory diseases have continuously been in the top five causes of death globally
for the past century. Prompt and adequate diagnosis relies on imaging studies with
high diagnostic accuracy. Chest radiography and computed tomography have been the
method of choice. Lung ultrasound is a versatile new alternative that can be performed
at the bedside, repeated when needed, and is not associated with radiation exposure. It
can be used not only for diagnosis but also to distinguish between etiological reasons,
monitor the progression of the disease, and guide respiratory therapy, mechanical
ventilation, and the weaning process. Outpatients can also benefit from fast and
accurate examination with simultaneous results. Training in lung ultrasound can be
achieved through a variety of methods, each with its own strengths.

Keywords: lung ultrasound, thoracic sonography, BLUE protocol, consolidation,
air bronchogram, recruitment, respiratory therapy, mechanical ventilation, weaning,
simulation training

1. Introduction

According to the World Health Organization, pneumonia is the leading cause of
infectious disease-related morbidity and mortality worldwide. Compromising normal
gas exchange in the lungs can result in severe hypoxemia and tissue hypoxia, as well as
sepsis, septic shock, and multiorgan dysfunction syndrome. Therefore, early diag-
nosis and prompt and adequate treatment of pneumonia could significantly improve
outcomes.

Along with clinical presentation and laboratory results, imaging studies play a
pivotal role in a convincing diagnosis of pneumonia by proving a new-onset pul-
monary infiltrate. At present chest radiography is the most commonly used study in
many settings to provide the information, while computed tomography is considered
the golden standard. However, some limitations exist for their use.

Advances in diagnostic radiology provide a non-invasive, non-radiating, simple
tool to improve the diagnosis of pneumonia through point-of-care lung ultrasound
(LUS). The use of LUS has gained popularity in emergency departments (ED) and
intensive care units (ICU) in the last decade and has become more widely accepted as
a potentially useful diagnostic approach. LUS has recently been shown to be highly
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effective in the diagnosis, severity assessment, and progression monitoring of pneu-
monia. The aim of this chapter is to provide essential information on the application
of LUS in the management of pneumonia.

2. Imaging studies

Lung diseases are one of the most commonly found pathologies in emergency and
intensive care units. Even if not the primary reason for hospitalization, most patients
are at risk of developing pneumonia during their stay. Acute respiratory failure affects
up to 50% of ICU patients and has mortality as high as 30% [1]. The diagnosis, moni-
toring of the progression of the disease, and follow-up depend on imaging studies.

2.1 Chest radiography

X-ray is often done on a routine basis in critically ill patients in an effort to find
a pathology that would otherwise be missed. Even protocols suggest daily chest
radiography (CXR) for patients with acute respiratory and cardiac diseases and those
on mechanical ventilation [2]. After a thorough investigation, this practice has been
proven futile. It is expected that the findings from routine X-rays would be negligible
and would not lead to significant changes in the clinical management of most criti-
cally ill patients [3].

The pitfalls of radiography include the overlay of soft tissues, bones, and lung
parenchyma, invasive devices, endotracheal tubes, nasogastric tubes, thoracic drain-
age, catheters, etc. Patients who are uncooperative or unconscious are difficult to
position, and technical equipment requires space, which is often scarce in emergency
and intensive care departments. CXR is commonly acquired in the anteroposterior
aspect, with rare cases of having another one in the lateral aspect [4]. This means that
physicians manage a three-dimensional pathology based on a two-dimensional image.

It is necessary to highlight the fact that radiography comes with radiation
exposure. Repeated X-rays lead to the accumulation of higher radiation doses. This
is a problem, especially in the pediatric population. Based on studies showing an
increased risk of developing cancer after exposure, the WHO has developed guide-
lines on performing imaging studies [5, 6].

In the early stages of pneumonia and in cases of small consolidation, an x-ray can
be negative [7]. According to current studies, chest radiography is suboptimal in diag-
nosing lower respiratory tract infections with sensitivity of 75% (95% CI 54-88%)
and specificity of 75% (95% CI 42-92%) [8].

2.2 Computed tomography

The golden standard in lung imaging is acquiring a detailed cross-sectional
examination of the thoracic cavity and its organs with computed tomography (CT).
However not all hospitals have access to CT. Transporting the patient to the imaging
department is associated with increased risk when it comes to critically ill patients.
Studies show up to 45% risk of adverse events during patient transport [9]. For unsta-
ble patients it is unreasonable to even consider transferring them for CT. Patients with
lung pathology often require more than one imaging study. This is associated with
increased cumulative doses and radiation-induced cancer risk [10].

182



Lung Ultrasound in the Treatment of Pneumonia
DOI: http://dx.doi.org/10.5772/intechopen.1006688

2.3 Lung ultrasound

The need for a method that can be performed at the bedside of the patient without
the need for transportation, repeated when necessary, and lacking radiation exposure
has led to the development of thoracic sonography. Lung ultrasound (LUS) has been
used to evaluate pleural effusion for over five decades [11]. After the publication
of the BLUE protocol by Lichtenstein and colleagues, the method has gained more
popularity in diagnosing and distinguishing different lung pathologies [12].

Lung ultrasound is not without its flaws. It cannot be performed in areas with
dressings or subcutaneous emphysema. Acquiring the image of patients with obesity
can be difficult, if not impossible. The uncooperative patient is another challenge.
Performing examinations on the posterior regions requires placing the patient in
a lateral or prone position, which cannot be done in some cases. With the continu-
ing advances in the field, new artifacts are being found, and ongoing education is
required. LUS is a highly operator-dependent skill that requires training.

3. Equipment

A vast choice of modern ultrasound machines exists. Most are sophisticated,
with a lot of different filters, software enhancements, and options to choose
from. Sizes range from small hand-held devices to bulky, heavy machines that
hold multiple transducers. Having an ultrasound that can fit between beds and be
transferred with ease is highly appreciated in emergency and intensive care depart-
ments. Ultrasound machines with smooth surfaces that can be properly cleaned
are preferred due to the risk of cross-contamination between patients. LUS can be
performed with different transducers. Three types show advantages over the others.
Microconvex transducers have a small footprint that can be conveniently placed
in the intercostal space. Convex transducers provide the ability to visualize larger
pathologies with ease. Linear transducers can produce high-resolution and detailed
images of the area around the pleural line.

Figure 1.
Pleural line; * - ribs, arvow - pleural line, small arrows — A-lines.
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3.1 Settings

Lung ultrasound is based on the interpretation of artifacts. With that in mind, we
should note that there is no need for the image to be optimized, which also usually
creates some lag between the movement of the operator’s hand and the corresponding
image. Turning on image harmonics or using software to smooth out the picture can
even have a detrimental effect on interpretation. Since the study is done on anterior,
lateral and posterior regions of the thorax the advisory depth in adults is around
10 cm (4inch). The gain of the image should be such that the pleural line stands out as
hyperechoic from the rest of the structures, which should be darker (Figure 1).

4. Examination
4.1 Lung regions

For the purpose of organization and reproducibility of the gathered information,
each hemithorax is divided into six regions. The parasternal, anterior, and posterior
axillary line and paravertebral line distinguish anterior, lateral, and posterior zones,
each divided into two by a perpendicular line at the fourth intercostal space (Figure 2).
The corresponding regions in the left hemithorax are 5 and 6 in the anterior, 7 and 8 in
the lateral, and the left upper and lower posterior in the posterior zone. There are stud-
ies that divide each hemithorax into 18 smaller areas, with a total of 36 for both lungs.
It is important that no matter the number of regions, the gathering of information is
consistent so that it can be easily explained, compared, and reproduced.

For patients who are cooperative, the examination can be done in both sitting
and supine positions. The unconscious ICU patients, however, can be a challenge.
Examining the lateral and posterior regions requires that someone lifts and keeps the
ipsilateral arm out of the zones of interest. The posterior regions can be assessed by
shifting the patient’s position by 15° to the opposite side and setting the probe tightly
against the mattress. Another option is to have the patient in a prone position, but this
requires more staff to flip the patient and is a potential source of complications for the
critically ill on mechanical ventilation.

Figure 2.
Lung regions, RUP — right upper posterior, RLP - right lower posterior.
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4.2 Lung ultrasound artifacts

There are 12 main artifacts on which pulmonary echography is based: Pleural line,
A-lines, Lung sliding, Quad sign, Sinusoid sign, Shred sign, Tissue-like sign, Lung
rockets, Abolished lung sliding, Lung point, Air bronchogram, Lung pulse.

Physiologically, the visceral and parietal pleura are in constant contact with only
a minimal amount of fluid between them. Sonographically, they make up the pleural
line which is the main hyperechoic horizontal artifact. In most adults, it is situated
approximately a centimeter below the rib line. The A-lines are reverberations of the
pleural line, which are also hyperechoic, have the same curvature, and are placed
between themselves and the pleural line in distance equal to the one between the skin
and the pleural line (Figure1).

Lung sliding is a fundamental phenomenon in the BLUE protocol. It is created by
the constant movement of the visceral pleura on top of the parietal and is seenasa
shining phenomenon in ultrasonography. In physiological conditions in M-mode, the
space below the pleural line, the Merlin space, resembles a grainy image and is called a
seashore sign. In cases of single lung ventilation atelectasis or massive consolidation,
the pulmonary parenchyma conveys the heart beats leading to the so-called Lung
pulse phenomenon Video 1, https://youtu.be/TSOAU7CU;jJU.

The B-lines are comet-tail artifacts that arise from the pleural line, and they are
hyperechoic like the pleural line, move with lung sliding, are well-defined, erase the
A-lines, and reach the end of the image (Figure 3) [13]. B-lines are considered as
pathology and interstitial syndrome when there are three or more in the same inter-
coastal space and resemble lung rockets.

The absence of lung sliding on its own has low sensitivity and specificity in ruling
out pneumothorax. It can be seen in pleural adhesions, severe pneumonia with
consolidation, acute respiratory distress syndrome (ARDS), massive fibrosis, and
other pathologies. The combination of the absence of sliding and B-lines increases
the specificity. The lung point is a pathognomonic ultrasound sign of pneumothorax.
This is the place where the parietal and the visceral pleura make contact in cases of
partial pneumothorax. It is a combination of the stratosphere and seashore sign in
M-mode (Figure 4), Video 2, https://youtu.be/1xCFjCHC{D4.

Figure 3.
B-lines.
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Figure 4.
Lung point.

From a pathophysiological point of view, the reasons that lead to pleural effusion
can cause pulmonary consolidation as well. Acute pulmonary edema, pneumonia,
and pulmonary embolism are examples of the two pathologies coexisting. Pleural
effusions are positioned almost always in the dependent regions, while consolidations
can be observed in non-dependent regions, such as in cases of bacterial pneumonia.
On sonography, the pleural effusion is located between the borders of the upper and
lower ribs, as well as the visceral and parietal pleura, and is called the Quad sign. Due
to the movement of the lung, the effusion compresses and decompresses during the
respiratory cycle. In M-mode, it is called the Sinusoid sign (Figure 5).

Pulmonary consolidation is a pathology in which the alveoli are filled with fluid
— transudate, exudate, blood, or aspirate. The reasons can be hydrostatic, infectious,
and mechanical. Consolidations can be seen in pulmonary edema, pneumonia, ARDS,
pulmonary embolism, and tumors. The Shred sign is a consolidation with distinct
borders from the still-aerated lung parenchyma. In massive consolidation, when the
pathology passes the border of the interlobular septa and becomes translobar the
image resembles liver tissue and is called tissue-like sign (Figure 6).

The BLUE protocol is based on combining the ultrasound artifacts into profiles
and reaching a clinical decision [14]. In four cases, the end-point is pneumonia.

Figures.
Quad sign and Sinusoid sign.
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Figure 6.
Tissue-like sign and Shred sign.
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Figure7.
The BLUE protocol [14].

A-noV-PLAPS-profile is normal lung sliding, without B-lines, and deep venous throm-
bosis but minimal reactive effusion or consolidation — posterolateral alveolar and/

or pleural syndrome (PLAPS) in the dependent regions. The combination of regions
with A-lines and other regions with more than three B-lines is called the A/B-profile.
According to the BLUE protocol anterior lung consolidations or C-profiles, as well as
abolished lung sliding with B-lines present, are specific to pneumonia (Figure 7).

5. Pneumonia
5.1 Pathophysiology

Pneumonia is the result of host defense mechanisms being overwhelmed by an
infectious pathogen. This may occur because of an inadequate patient’s immune
response or a large inoculum of particularly virulent microorganisms to which the
patient has no preexisting immunity or is unable to form an adequate acute immune
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response. Studies have shown that in most patients with unilateral pneumonia, the
inflammatory response is limited to the site of infection. It has been found that in
patients with localized pneumonia, tumor necrosis factor-alpha (TNF-a), inter-
leukin (IL)-6, and IL-8 levels were increased in the pneumonic lung and generally
not increased in the uninvolved lung and in the serum. By contrast, in patients with
bilateral pneumonia, the immune response is characterized by a “spillover” of the
inflammatory response into the systemic circulation and increases in serum levels of
TNF-a and IL-6. It remains unclear why localization does not occur in all individuals
and why some patients develop diffuse lung injury.

The infectious process resulting from the invasion and overgrowth of pathogenic
microorganisms in the lung parenchyma, combined with the breaking down of local
defense mechanisms and the production of intra-alveolar exudates, gives a basic
definition of pneumonia. Typically, the alveoli in intensely inflamed areas are filled
with inflammatory fluid or pus, and this is known as consolidation. Depending on the
host response, the virulence of the microorganism, disease severity, and progression,
the changes in the lungs may be interstitial, patchy, lobar, or widespread.

Ultrasound can detect the pulmonary changes associated with pneumonia as
long as the process involves some of the outer (non-mediastinal) pleural surface of
the lungs — as it almost always does. Pneumonia progresses through stages, which
can create some distinct patterns on LUS depending on the degree and extent of the
pathology as follows:

* Lung interstitial syndrome. In early pneumonia, inflammatory fluid fills only
some of the alveoli or the interstitial space. Where fluid-filled pulmonary
interstitium and subpleural alveoli are surrounded by air-filled lung, laser-like
vertical hyperechoic artifacts arising from the pleural line can be seen, called
B-lines (also “comet tails”). They are a sign of lung interstitial syndrome.

* Non-translobar consolidation. With the progression of the disease, consolida-
tions advance. More commonly, smaller areas of lobular consolidations occur.
Where these are about the pleural surface, they are linear, but their deeper
borders usually demonstrate an irregular interface with the underlying aerated
lung. This irregular junction between consolidated and aerated lung in LUS
is known as the Shred sign. If there is lobar consolidation, the borders of the
consolidated areas will be linear and well-defined — as consolidated and aerated
lung lie adjacent on opposite sides of the linear pleural fissures.

* Translobar consolidation (hepatization): in these cases, the inflammatory
process goes beyond the borders of a pulmonary lobe and involves two or three
adjacent lobes. The ultrasound image bears a resemblance to ultrasound imaging
of the liver. The “hepatized” lung is tissue visible due to the absence of air, creat-
ing a texture similar to organ tissue. Translobar consolidations are often linked to
pneumonia or atelectasis.

5.2 Sonographic patterns of pneumonia

The proper interpretation of the B-lines is a fundamental part of the BLUE pro-
tocol. B-lines can be observed in cardiogenic pulmonary edema, interstitial diseases,
pneumonia, ARDS. In order to be considered pathological, there should be more
than three B-lines in one intercoastal space. Multiple well-defined B-lines, more than
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7 mm apart, are reflections of the thickening of the interlobular septa (Figure 3).
Abbuting(coalescent) B-lines, with less than 3 mm between them, represent alveolar
interstitial syndrome with further impairment of alveolocapillary gas exchange and
worsening of the condition [15]. Subpleural consolidations on ultrasound are the
equivalent of the pathology passing the borders of the interlobular septa (Figure 8).
With further progression of the disease and loss of lung aeration from lobar pneu-
monia, it becomes translobar. Lung ultrasound shows a heterogeneous image with
punctiform and linear hyperechoic shadows that represent the terminal airways and
resembles liver pattern — the so-called hepatization of the lung. The total loss of lung
aeration is visualized as a tissue-like sign (Figure 6).

The inflammation of the lung tissue is commonly accompanied by reactive pleural
effusion. While in the beginning, the effusion usually tends to be small and does
not lead to sufficient pressure on the parenchyma, there is the risk of an increase in
volume and further complications arising. Large pleural effusions compress the lung
and lead to atelectasis and reduction in lung aeration. Ultrasound is a known method
with excellent sensitivity and specificity in diagnosing pleural effusion [4]. It can
even provide information on the approximate size of the pathology. With the patient
in a supine position, the distance between the diaphragm and the lung is measured in
mm, and this distance is multiplied by 10 [16]. There are at least four more formulas
for calculating effusion volume without a clear consensus on which to use. Not only
can we roughly estimate the volume, but we can also distinguish between different
fluid characteristics based on the ultrasound pattern. Transudate, exudate, and blood
have different consistency which is seen on sonography [17-19]. This is of paramount
importance when considering that reactive effusion can get complicated by fibrin
deposition, which can further progress to fibrous adhesions, septation of the effu-
sion, and even empyema (Figure 9), Video 3, https://youtu.be/tJI5xw2Yfvw. The
early detection of such pathology will not only lead to a change in therapy but might
even require surgical placement of thoracic drainage or video-assisted thoracoscopic
surgery with pleurodesis.

The worsening of arterial oxygenation can be a result of increased intrapulmonary
shunting as a consequence of atelectasis or consolidation. Atelectasis is the result
of obstruction of the airways or external pressure on the lung. Lung inflammation
leads to the accumulation of exudate in the airways, thickening of the parenchyma,
and progressive loss of aeration. CXR has low sensitivity, specificity, and diagnostic
accuracy in distinguishing between these pathologies [20, 21]. The loss of aeration of

Figure 8.
Abbuting (coalescent) B-lines and Subpleural consolidation.

189


https://youtu.be/tJI5xw2Yfvw

Ultrasound — The Next Step in Clinical Evaluation

Figure 9.
Effusion and Septated effusion, C- consolidation, E — effusion, arrow — Septated effusion.

the lung conveys the heart rhythm more easily and is represented by the lung pulse
phenomenon. While this can be observed in both atelectasis and consolidation, there
is an ultrasound method to distinguish between them. The hepatization of the lung
is associated with visualizing the terminal airways — air bronchograms. When visual-
ized in cross-plane sections, they are punctiform, and in longitudinal sections — they
linear. Closely observing linear bronchograms shows two different artifacts. Static
air bronchograms lack any movement and are observed in cases of total obstruction
or compression of the parenchyma. When air passes through the terminal airways,

it leads to a centrifugal phenomenon during inspiration which is called dynamic air
bronchogram Video 4, https://youtu.be/UFHwSgA7pFY. Static air bronchograms can
be observed in consolidation but are most commonly found in atelectasis. Dynamic
air bronchograms, however, are highly specific in cases of consolidation. Multiple
studies suggest that using dynamic air bronchograms in both adult and pediatric
populations increases diagnostic accuracy in pneumonia [22-26]. Using color Doppler
to measure intrapulmonary flow is another method that increases lung ultrasound
accuracy in diagnosing pneumonia [26].

5.3 Differential diagnosis

Proper and timely treatment have crucial role in managing pneumonia.
Antimicrobial resistance has been steadily rising in past decades despite different
strategies and is now a leading problem in the medical field. Inappropriate antibiotic
use has led to the development of many resistant bacterial strains which are associ-
ated with longer hospital stay, higher costs and increased morbidity and mortality.
Distinguishing between different etiologies is of paramount importance when
initiating therapy. Imaging studies, biomarkers, and microbiological results all have
an important role in differential diagnosis.

According to meta-analysis, LUS shows over 93% sensitivity and specificity in
diagnosing pneumonia in both adult and pediatric population [27, 28]. A recent study
by Buonsenso and colleagues has shown that based on LUS artifacts, a differentiation
could be made between bacterial, viral and atypical pneumonia [29]. Small, multiple
consolidations are more common in viral etiology, while larger consolidations are
observed with bacterial infection. Superficial dynamic air bronchograms suggest
atypical pneumonia, while deep dynamic air bronchogram are usually of bacterial
origin. Static air bronchograms are more common in viral infections.
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White blood cell (WBC), C-reactive protein (CRP), and procalcitonin (PCT)
levels are widely used in the attempt to separate viral from bacterial infections and
predict disease outcomes. Recent studies have implemented biomarkers and imaging
studies in the diagnosis of pneumonia. LUS shows better results than conventional
CXR in both sensitivity and specificity. This has been proven in both community-
acquired pneumonia (CAP) and hospital-acquired pneumonia (HAP). Clinical
pulmonary infection score is widely used in the diagnosis of HAP. Modifying the
protocol by using LUS instead of CXR leads to higher sensitivity and specificity in
diagnosing pneumonia and reduced radiation exposure. Lung ultrasound pattern of
consolidation with dynamic air bronchograms and PCT > 1 ng/ml suggest bacterial
pneumonia. The PROLUSP study (PROcalcitonin and Lung UltraSound algorithm to
diagnose severe pneumonia in critical pediatric patients) proves that using LUS and
PCT to guide pneumonia diagnosis and treatment leads to better diagnostic accuracy
and less use of antibiotics [25, 26].

5.4 Nosocomial pneumonia

Pneumonia can be separated into subgroups based on place of acquisition —
community-acquired pneumonia (CAP), healthcare-associated pneumonia (HCAP),
nosocomial or hospital-acquired pneumonia (HAP), and in the case of patients on
mechanical ventilation longer than 48 hours — ventilator-associated pneumonia
(VAP). Nosocomial pneumonia is the second most commonly acquired hospital
infection, with the highest mortality rate [30]. Early, accurate diagnosis is a mainstay
in treatment. The classical diagnostic approach is based on a combination of clini-
cal signs — tachypnea, fever, rales on auscultation; laboratory results — increased
inflammatory markers, microbiological isolates, and imaging studies. Monitoring
the progress of the disease relies heavily on visualizing the lung parenchyma. CXR
is the most commonly used study to provide the information while CT is the golden
standard. LUS has been showing promising results in diagnosing both CAP and HAP
[23, 31-36]. VAP is associated with a significant increase in morbidity and mortal-
ity, days on mechanical ventilation, use of antibiotics, and a raise in drug-resistant
microorganisms, as well as treatment costs. Studies have proven that adding LUS to
the classically used CPIS score or substituting CXR with LUS increases sensitivity
and specificity. New models for diagnosing VAP include the VAP LUS score (VPLUS),
lung ultrasound simplified clinical pulmonary score (LUS-sCPIS), and Chest
Echography and Procalcitonin Pulmonary Infection Score (CEPPIS). Studies show
85% sensitivity and 83% specificity over 81% compared to 80% sensitivity and 40%
specificity for CPIS [26, 37, 38].

5.5 Monitoring pneumonia

LUS not only provides rapid and accurate diagnosis but also the ability to monitor
the patient’s lung whenever needed without exposing them to any radiation or com-
plications associated with transportation. Sonographic artifacts accurately represent
the progression of the pathology. A couple of well-separated B-lines become multiple
B-lines or abbuting(coalescent) B-lines as interstitial syndrome worsens. Lobar
infiltrations pass the interlobular septa with an image of subpleural consolidations,
become translobar with a tissue-like sign, and show air bronchogram patterns. LUS
provides the ability to grade the pathology based on the acquired image — 0 points
for less than 3 B-lines, 1 point for 3 < B-lines, 2 points for multiple, abbuting B-lines
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Figure 10.
Lung ultrasound examination — Front and back side.

or subpleural consolidation, and 3 points for consolidation. With a total of 12 lung
regions, this leads to a maximal score of 36. Based on the scoring system, LUS pro-
vides not only regional but also cumulative representation of the condition’s severity.
By daily monitoring of the patient the physician can quickly assess the effect of the
therapy. For the purpose of comparability it is important to systematically keep track
of information (Figure 10).

5.6 Recruitment

The filling of the alveoli with fluid - transudate, exudate, or blood or their col-
lapse leads to hypoxic respiratory failure. In cases of severe pneumonia and ARDS,
patients suffer from hypoxemia due to increased intrapulmonary shunt. The main
compensatory mechanism - hypoxic vasoconstriction is suppressed due to the infec-
tion, medication, and mechanical ventilation. One of the main strategies in patients
on mechanical ventilation due to increased intrapulmonary shunt is increasing
the volume of aerated lung tissue and protecting the alveoli from collapsing again.
Mechanical ventilation leads to four main types of ventilator-induced lung injury
(VILI) - volutrauma, barotrauma, atelectotrauma, and biotrauma. Selecting the
proper mode of mechanical ventilation and its setting is of great importance in the
treatment of pneumonia. The primary goal is to recruit the consolidated lung tissue
and to maintain its ventilation. Using higher positive end-expiratory pressure (PEEP)
is the most common way to achieve that.

The inflamed lung tissue is heterogeneous. There are areas that are normally aer-
ated, others that have reduced ventilation, and still others that are consolidated and
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have no ventilation. The parts without pathology have normal compliance and resis-
tance, inflamed regions have lower compliance, and the ones that are not ventilated
due to consolidations have compliance close to zero. Keeping that in mind and the fact
that the main strategy in lung recruitment is increasing PEEP, it should be considered
that this pressure is not equally distributed in all regions. The compliant regions will
receive most of the volume while the collapsed ones might still be left with no ventila-
tion. In this case, the overdistention will lead to further trauma on the lung tissue.
Selecting the proper PEEP level is very important when managing patients with
pneumonia. Electrical impedance tomography (EIT) could guide PEEP level selection
based on the optimal balance between overdistention and recruitment [39, 40]. The
equipment, however, is not as widely distributed as ultrasound machines.

Thoracic sonography provides the ability to monitor ventilation changes at the
bedside of the patient in real time. Both short- and long-term changes in the distribu-
tion of mechanical ventilation can be monitored in this way. Alveolar recruitment can
be observed with shift in lung artifacts — consolidation starting to show a change in
dynamic air bronchograms pattern, abbuting B-lines becoming multiple B-lines with
space between them, and reduction of the number of B-lines. Overinflation cannot
be directly observed with LUS, but the absence of B-lines in regions that previously
had few B-lines is an indirect indicator of excess distention of lung tissue. The lung
ultrasound scoring system provides the opportunity for fast and easy evaluation of
changes in both regional and cumulative levels. By monitoring patterns and compar-
ing results from different mode settings, lung ultrasound can be used to assess the
adequacy of the changes in mechanical ventilation [41].

5.7 Weaning

Prolonged ICU treatment of pneumonia is associated with more complications,
increased morbidity and mortality, longer hospitalization, and higher treatment
costs. Ventilator-associated pneumonia is a nosocomial infection specific to critically
ill patients who are on mechanical ventilation for longer than 48 hrs. Studies suggest
that VAP on its own increases mortality rate by up to 13% and at even higher rates
in surgical patients [42]. Unsuccessful weaning and reintubation represent other
significant risk factors with unfavorable outcomes.

Assessing diaphragm dysfunction, thickness, and excursion with sonography can
predict unsuccessful spontaneous breathing trials (SBT) [43-46]. LUS evaluation of
aeration can also be used for weaning evaluation. LUS <11 is associated with a higher
success rate of weaning while>15 with expected failure [47]. Combining diaphragm
and lung evaluation increases prediction accuracy in the weaning process [48, 49].
EIT is another alternative for anticipating an extubation success rate [40].

5.8 Physiotherapy

Respiratory therapy aims to remove retained secretions, improve airway clear-
ance, increase lung compliance, and promote lung recruitment, thus optimizing the
ventilation/perfusion ratio. Physiotherapists use a variety of methods to achieve this
goal — manual therapy, specific positioning of the patient, aspiration of secretions,
hyperinflation techniques, and multiple mechanical and electronic devices. Selecting
the appropriate mean depends on the specific pathology of the current patient.
Auscultation and X-rays are suboptimal in achieving this task. LUS, on the other
hand, is non-invasive, radiation-free, and readily available at the bedside of
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the patient. Providing accurate regional and global evaluation of the lung function
at the time of examination gives the ability to choose the right method for improv-
ing pulmonary aeration. Meta-analysis shows that by utilizing lung and diaphragm
sonography, respiratory diagnosis is changed in 63,9% of cases, which alters physio-
therapy management in 16,8% of cases and treatment in 48,4% of cases [50].

5.9 Follow-up

Acute respiratory distress syndrome is the most severe form of lung inflammation.
Pathophysiologically, it is divided into three stages — exudative, fibroproliferative,
and resolution. Most of the patients that survive have severe pulmonary fibrosis
that can take more than a year to recover. It is common for them to have depression,
reduced physical activity, dyspnea, and other complications. It is important to be
able to distinguish between the patient’s complaints, assess his physical status, and
monitor not only the progression of the disease but also the healing process in order
to choose the proper outpatient treatment. LUS can be done in less than 10 minutes,
depending on operator skills, with real-time results, comparability and repeatability
without radiation exposure. It can detect parapneumonic effusions and intrapulmo-
nary abscesses with excellent sensitivity and specificity and monitor their progression
[51-53]. Providing rapid and accurate diagnosis, it is an excellent addition to the
decision-making process regarding the treatment of outpatients.

6. Training

Lung ultrasound is an invaluable tool in managing respiratory failure at the
bedside of the patient. In the past decade, discussions have been considering imple-
menting it in the medical curriculum. LUS is a technical skill that relies on interaction
with the machine and interpretation of artifacts. This provides the opportunity for a
wide variety of learning techniques — web-based, hands-on, phantom models, animal
models, volunteers, patients, and simulation training. There is not an agreement
on which is the best method, with all of them having benefits and pitfalls [54]. It is
generally accepted that LUS has a steep learning curve with a short time needed to
obtain knowledge for proper baseline interpretation of the artifacts — less than 10 hrs,
and trainees require minimal assistance during examination after just 6 scans [55, 56].
Simulation-based training is an excellent alternative to acquiring the fundamentals
in diagnosing severe lung diseases in a controlled and calm environment [57]. With
interobserver agreement ranging from fair to excellent, it is obvious that acquiring
master skills will take dedication, but being able to distinguish between life-threat-
ening respiratory pathologies with less than a week’s training makes learning LUS
worthwhile.

7. Conclusion

Early and accurate pneumonia diagnosis is the mainstay in timely and proper
treatment. Lunt ultrasound is a versatile tool that can be successfully implemented
in the management of respiratory failure. The addition of an imaging study that can
readily be performed at the bedside, repeated when necessary, and compared with
previous examinations without radiation exposure is an excellent addition to the
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personalized approach toward the patient. The ability to combine ultrasound and
biomarkers to distinguish between different etiologies and select the appropriate
treatment is of great importance, especially considering the ongoing antibiotic crisis.
Being able to easily monitor the progression of the disease during the hospital stay
can change the course of therapy and improve the overall outcome. Sonographic
evaluation of outpatients is another useful addition to the arsenal of the physician.
The modality has its limitations when it comes to obese patients, ones with dressings
or subcutaneous emphysema, and does require extra training. Learning the required
skills needed for performing the examination can be obtained with a variety of
methods, each having its advantages. In conclusion, lung ultrasound is a pragmatic
tool that can benefit the holistic approach to the treatment of pneumonia.
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Chapter 11

Perspective Chapter: Bedside Lung
Ultrasound Scan in Critically I1l -
Uses and Techniques

Kingsley Ufuoma Tobi and Aderonke Adesiyan

Abstract

Bedside ultrasound has become integral to managing critically ill patients in
critical care settings, including the emergency and intensive care units. It is highly
sensitive and specific and has the advantage of being at the patient’s bedside, real-time
investigations, with reduced space requirements. Lung ultrasound, in particular, can
promptly diagnose common causes of respiratory distress in critically ill patients, such
as pulmonary oedema, pneumothorax, pleural effusion, acute respiratory distress syn-
drome and pneumonia. Therefore, acquiring skills in lung ultrasound is critical for all
clinicians working in the intensive care unit to diagnose and manage common causes
of respiratory distress in critically ill patients. This chapter thus deals with the tech-
nique of lung ultrasound and the ultrasonographic features of these lung pathologies.

Keywords: bedside, lung ultrasound, pneumothorax, pulmonary oedema, pleural
effusion, intensive care unit

1. Introduction

Lung ultrasound scan has emerged as an important tool in the management of criti-
cally ill patients in the intensive care unit (ICU). Its use include prompt diagnosis of com-
mon causes of respiratory distress in critically ill patients, such as pulmonary oedema,
pneumothorax, pleural effusion, acute respiratory distress syndrome and pneumonia.

Some of the advantages of lung ultrasound scan (USS) include: it is non-invasive,
radiation-free, can be performed at the bedside, reproducible and relatively cheap
and available even in resource-challenged environments.

Therefore, it is critical for clinicians caring for critically ill patients in the ICU to
acquire skills in lung ultrasound. It is a necessary tool to diagnose and manage other-
wise life-threatening lung pathologies accurately and promptly.

2. Overview

One of the most applied areas of bedside ultrasound (USS) in managing criti-
cally ill patients is lung ultrasonography. Bedside lung ultrasound plays a critical role
in promptly diagnosing and managing patients with respiratory distress and other
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pulmonary conditions. Studies have also shown that lung USS has a higher sensitivity
than chest X-ray in detecting pneumothorax, pulmonary oedema, pleural effusion
and pneumonia [1]. This chapter thus explores the clinical applications and practical
considerations of bedside lung ultrasound in the critically ill.

Tobi et al. [2] published a case series involving four patients with different clinical
indications, such as confirmation of central line placement, confirmation of pneu-
mothorax and diagnosis of haemoperitoneum. The authors highlighted how bedside
ultrasound scans in the intensive care unit positively influenced the management
of these patients. This report is a testament to the versatility of bedside USS, even in
low-resource centres, offering hope for improved patient care.

Performing a bedside USS requires adequate knowledge of the USS machine,
approach to the patient and patient-to-screen orientation. Sound waves travel from
the machine as echoes to produce an image. The speed of ultrasound through tissues
depends on the tissues’ density and content. Absorption of ultrasound by the tissues
also depends on the density; for example, denser tissues absorb sound waves better to
produce white/bright images. For example, bone and the diaphragm appear bright on
the USS, while fluid appears black.

Different probes are employed during bedside USS. These could be high or low-
frequency probes. High-frequency probes, for example, linear probes, produce high
resolution and low penetration, while low-frequency probes produce low resolution
and high penetration. Note that frequency and resolution are inversely related to pen-
etration (high-frequency probes for high (superficial) structures while low-frequency
probes for lower (deeper) structures).

Linear probes, with a frequency of 5-15 MHz, are preferred for lung ultrasound
scans because of their high resolution, which makes them suitable for examining the
lungs and other superficial structures [3].

3. Technique of lung USS

A linear probe is applied to the anterior chest perpendicular to the ribs and
between two ribs at eight quadrants: three anterior, three posterior and two lateral
quadrants. During lung USS, the heart is usually avoided by using the Bedside Lung
Ultrasound in Emergency (BLUE) hand manoeuvre, a technique that involves the use
of the upper and lower blue hands to ensure accurate and safe scanning [4].

Another important consideration during lung USS is the location of the PLAPS
(Posterior-Lateral Alveolar and Pleural Syndrome) point, which refers to the point of
intersection between a transverse line drawn from the lower BLUE point to the poste-
rior axillary line [5]. This point is crucial for identifying specific lung pathologies.

4. Normal lung USS features

It is essential to familiarise oneself with the features of a normal lung on ultra-
sound in order to recognise diseased lungs. The features of a normal lung include the
following [6]

* Lung sliding refers to a shimmering movement of the pleural line.

* A-line: hyperechoic horizontal artefacts which arise from the pleural line and are
equidistant.
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Figure 1.
A normal lung on USS showing horizontal hyperechoic A-lines.

* A-line signifies air.

* Seashore sign on M-mode: The pleural line appears continuous and smooth,
with horizontal lines representing A-lines. It is seen as Sky = Skin/Subcutaneous
Tissue, Ocean Muscle, Beach = Lung sliding motion (sandy appearance).

Thus, any deviation from these features represents lung pathology (Figure1).

5. Common lung pathologies on lung USS
5.1 Pneumothorax

Pneumothorax is a common emergency in the ICU, characterised by the presence
of air in the pleural space, resulting in lung collapse. The degree of collapse deter-
mines the clinical presentation of pneumothorax [7].

Signs and symptoms of pneumothorax include chest pain, dyspnoea, decreased
breathing sounds and respiratory distress. It is crucial to promptly diagnose a pneu-
mothorax to facilitate prompt management. This includes needle aspiration at the
second intercostal space, mid-clavicular line, chest tube insertion into the pleural
space connected to a one-way flow and thoracostomy with a small-bore catheter
7-14FG or a larger 28FG [8].

To identify a pneumothorax on lung USS: [9].

Place the probe first to the midclavicular line (MCL) to access apices of the lungs,
then medial to the nipple to locate the middle base and then the AAL/PAL for the
lower lung bases. Observe the following:

* absent lung sliding,
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Figure 2.
Features of pneumothorax with absent lung sliding and presence of lung point in a 28-year-old male patient with
polytrauma.

e no B-lines,
* barcode sign on M-mode,

* Lung point sign: the junction between lung sliding and absent Lung sliding. It refers
to the point where the visceral begins to separate from the parietal pleural (Figure 2).

5.2 Pulmonary oedema

Pulmonary oedema results from an abnormal accumulation of extravascular fluid
in the lung parenchyma, leading to diminished gas exchange at the alveolar level,
progressing to potentially causing respiratory failure. It is usually classified into
cardiogenic and non-cardiogenic.

Common causes of pulmonary oedema in the ICU include fluid overload, air
embolism, sepsis and multiple blood transfusions. Clinical features include progres-
sive worsening dyspnoea and worsening hypoxia, making an urgent diagnosis and
management very crucial by the bedside using lung USS [10].

Diagnosis of pulmonary oedema with lung USS: [11].

* Presence of B-lines, which are comet-tail artefacts arising from the pleural line with
awell-defined laser ray. It is hyperechoic and long, and it moves with lung sliding.

* > 3 B-lines = Lung rocket
* > 5B-lines = ground glass rockets

* Diuretic challenge will reduce comet tails (Figure 3).

5.3 Pneumonia

Pneumonia is an infection of the lung parenchyma caused by various organisms,
resulting in varied manifestations and sequelae [12]. Pneumonia can be classified
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Figure 3.
B-lines, vertical hyperechoic arising from the pleural line in a 28-year-old male patient.

as Community-Acquired Pneumonia (CAP), referring to any pneumonia acquired
outside a hospital in a community setting [13]. Hospital-acquired pneumonia (HAP),
pneumonia acquired 48 hours after being admitted in an inpatient setting such as a
hospital and not incubating at the time of admission, is considered as HAP [14]. and
Ventilator-Associated Pneumonia (VAP), pneumonia acquired 48 hours after endo-
tracheal intubation is considered as VAP [15].

Clinical features of pneumonia include tachypnoea, tachycardia, decreased or
bronchial breath sounds and respiratory distress.

Diagnosis of Pneumonia with lung USS: [16].

* presence of bumping pleural lines, aka “Shred sign,”

¢ absent B-lines,

* presence of lung sliding,

* lung hepatisation lung looks like the liver, aka “tissue-like sign” (Figure 4).
5.4 Acute respiratory distress syndrome (ARDS)

Acute respiratory distress syndrome (ARDS) is a life-threatening condition
characterised by fever, tachypnoea, poor oxygenation and pulmonary infiltrates,
developing after 24 hours of an inciting process.

Common causes of ARDS include aspiration pneumonitis, respiratory infections
and sepsis. The cornerstone of management is supportive care, which revolves around
reducing shunt fraction, increasing oxygen delivery, decreasing oxygen consumption
and avoiding further injury [17].

USS diagnosis of ARDS:
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Figure 4.
This image shows a hepatisation of the lung shredded lower border, which is the shred sign, indicative of
pneumonic consolidation.

Figures.
Features of ARDS in a 28-year-old male patient with polytrauma.

* presence of diffuse bilateral comet tails pattern (B-lines), and

* diuretic challenge does not reduce the number of comet tails (Figure 5),

5.5 Pleural effusion
Pleural effusion is defined as fluid accumulation between the parietal and visceral

pleura. It can be spontaneous or secondary to infection, malignancy or other inflam-
matory conditions [18].
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Figure 6.
Pleura effusion in a 33-year-old female patient with severe preeclampsia.

Pleural fluid is classified as a transudate or exudate. Signs and symptoms of symp-
tomatic pleural effusion include exertional breathlessness, sharp, severe, localised
crescendo/decrescendo pain with breathing or a cough [19].

Treatment usually includes chest tube drainage, usually with antibiotics.
Small-bore drains (10 G to 14 G) are equally effective as large-bore drains, so tho-
racoscopic decortication or debridement may be necessary if there is no significant
improvement.

USS diagnosis of pleural effusion: [20, 21].

* Spine sign (visualisation of vertebral bodies above the diaphragm)
* Loss of mirror image in the RUQ

* The Quad sign on B-mode and the Sinusoid sign on M-mode (Figure 6)

6. Discussion

Traditionally, the diagnosis of respiratory distress in the ICU has been made clini-
cally by obtaining chest X-ray and computed tomography (CT) scans. Recently, lung
USS has emerged as a valuable tool in this context, offering several advantages over
traditional methods. As with all other clinical conditions, clinical examination is the
initial step in evaluating a patient with respiratory distress. This includes a thorough
history, and physical examination, including chest auscultation and assessment of
vital signs. While clinical examination is essential, it is often impossible to obtain
history from patients in the ICU who are sedated and requiring respiratory support.
In addition, clinical examination such as chest auscultation is insufficient to diagnose
specific pulmonary conditions accurately [22].
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Chest radiography (CXR) is a widely used diagnostic tool in the ICU for
evaluating respiratory distress. It is readily available and can identify causes of
respiratory distress such as pneumothorax, pleural effusion, pulmonary oedema
and consolidation. However, CXR has limitations, including radiation exposures
and lower sensitivity and specificity compared to lung USS, particularly in
critically ill patients who may have complex, overlapping pathologies [23, 24].
Furthermore, the unavailability of portable X-ray machines in most resource-
limited environments necessitates transporting unstable patients to the
radiological suite.

Computed tomography (CT) scans, on the other hand, offer detailed imaging
and high diagnostic accuracy, making them the gold standard for many pulmo-
nary conditions. Studies have shown that CT findings of causes of respiratory
distress compare favourably well with lung USS. Moreover, CT scans have some
disadvantages which include the need for patient transport, higher radiation
exposure and a longer time to obtain results, which can be critical in an ICU
setting [25, 26].

The appeal of lung USS in promptly diagnosing lung pathologies stems from its
high sensitivity and specificity. It has been shown that lung USS has a sensitivity of
88% and a specificity of 99% for detecting pneumothorax, outperforming CXR,
which has a sensitivity of around 75-85% and a specificity of 98% [27]. This makes
the use of lung USS in diagnosing pneumothorax very high, making it a reliable tool
for immediate bedside assessment and management.

For pleural effusion, lung USS has a sensitivity of 93% and specificity of 96%,
significantly higher than CXR, which has a sensitivity of about 50-70% [28]. Lung
USS also allows precise quantification of pleural fluid and can guide thoracentesis,
increasing its clinical utility. Lung USS can detect pneumonic consolidation with,

a sensitivity ranging from 80 to 90% and specificity from 90 to 95%, compared to
CXR’s sensitivity of 60-70% and specificity of 80-90% [29].

Nevertheless, false-positive results may arise with lung USS, including misinter-
pretation of ultrasound artefacts or normal anatomical structures as pathological
findings. For instance, Z-lines can be mistaken for B-lines, leading to a false diagnosis
of interstitial syndrome. Misidentification of pleural thickening as pneumothorax
is another potential source of false positives. Some studies have reported several
false-positive results with the use of lung USS in patients with neoplasia, atelectasis,
pulmonary infarction and fibrotic band [25, 30].

False-negative results in lung USS can also occur due to operator inexperience,
suboptimal scanning techniques or atypical presentations of diseases. For example,
small pneumothoraces or early pneumonia might be missed if the examination is not
thorough. Additionally, underlying conditions like severe subcutaneous emphysema
can hinder ultrasound penetration, leading to false negatives.

Therefore, to limit false-negative results, ensuring proper training and
regular practice for ICU clinicians to enhance their proficiency in lung USS
interpretation is recommended. Furthermore, it is crucial to adopt a systematic
approach to scanning, covering all lung zones to minimise missed diagnoses.
Understanding and distinguishing between true pathological findings and
artefacts such as A-lines, B-lines and Z-lines, and employing standard proto-
cols like the BLUE (Bedside Lung Ultrasound in Emergency) protocol to guide
diagnostic evaluation should be emphasised. Integrating lung USS findings with
clinical assessment and other diagnostic tools helps to enhance overall diagnostic
accuracy.
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7. Conclusion

Bedside lung ultrasound in the critically ill is an important diagnostic tool with
diverse applications in assessing various pulmonary conditions. Lung USS offers
superior sensitivity, specificity and accuracy compared to traditional methods like
clinical examination and CXR. While CT remains the gold standard for certain
conditions, the advantages of lung USS, including bedside availability, rapidity and
lack of radiation exposure, make it invaluable in the critical care setting. Awareness
of potential false-negative and false-positive results and adherence to best practices

can further enhance the utility of lung USS, ultimately improving patient outcomes
in the ICU.
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Chapter 12

Perspective Chapter:
Multiparametric Ultrasound in the
Evaluation of Fatty Liver Disease

loan Sporea, Alexandru Popa and Alina Popescu

Abstract

Conventional ultrasound is an imaging technique that is both useful for screening
and for the diagnosis of abdominal diseases. It is an effective method for diagnosing
liver steatosis but cannot objectively assess the severity of fatty infiltration or the
impact and prognosis of the disease. These limitations of conventional ultrasound
have been overcome by the development of different ultrasound applications, namely
ultrasound-based elastography and ultrasound-based fat quantification techniques.
These advancements have led to the possibility of conducting a comprehensive
ultrasound evaluation of the liver in the presence of diffuse changes—referred to asa
multiparametric ultrasound evaluation (MPUS).

Keywords: multiparametric ultrasound (MPUS), fatty liver disease, ultrasound-based
elastography, metabolic dysfunction-associated steatotic liver disease (MASLD),
point of care ultrasound (POCUS)

1. Introduction

Fatty liver disease is currently the most common pathological condition encoun-
tered by hepatologists. While scientific focus once centered on the treatment of
chronic viral diseases such as HBV, HCV, and HDV, the landscape has shifted. With
the advent of highly effective treatments for HCV, which can eradicate the virus with
oral medication within 8-12 weeks, and the availability of drugs that control HBV
viral replication, like Entecavir or Tenofovir (one tablet daily), research emphasis has
moved to areas where staging and treatment are imperative. Despite the high preva-
lence of alcoholic liver disease (ALD), it receives disproportionately low investment
in terms of energy and resources. By contrast, in recent years, fatty liver disease has
surged to the forefront in medical publications as a primary pathological concern.

Examining the prevalence of fatty liver in the general population, a recent epide-
miological study by Younossi et al. indicates that approximately 30% of the general
population is affected by this condition [1]. According to the study, Europe has the
lowest prevalence at 25%, whereas South America has a prevalence of 44% and South
Asia 34%. These figures represent an increase from previous studies which reported
prevalence of 30.4% in South America and 23.7% in Europe [2]. It is also crucial to
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monitor the prevalence among specific populations, such as patients with type 2 dia-
betes mellitus (T2DM), where fatty liver is exceedingly common. An epidemiological
review by Younossi et al. found a global prevalence of 55.5% among T2DM patients,
with Europe reporting a rate of 68% [3]. More recently, a meta-analysis by Cho et al.
included over 1.8 million patients with T2DM and revealed prevalence rates of fatty
liver and steatohepatitis (NASH) at 65.0 and 31.5%, respectively. The study also found
that 35.5% of T2DM patients with NAFLD had clinically significant fibrosis (F2-F4),
and 14.9% had advanced fibrosis (F3-F4) [4].

Regarding the terminology for fatty liver, the term non-alcoholic fatty liver disease
(NAFLD) was used for a long time. Recently, this term was modified to metaboli-
cally associated fatty liver disease (MAFLD) as proposed by Eslam et al., in the
International Consensus Panel’s publication: “MAFLD: A Consensus-Driven Proposed
Nomenclature for Metabolically Associated Fatty Liver Disease” [5]. However, in
2023, a group of experts decided to change the nomenclature to metabolic dysfunc-
tion associated steatotic liver disease (MASLD), as detailed in the multisociety Delphi
consensus statement on new fatty liver disease nomenclature by Rinella et al., pub-
lished in Hepatology on June 24, 2023 [6].

Risk factors for MASLD, such as obesity, T2DM, and metabolic syndrome, are
well-established. Given the high prevalence of MASLD, the challenge lies in how
to detect this condition in the general population efficiently in a short time and
cost-effectively. This is where Multiparametric Ultrasound (MPUS) comes into
play. MPUS is a commonly used diagnostic tool that is integrated into ultrasound
machines, providing a variety of parameters within minutes. The concept of “Point
of Care Ultrasound” (POCUS) has gained traction in recent years, especially as
more clinicians are performing ultrasound procedures themselves. This means that
an ultrasound system in the consultation room allows for an immediate ultrasound
examination following a clinical evaluation, which can then be extended to include a
comprehensive MPUS assessment.

What does MPUS mean? MPUS stands for multiparametric ultrasound. It is the
combination of multiple ultrasound techniques that allows the comprehensive assess-
ment of various tissue parameters using a single ultrasound machine. In the context
of patients with metabolic associated steatotic liver disease (MASLD), MPUS provides
valuable insights into liver health. MPUS can provide comprehensive information
about the liver, including the degree of steatosis (fat accumulation) and fibrosis
(scarring). More recently, it has been used to evaluate shear wave dispersion (viscos-
ity), which is presumed to be a marker of liver inflammation. This technique enables
arapid and non-invasive evaluation of these liver conditions, which is valuable in the
diagnosis and management of MASLD [7].

Which is the definition of fatty liver? Fatty liver is defined as a condition where
there is an excessive accumulation of fat in the liver cells, or hepatocytes. Specifically,
it is characterized by more than 5% of hepatocytes containing fat droplets. While
liver biopsy remains the gold standard for morphological evaluation and diagnosis,
numerous non-invasive methods have been developed for diagnosing fatty liver.
Among imaging techniques, ultrasound is widely used due to its safety and acces-
sibility. However, computed tomography (CT), while effective, exposes patients to
ionizing radiation, magnetic resonance imaging (MRI) provides excellent detail but
is often more expensive and less accessible, making them less ideal for routine fatty
liver screening. Although MR proton density fat fraction (PDFF) is the recommended
reference standard by several guidelines for the quantification of liver fat content, its
high cost and limited accessibility make it less feasible for routine use.
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We propose ultrasound as the method of choice for assessing fatty liver infiltra-
tion. Ultrasound offers an economical and accessible solution, suitable for point-of-
care settings, and it can be easily repeated over time to monitor changes. With MPUS,
we can quickly diagnose fatty liver, assess liver stiffness, and presumably evaluate
inflammation, all within a short timeframe.

2. Evaluation of steatosis using ultrasound

a. Conventional ultrasound has long been recognized as an effective method for
assessing liver steatosis. Classic and simple indicators such as a “bright liver,”
“posterior attenuation,” and an increased “hepato-renal index” facilitate a semi-
quantitative evaluation of fatty infiltration in the liver. These signs allow for
the subjective categorization of steatosis as mild, moderate, or severe. In addi-
tion to these, other practical scoring systems have been introduced, such as the
Hamaguchi score. This score is based on four ultrasound signs: hepato-renal index,
liver brightness, deep attenuation, and vessel blurring (the clarity of liver vessel
borders and luminal narrowing). Hamaguchi et al. highlighted that the severity
of ultrasonographic findings in nonalcoholic fatty liver disease is indicative of the
metabolic syndrome and visceral fat accumulation (Figures1and 2) [8].

Although these ultrasonographic signs are simple and somewhat subjective,
numerous studies have demonstrated their significant value in assessing the severity
of liver steatosis. In a comprehensive meta-analysis by Hernaez et al., which included
49 studies and 4720 subjects, ultrasonography was compared with liver biopsy. The
sensitivity of ultrasound for detecting moderate and severe steatosis was 84.8% (95%
CI: 79.5-88.9%), with a specificity of 93.6% (95% CI: 87.2-97.0%) [9]. From a clinical
standpoint, moderate steatosis and severe steatosis are of particular interest due to
their implications. However, critical considerations in this type of evaluation include its

Figure 1.
Bright liver with posterior attenuation.
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Figure 2.
Increased hepato-renal index.

subjective nature, the potential variability in interpretation, differences in ultrasound
machine quality, and challenges in monitoring progression or regression over time.

b.Consequently, there is a need for more objective systems to quantify fatty
infiltration. The advent of the FibroScan machine (Echosens, Paris, France) has
enabled quantification of steatosis through its Controlled Attenuation Parameter
(CAP) module, used alongside Vibration-Controlled Transient Elastography
(VCTE) for stiffness evaluation. The CAP software, integrated into the
FibroScan device since 2010, measures the attenuation of the ultrasound beam,
which is directly related to the fat content in the liver. Results are reported in
decibels per meter (dB/m), ranging from 100 to 400 dB/m, providing a quantita-
tive assessment of liver steatosis (Figure 3) [10].

Numerous studies and meta-analyses have been conducted to evaluate the effec-
tiveness of the CAP method, particularly in comparison with liver biopsy. The Area
Under the Receiver Operating Characteristic curves (AUROCs) of CAP for the
quantification of fatty infiltration in the liver have been found to range between 0.823
(95% CI: 0.809-0.837) and 0.865 (95% CI: 0.850-0.880) [11, 12]. Furthermore, a
meta-analysis by Shi KQ, which included data from 11 patient cohorts, reported that
the AUROCs for CAP were 0.85 (95% CI: 0.81-0.88) for > S1 steatosis, 0.88 (95% CI:
0.85-0.91) for > S2, and 0.87 (95% CI: 0.84-0.90) for > S3 [13].

The cutoff values for assessing the severity of liver steatosis vary among differ-
ent etiologies and authors. In the context of MASLD, the most reliable cutoff values
were proposed by Eddowes et al. established using liver biopsy as the reference
standard [14]: for S1 (mild)—294 dB/m, for S2 (moderate)—310 dB/m, and for S3
(severe)—331 dB/m. For ease of recall, these can be approximated to 290, 310, and
330 dB/m, respectively.

The CAP can be measured using either the M or XL probe, with the latter being
particularly suitable for obese patients. This raises an important question: Should
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Figure 3.
FibroScan with CAP (CAP values are in light blue) with M and XL probes.

different cutoff values be applied for these two probes? A study by Chan et al.,
which involved 180 patients with fatty liver disease, that included evaluations

using both M and XL probes and liver biopsy as reference method, found that the
same CAP cutoff values could be applied for both probes in diagnosing the grade of
hepatic steatosis [15]. This finding was corroborated by another study conducted by
Eddowes et al. [14].

Steatosis quantification can also be performed using the FibroTouch system
(iLivTouch), which employs the Ultrasound Attenuation Parameter (UAP) as
described by Qu et al. [16]. In a prospective study involving 237 patients who
underwent both FibroTouch and liver biopsy, the FibroTouch examination
boasted a high success rate of 96.5%. The AUROC curve for UAP in diagnosing
steatosis grades >S1, >S2, and S3 were 0.88, 0.93, and 0.88, respectively, with
corresponding cutoff values of 244, 269, and 296 dB/m. A notable advantage of the
FibroTouch system is its use of a single probe for all patients, along with a standard
ultrasound probe for initial liver assessment before quantitative analysis. Similar to
FibroScan, FibroTouch evaluates liver steatosis, stiffness, and more recently, liver
inflammation (Figure 4) [16].
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Figure 4.
a-b. The iLivTouch system in a clinical setting, showcasing its user interface.

2.1 Quantitative ultrasound (QUS)

In the recent years, quantitative ultrasound (QUS) has emerged as a new and
developing technique in the field for the objective assessment of fatty liver. Various
companies have adopted different approaches for QUS, utilizing parameters such as
attenuation, backscattering, or speed of sound. Some companies even combine these
parameters to quantitatively measure steatosis. This technique, as detailed by Park
etal., is remarkably straightforward and quick, offering the added benefit of being a
point-of-care method (Figure 5) [17].

When patients undergo abdominal ultrasound and the conventional imaging
reveals a fatty liver, a QUS evaluation can be immediately conducted to objectively
measure steatosis. This method is also advantageous for patient follow-up, allowing for
comparison of current results with previous ones. The subsequent images will show-
case various QUS types from different manufacturers (Figures 6-11). The results in
QUS can be expressed in units like dB/m, similar to CAP evaluation, or in dB/cm/MHz.

The validation of these QUS techniques has been supported by studies utilizing
liver biopsy as the gold standard, with some of them also employing Proton Density
Fat Fraction MRI (PDFF) for comparison. The favorable results obtained by many
such systems render QUS as an appealing choice for the initial assessment of patients
with MASLD and for subsequent follow-ups.

In the case of ATI, a study involving 114 subjects at potential risk of steatosis and
15 healthy controls compared ATI results with CAP, using MRI-PDFF as the reference.
This study, conducted by Ferraioli et al., found AT1I to have a higher correlation with
MRI-PDFF (r = 0.81) than CAP (r = 0.65) [18]. Another study by Bae et al., which
used liver histology as the standard of reference and included 108 subjects, reported
AUROC:s for ATI ranging from 0.84 to 0.93 [19].
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Attenuation Backscatter Speed of Sound

Figure 5.

Illgstmtion of quantitative ultrasound parameters. (A) Attenuation—uwhere the ultrasound wave’s diminution
is visualized as it passes through different tissues; (B) backscatter—depicting the reflection of ultrasound waves
back to the transducer from the tissue interfaces; (C) speed of sound—representing the rate at which sound waves
travel through various tissue densities.

Figure 6.
Attenuation Imaging (ATI) from Canon™.

For Ultrasound Guided Attenuation Parameter (UGAP), Fujiwara et al. conducted
a study that included 163 patients with chronic liver diseases. UGAP, CAP, and liver
biopsies were conducted simultaneously. The AUROCs for UGAP in identifying
steatosis grades >S1, >S2, and S3 were 0.900, 0.953, and 0.959, respectively. These
figures were notably superior to those obtained with CAP [20]. A separate study by
Imajo, encompassing 1010 patients from six Japanese liver centers, also examined
UGAP alongside MRI-PDFF. The UGAP values demonstrated a significant correlation
with MRI-PDFF, with an intraclass correlation coefficient of 0.768. Furthermore, the
AUROCs for UGAP in distinguishing steatosis grades of >1 (MRI-PDFF>5.2%), >2
(MRI-PDFF>11.3%), and 3 (MRI-PDFF>17.1%) were consistently high, at 0.91 for
grades >1 and > 2, and 0.89 for grade 3, showcasing UGAP’s diagnostic accuracy [21].
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Figure?7.
Ultrasound-Guided Attenuation Parameter (UGAP) from General Electric™.

(a) (b)

Figure 8.
a-b. Tissue Attenuation Imaging (TAI) and Tissue Scatter distribution Imaging (TSI) from Samsung™.

In a study conducted on 120 patients with clinically suspected NAFLD, Jeon
et al. investigated the efficacy of the Samsung system’s QUS techniques. The study
compared MRI-PDFF with Attenuation Coefficient (AC) obtained from Tissue
Attenuation Imaging (TAI) and Tissue Scatter-distribution Imaging (TSI). The
findings revealed significant correlations between TAI and TSI with MRI-PDFF, with
correlation coefficients of 0.659 and 0.727, respectively (p < 0.001 for both). When
assessing for hepatic fat content thresholds of >5% and > 10% in PDFF, the AUROC
scores for TAI were 0.861 and 0.835, while TSI demonstrated superior AUROC scores
of 0.964 and 0.935, respectively. These results underscore the potential of TAI and TSI
in the non-invasive quantification of hepatic steatosis [22].

As observed in several previously published studies, a comparative analysis
conducted between QUS and CAP, using PDFF as the reference method, has provided
insightful results. Jung et al. examined a cohort of 123 participants. Their study dem-
onstrated that QUS had a significantly higher AUROC for the diagnosis of NAFLD
compared to CAP, with scores of 0.92 versus 0.79, respectively (p = 0.03) [23].
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Att PLU
Nb M

Figure 9.
Speed of Sound estimation (Att Plus and SSp Plus) from Aixplorer (Hologic™).

Figure 10.
Ultrasound Derived Fat Fraction (UDFF) from Siemens™, this method expresses fatty infiltration in %.

More and more papers are published regarding the clinical use of QUS in MASLD
patients. These studies frequently demonstrate a strong correlation with histologi-
cal findings and, more recently, with PDFF. Recent publications have found a depth
dependence of the attenuation coefficient (AC) and that the size of the region of
interest (ROI) affects results. Ferraioli et al. demonstrated that AC values decrease
with increasing depth across different ultrasound systems (Canon, Philips, and
Siemens) and that AC values with a 1 cm ROI were significantly higher than those
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Figure 11.
UltraSound Attenuation Analysis (USAT) from Mindray™.

obtained with a 3 cm ROI at all depths. These issues emphasize the necessity of a
standardized protocol to ensure consistent results. Therefore, there is an ongoing
pursuit to determine precise cutoff values for various QUS systems, with continuous
evaluations and developments [24, 25].

3. Liver stiffness evaluation using ultrasound

After assessing liver steatosis via ultrasound, patients with clinically significant
steatosis can have their liver stiffness evaluated immediately during MPUS. Liver
stiffness is an indicator of liver fibrosis; however, confounding factors such as fasting
state, elevated aminotransferases, extrahepatic cholestasis, or right heart failure may
influence stiffness measurements. Therefore, we advocate that this assessment should
be conducted by trained individuals who are well-versed in the patient’s history,
ensuring that results are considered within the appropriate clinical context.

Initially, evaluations of liver stiffness were performed in comparison with liver
biopsy, with subsequent comparisons made across various degrees of fibrosis, typi-
cally classified using the METAVIR score (F1, F2, F3, F4). However, more recently,
this method of differentiation has been set aside in favor of new terminology that uses
the term cACLD (compensated Advanced Chronic Liver Disease), as introduced in
the Baveno VI consensus [26]. The advantage of this updated terminology is that it
shifts the focus away from the need to distinguish absent or mild fibrosis (FO and F1)
and emphasizes the differentiation between significant fibrosis, advanced fibrosis,
and cirrhosis.

In practice, the ultrasound-based elastographic methods used for liver stiffness
evaluation are the Shear Wave Elastographic methods (SWE), as outlined in the
EFSUMB Guidelines [27, 28]. These methods can be divided into Vibration-Controlled
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Transient Elastography (VCTE), which applies a brief mechanical push to the skin’s
surface at a low frequency with a specific force, and Acoustic Radiation Force Impulse
(ARFI) techniques, where the ultrasound probe itself produces the acoustic stimulus.
ARFT techniques are further subdivided into point SWE (pSWE) and bidimensional
SWE (2D-SWE). Results for VCTE are expressed in kilopascals (kPa), while for ARFI,
they can be expressed in meters per second (m/s) or kPa [29].

Studies have shown high feasibility, usually over 90%, for all ultrasound-based
elastographic methods. VCTE requires two different probes: an M probe and an XL
probe for obese individuals. A notable limitation of VCTE is its inapplicability in cases
of ascites, and the need for periodic probe calibration, which incurs additional costs.
For all elastographic techniques, a crucial qualitative parameter is the IQR/median
(interquartile range/median), which should be below 30%. For 2D-SWE, each system
incorporates qualitative criteria to assess the quality of acquisition. Currently, all
ultrasound companies on the market offer SWE elastographic modules within their
systems, with some providing both pPSWE and 2D-SWE (e.g., Samsung, Mindray).
Why is better to have two elastography modules inside the system? Having dual elas-
tographic modules is an advantage: If feasibility is compromised with one method,
such as 2D-SWE, the alternative, pPSWE, often yields correct values, allowing patients
to leave with a valid result.

VCTE system is featured in both FibroScan and FibroTouch devices, as illustrated
in the earlier images. Comparative studies, such as one by Xu et al., have shown
similar results between these two machines. In a prospective study of a cohort of 435
patients with chronic liver disease, who also underwent liver biopsy, the AUROC for
FibroTouch was comparable to that of FibroScan in diagnosing significant fibrosis,
severe fibrosis, or cirrhosis. There was a strong correlation (r = 0.85, p < 0.001)
between FibroTouch and FibroScan readings for liver stiffness. Additionally, no signifi-
cant differences were found between FibroTouch and FibroScan in terms of sensitivity,
specificity, negative predictive value, positive predictive value, and overall accuracy.

Numerous publications and meta-analyses have suggested various cutoff values
for liver stiffness measurement using VCTE (FibroScan), taking into account dif-
ferent disease etiologies. More recently, the Baveno VI consensus and subsequently
Baveno VII have endorsed the so-called “rule of 5”—a simplified approach to classify-
ing stiffness values (Figure 12) [26, 30].

Liver stiffness measurement scale: Depicting cutoff values for the classification
of liver stiffness as per Baveno VI and VII consensuses including the “rule of 5” for
assessing the risk of liver decompensation and liver-related mortality, with specific
thresholds for excluding or assuming cACLD and clinically significant portal hyper-
tension (CSPH) across different liver diseases.

This “rule of 5” offers a straightforward and user-friendly framework: Less than
5 kPa indicates a normal liver; under 10 kPa rules out cACLD; over 15 kPa suggests the
presence of cACLD; and values above 25 kPa denote CSPH. In clinical practice, these
guidelines allow for the efficient use of elastography for various purposes, such as
fibrosis assessment and the determination of cACLD or significant portal hypertension.
By using the FibroScan system, firstly, CAP is used to stratify the severity of steatosis,
while VCTE quickly confirms or excludes significant fibrosis in a very short time.

ARFI methods have the advantage of integration within a standard ultrasound
system, enabling conventional ultrasound assessments, Doppler studies, fat quanti-
fication, and stiffness measurement. Additionally, when a focal liver lesion (FLL) is
detected, a Contrast Enhanced Ultrasound (CEUS) can be immediately conducted.
This comprehensive capability culminates in a truly MPUS approach. Despite the

225



Ultrasound — The Next Step in Clinical Evaluation

Liver decompensation and Liver-Related Death

— —  —

+thrombocytes>150 - exclude CSPH
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exclude cACLD

assume CSHP

Figure 12.
Liver stiffness measurement scale (adapted after Baveno VII consensus).

varying implementations, all ARFI methods share a common principle where the
probe induces tissue excitation. The following images provide examples of pPSWE and
2D-SWE (Figures 13-18).

From a technical standpoint, the SWE-ARFI methods are straightforward to per-
form. The patient lies supine with their right arm in maximum abduction, similar to
the positioning for VCTE. The ultrasound probe is positioned intercostally to capture
the clearest liver image possible. In pPSWE, a small measurement box measuring 10
by 5 mm is placed 1-2 cm beneath the liver capsule, ensuring an optimal section of
the liver selection while avoiding blood vessels. The patient is then asked to hold his
breath in a neutral position, and upon activation, the system takes 5 to 10 measure-
ments, with the median value subsequently displayed. For 2D-SWE, which provides a
color-coded and numerical assessment, a larger box around 3 by 2 cm is positioned in
a similar manner beneath the liver capsule. Multiple loops are recorded, and a region

Vs=1

Depth

Figure 13.
pSWE-VTQ from Siemens™.
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Figure 14.
pSWE-ElastPQ from Philips™.

Figure 15.
2D-SWE from Canon™ with quality control.

of interest (ROI) is placed in each frame, to make the assessment. About 3 to 5 mea-
surements are enough, and the system calculates and presents the median value [27].

In the past, every company proposed its own cutoff values, making it quite dif-
ficult to apply these in practice. In 2020, a simplified algorithm known as the “Rule
of 4” was proposed by Barr in Radiology, facilitating easier application in clinical
settings [31]. The recommendations for interpreting liver stiffness values obtained
with ARFI techniques in patients with viral hepatitis and NAFLD:

* A stiffness value of <5 kPa (1.3 m/sec) suggests a high probability of the liver
being normal.
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* A value of <9 kPa (1.7 m/sec) in the absence of other known clinical signs
indicates that cACLD is unlikely. If there are known clinical signs, further testing
may be needed for confirmation.

* A value between 9 and 13 kPa (1.7-2.1 m/sec) is indicative of possible cACLD but
requires additional tests for confirmation.

e A value >13 kPa (2.1 m/sec) rules in cACLD.

* A value >17 kPa (2.4 m/sec) is suggestive of CSPH.

The practical utility of SWE for assessing liver stiffness is well-supported in the
literature. Numerous papers, including meta-analyses and prospective studies—most

Figure 16.
2D-SWE from Samsung™.

2D-SWE.GE (F3)

Figure 17.
2D-SWE from General Electric™ with quality control of acquisition.
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Figure 18.
2D-SWE from Aixplorer (Hologic™).

of which use liver biopsy as the gold standard—demonstrate the efficacy of SWE
methods. These studies reveal that the AUROC curves for these methods tend to
increase in parallel with the severity of fibrosis, frequently exceeding 90% for cases of
liver cirrhosis [32-36].

Comparative studies between various SWE methods have demonstrated their
equivalent practical value in assessing liver stiffness [37-42].

The latest EASL Guidelines regarding non-invasive tests for liver stiffness assess-
ment highlight the pros and cons of various methods. These guidelines provide a
comprehensive overview of several technologies, including serum markers, transient
elastography (TE), point shear wave elastography (pSWE), 2D shear wave elastogra-
phy (2D-SWE), and magnetic resonance elastography (MRE) (Table 1) [43].

The table compares the advantages and disadvantages of serum markers, transient
elastography, pSWE, 2D-SWE, and MRE, providing insights into their efficacy,
applicability, and potential limitations in the diagnosis and staging of liver fibrosis.

The use of SWE for evaluating portal hypertension (PH) has seen a notable
increase in the recent years [30]. While VCTE was initially the primary method used
for assessing PH noninvasively, there has been increasing literature supporting the
use of ARFI techniques. ARFI has the distinct advantage of visualizing the spleen,
thus allowing clinicians to optimally position the measurement box. For the assess-
ment of PH, liver stiffness, spleen stiffness, or a combination of both, sometimes
along with the platelet count, have been utilized. This multifaceted approach enables
a more comprehensive evaluation of PH and reflects the evolving landscape of non-
invasive liver diagnostics [44-46].

4. Liver inflammation

In patients with fatty liver disease, prognostic outcomes are determined not only
by the presence of advanced fibrosis but also by the extent of inflammation and hepa-
tocyte ballooning [47]. Although liver biopsy remains the gold standard for assessing
these parameters, its practicality is limited considering the global prevalence of fatty
liver, affecting over two billion people. In recent years, ultrasound manufacturers
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have focused on developing techniques to measure the viscoelastic properties of liver
tissue, which may serve as indicators of inflammation. By incorporating inflamma-
tion assessment, ultrasound technology evolves into a truly multiparametric approach
for the comprehensive evaluation of patients with MASLD.

Clinically, patients with simple steatosis generally have a favorable progno-
sis when compared to those with steatohepatitis, now referred to as Metabolic
Associated Steatohepatitis (MASH), which carries the risk of progression to
advanced fibrosis and cirrhosis. Consequently, the ability to detect liver inflamma-
tion non-invasively, without the need for a liver biopsy, could significantly enhance
the triaging process in clinical practice. Currently, only a select few publications and
companies have incorporated a dedicated module for detecting inflammation within
their devices.

Regarding the VCTE system using iLivTouch, a study by Gao et al. involving
a cohort of 259 individuals with biopsy-proven non-alcoholic fatty liver disease
explored the use of Radiofrequency (RF) and raw data. They identified two signifi-
cant parameters that led to the development of a QUS score [48]. This score demon-
strated a promising ability to discriminate NASH, with an AUROC of 0.798 (95% CI
0.731-0.865, p = 0.755) in the training set and 0.816 (95% CI 0.725-0.906; p = 0.397)
in the validation set.

In another study using a system with integrated 2D-SWE, conducted by Sugimoto
etal. on 120 patients undergoing liver biopsy for suspected fatty liver, biopsy
specimens were scored by one expert pathologist according to the Nonalcoholic
Steatohepatitis Clinical Research Network criteria. Sugimoto’s study evaluated the
effectiveness of 2D shear-wave elastography (SWE) parameters—dispersion slope,
attenuation coefficient, and shear-wave speed—in diagnosing inflammation, steato-
sis, fibrosis, and nonalcoholic steatohepatitis (NASH) in NAFLD patients, finding
that the dispersion slope was particularly effective in identifying various grades of
lobular inflammation with AUCs of 0.95 for mild (A1), 0.81 for moderate (A2), and
0.85 for marked (A3) inflammation. The Attenuation Coefficient, which assesses ste-
atosis, had an AUROC of 0.88 for S1, 0.86 for S2, and 0.79 for S3, while liver stiffness
measurements had an AUROC of 0.88 for F2, 0.90 for F3, and 0.95 for F4 fibrosis.
Ultimately, combining Dispersion Slope, Attenuation Coefficient, and SWE resulted
in an AUC of 0.81 for the diagnosis of NASH [49].

In the study conducted by Lee et al., involving 102 patients with fatty liver who
underwent liver biopsy, the effectiveness of Shear Wave Dispersion Slope (SWDS,
measured in [m/s]/kHz) derived from 2D-SWE was assessed. The study discovered
that lobular inflammatory activity corresponding to inflammation grades 1, 2, and 3
could be detected using this method. The AUROC values for these grades of inflam-
mation were found to be 0.89, 0.85, and 0.78, respectively, with the highest values
observed for mild inflammation. This suggests that SWDS from 2D-SWE could
potentially be used as a non-invasive marker for detecting varying degrees of inflam-
mation in patients with fatty liver disease [50].

In a recent prospective multicenter study that included a cohort of 132 patients
with fatty liver diagnosed via liver biopsy, Jang et al. evaluated the diagnostic perfor-
mance of multiparametric ultrasound. They focused on the Attenuation Coefficient
(AC) from attenuation imaging (ATT), liver stiffness, and dispersion slope (DS) from
2D-SWE. The authors developed a risk score system by summing the unweighted
scores of AC and DS. This system demonstrated high diagnostic performance for
detecting NASH, with an AUROC of 0.94 (95% confidence interval: 0.89 to 0.98,

p < 0.05) [51].
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Figure 19.
MPUS evaluation process for patients with MASLD.

Another system was used to evaluate liver inflammation, employing Viscosity
Plane-wave UltraSound (Vi.PLUS) technology. In a cohort of 204 subjects who did
not undergo liver biopsy, multivariate regression analysis revealed that Vi.PLUS
values were correlated with body mass index (BMI) and Liver Stiffness Measurements
obtained using the Hologic ultrasound-system [52, 53].

Although only a few studies have demonstrated the capability of ultrasound to
evaluate inflammation, the future advancement of this technique will be crucial in
clinical practice. It will especially aid in differentiating between simple steatosis and
steatohepatitis through non-invasive means. The integration of modules for assessing
steatosis, stiffness, and inflammation within a single ultrasound device truly estab-
lishes a MPUS system for evaluating patients with MASLD (Figure 19).

5. Conclusion

The introduction of MPUS represents a major leap forward in the evaluation of
fatty liver disease, combining key assessments—steatosis, fibrosis, and inflamma-
tion—into a single, rapid evaluation, often completed in less than 5 minutes. This
positions MPUS as a leading tool for screening in high-risk groups. Its potential is
particularly notable in screening individuals with T2DM, as well as those who are
overweight, obese, or have metabolic disorders, offering a rapid and non-invasive
means to stratify risk and guide clinical intervention [54].

As we conclude this review, it is evident that multiparametric ultrasound for
patients with MASLD opens an exciting, non-invasive avenue for evaluating a large
patient group. This innovative approach paves the way to detect the disease early,
enhancing our ability to manage it more effectively. Looking ahead, integrating MPUS
with artificial intelligence may well amplify the effectiveness of screening programs
in the future. It is a development that promises to transform our approach to liver
health, offering a beacon of hope for earlier, more accurate diagnoses and the promise
of better outcomes for patients worldwide [55].
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Chapter 13

Ultrasound-Based Methods for
the Assessment of Advanced Liver
Disease and Portal Hypertension

Raves Criciun, Tudor Mocan and Zeno Spdrchez

Abstract

The current book chapter delves into the intricacies of ultrasonographic (US)
assessment in patients with advanced liver disease and portal hypertension, offering
a comprehensive, clinically oriented exploration of the most frequently employed
tools in this domain. The chapter seeks to familiarize readers with a standardized US
approach to advanced liver disease, encompassing standard B-mode imaging, Doppler
US, elastography, and contrast-enhanced US (CEUS). Beyond the fundamental
techniques, the chapter discusses specific clinical scenarios, providing valuable
insights into transjugular intrahepatic portosystemic shunt (TIPS) assessment, post-
transplantation follow-up protocols, the nuanced evaluation of vascular liver disease,
and the management of incidental and treated liver nodules. This thorough explora-
tion caters to the needs of clinicians and researchers and serves as a practical guide for
medical practitioners involved in the day-to-day care of patients with complex liver
conditions. The chapter aspires to be a useful resource in the field, offering an up-to-
date and insightful overview that bridges the gap between theoretical knowledge and
its practical application in the dynamic landscape of liver disease assessment using
ultrasonography.

Keywords: cirrhosis, portal hypertension, ultrasonography,
multiparametric ultrasonography, contrast-enhanced ultrasonography

1. Introduction

In the dynamic landscape of medical imaging, the integration of advanced tech-
nologies has revolutionized diagnostic approaches, and the field of ultrasonography
(US) was no exception. With its non-invasive nature, real-time imaging capabilities,
and absence of ionizing radiation, US has long been a cornerstone in diagnostic medi-
cine as a natural extension to the physical examination. Lately, there has been a surge
in US-based techniques that significantly enhance the value of US and overcome some
of its traditional limits. The concept of multiparametric ultrasonography (MPUS),
which incorporates multiple additional variables assessing vascularization, such as
Doppler-based modules, contrast-enhanced ultrasonography (CEUS), elastography,
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and fat quantification, has emerged as a powerful tool in enhancing diagnostic
accuracy and clinical decision-making [1-5].

MPUS represents a paradigm shift in ultrasonography by simultaneously assessing
multiple parameters, including vascularity, tissue stiffness, and perfusion dynamics,
thereby offering a comprehensive evaluation of tissue characteristics. This multifac-
eted approach holds immense promise across various medical specialties, ranging
from hepatology and oncology to musculoskeletal and urology, among others.

Central to the arsenal of MPUS techniques is CEUS, which introduces micro-
bubble-based contrast agents to visualize microvascular perfusion in real-time.

By exploiting the unique acoustic properties of microbubbles, CEUS enables the
assessment of tissue vascularity with unprecedented detail and sensitivity. Unlike
traditional Doppler ultrasonography, CEUS provides exquisite delineation of
microvascular architecture and perfusion dynamics, facilitating the characteriza-
tion of focal lesions and monitoring of treatment response. Furthermore, CEUS
offers distinct advantages over other imaging modalities, particularly in scenarios
where iodinated contrast agents for computed tomography (CT) or gadolinium-
based contrast agents for magnetic resonance imaging (MRI) are contraindicated,
such as in patients with renal insufficiency or allergies. Its safety profile, portabil-
ity, and cost-effectiveness make CEUS a valuable adjunct to conventional imaging
techniques [6-8].

In addition to CEUS, elastography has emerged as a pivotal component of MPUS,
providing valuable insights into tissue stiffness and elasticity. By quantifying the
mechanical properties of tissues, elastography aids in the characterization of focal
lesions, differentiation of benign and malignant masses, and guidance of interven-
tional procedures. Various elastographic techniques, including strain elastography,
shear wave elastography, and acoustic radiation force impulse imaging, offer comple-
mentary information about tissue elasticity, expanding the diagnostic repertoire of
US [9-12].

The integration of CEUS and elastography into routine clinical practice has trans-
formed diagnostic algorithms and therapeutic decision-making across a spectrum of
medical disciplines. In the setting of advanced liver disease, CEUS plays a crucial role
in the characterization of focal liver lesions in a standardized manner using the CEUS-
Liver Imaging Reporting and Data System (LiRADS) system [13], assessing vascular
liver disease [14, 15], guiding interventional procedures [16], post-procedural
follow-up [17, 18] and liver transplantation [19]. On the other hand, elastography has
revolutionized the assessment of liver fibrosis and cirrhosis in the past two decades,
enabling non-invasive staging of liver disease and guiding therapeutic interventions.
Elastography has virtually replaced liver biopsy for staging purposes in advanced liver
disease and has largely limited the role of invasive hepatic venous pressure gradient
(HVPG) measurements to select scenarios in expert facilities and research settings.
The role of elastography has been recently reinforced by the Baveno VII consensus
[20] and has become a sine qua non measurement in the diagnosis and follow-up of
advanced liver disease [21-23].

In summary, the advent of multiparametric ultrasonography, encompassing all
of its modes and features, represents a transformative leap in diagnostic imaging.

By providing a holistic assessment of tissue vascularity, perfusion dynamics, and
mechanical properties, MPUS enhances diagnostic accuracy, facilitates treatment
planning, and improves patient outcomes across diverse clinical scenarios. This
book chapter aims to elucidate the principles, applications, and clinical utility of
MPUS. The following pages offer clinically driven insights into its evolving role in
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contemporary medical practice, starting from B-mode US to Doppler-based features,
elastography, and CEUS.

2. B-mode and conventional Doppler ultrasonography

As stated above, recent advancements in digital imaging technology have intro-
duced a diverse array of imaging modalities, encompassing color/power Doppler,
harmonic imaging for contrast enhancement, three-dimensional visualization, and
fusion imaging. These modalities have demonstrated enhanced diagnostic capabilities
across various clinical contexts. Nevertheless, it is imperative to acknowledge that
fundamental tissue imaging predominantly relies on B-mode sonography.

In the realm of portal hypertension, B-mode sonography assumes a pivotal
role in the characterization of cirrhosis, assessment of vessel diameter and spleen
dimensions, and detection of ascites and anomalous collateral pathways [24].
Despite its straightforward methodology, B-mode sonography furnishes invalu-
able insights for both diagnosing and monitoring portal hypertension-associated
conditions [25, 26]. However, it is pertinent to recognize that while B-mode
findings may infer the presence of portal hypertension, they serve as indirect
indicators. Consequently, the applicability of B-mode ultrasound in predicting
portal pressure and gauging the severity of portal hypertension is somewhat
constrained.

From a clinical standpoint, discerning between the compensated and decompen-
sated stages of cirrhosis holds paramount significance, given its pivotal role in prog-
nostication [20, 27]. Abdominal ultrasound emerges as a valuable tool in this context,
facilitating the diagnosis and quantification of decompensatory events such as ascites
and hepatic hydrothorax and enabling the evaluation of cirrhosis-related complica-
tions and portal hypertension. These include the assessment of collateral circulation,
portal axis status, splenomegaly, and hepatocellular carcinoma.

Liver cirrhosis epitomizes the terminal phase of an amalgamation of chronic liver
pathologies, thereby elucidating the morphological heterogeneity observed in cir-
rhotic livers. Furthermore, the sonographic presentation of cirrhotic liver pathology
spans a continuum, ranging from nearly normal morphology, encountered in chronic
liver diseases exhibiting fibrosis at the border of the cirrhotic range and subclinical
portal hypertension, to decompensated cirrhosis in its terminal phase [24, 28]. The
principal alterations encountered with varying frequency within the context of cir-
rhosis and cirrhotic portal hypertension are systematized in Table 1 and illustrated in
Figures 1-5.

Liver Morphology
Dimensions Alterations in lobar size:

* Right lobe atrophy (Figure 1)

* Caudate lobe # left-lobe hypertrophy
Echostructure Inhomogeneous:

¢ Micronodular (below 3 mm)
¢ Macronodular (above 3 mm)

¢ Mixed (Figure2)
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Liver Morphology

Capsular contour e Irregular, bosselated (Figure 3)
Margins * Round

Vasculature

Portal vein + dilation >12 mm

Slow hepatopetal flow (Vmax <20 cm/s in the main portal vein,
Vmax <15 cm/s in the right branch)

Hepatofugal flow

Complete/partial portal vein thrombosis

Hepatic artery Increase in the hepatic artery resistivity index (HARI) >0.8 (arteri-

alization of the hepatic circulation)

Collateral circulation Recanalization of the round ligament (hepatofugal flow)

Perigastric

Perisplenic

Splenorenal shunt

Decompensating events

Ascites [29] Grade I - perihepatic

Grade II - moderate amount (perisplenic, pelvis, latero-cholic,
perimesenteric)

Grad III - entire abdominal cavity (Figure 4)

Hepatic Hydrothorax Pleural effusion, typically right-sided; can be bilateral

Liver nodules Regeneration nodules

Dysplastic nodules

Hepatocellular carcinoma

Other malignant nodules

Consequences of portal hypertension
on other organs

Spleen * Splenomegaly (>130 mm)
Gallbladder * Thickening/doubling of the gallbladder walls (Figure 5)
Table 1.

The most frequent alterations encountered in cirrhosis and portal hypertension.

Doppler US is a readily available complement to B-mode in assessing the complica-
tions of advanced liver disease and can reliably detect signs of portal hypertension
(PHT). While the correlation between the gold standard for PHT, namely HVPG
measurement, and Doppler US findings is relatively low, Doppler US can provide
a dichotomial yes/no answer for the presence of PHT due to numerous indirect
findings.

Portal vein diameter fluctuates in liver disease, enlarging beyond 12 mm but not
necessarily correlating with portal hypertension severity. As portal hypertension
progresses, collateral circulation develops, causing the portal vein size to diminish. In
advanced stages, with reversed portal vein flow (Figure 6), the diameter consistently
measures <10 mm [28]. Portal vein velocity (PVV) significantly decreases in PHT
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+B-mode Ratlo

B Ratio 0.84
Mean Liver 105.8
Diam Liver 6.0mm

Depth Liver
i Mean Kidney
i Diam Kidney
i Depth Kidney

Figure 1.
Right liver lobe atrophy in a patient with alcohol-velated decompensated cirrhosis.

Figure 2.
Mixed-type macro- and micronodular inhomogeneous echostructure of the right liver lobe in a patient with
decompensated cirrhosis and ascites.
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Figure 3.
Irregular capsular contour of the hepatic dome in a patient with decompensated cirrhosis and ascites.

Figure 4.
Grade I1I ascites, with visible small bowel loops and corrvesponding mesentery in the periumbilical area.
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Figure 5.
Thickening of the gallbladder walls in a patient with MASLD cirrhosis and portal hypertension.

' -11.63cm/s
-11.63cm/s
0.00
1.0

110.92cm/s

~ 35.43cm/s
10 0.68
3.1

Figure 6.
Hepatofugal flow in the portal vein in a patient with severe alcoholic hepatitis.
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R e O LT AT

Figure7.
Reduced portal vein velocity in a patient with decompensated cirrhosis and refractory ascites.

(Figure 7), as values of 18-20 cm/s are typically considered the threshold for normal
portal flow. However, the relationship between PHT and PVYV is non-linear, as numer-
ous factors influence PVV, such as the presence of collateral circulation or thrombosis
[30-32]. Moreover, portal vein flow can be reversed (hepatofugal), most often in
severely decompensated patients, and can be highly suggestive of acute-on-chronic
liver failure [33].

Evidence has shown that hepatic arterial vascular resistance or hepatic arterial
resistivity index (HARI) increases proportionally to the severity of PHT [34]. The
most validated threshold for HARI is 0.8, and an increase in HARI is correlated with a
more advanced liver disease [34-37] and post-transplantation outcomes [38].

Beyond assessing the liver parenchyma and vasculature, conventional
B-mode + Doppler US can provide additional hints about the severity of PHT.
Therefore, splenomegaly, congestion of the gallbladder or colonic walls, and collateral
circulation are all frequently encountered in patients with advanced liver disease and
PHT [24, 28].

3. Ultrasound-based elastography techniques

Liver disease and its complications, including PHT, present significant challenges
in clinical management and prognosis. Traditionally, liver biopsy and other invasive
procedures (upper gastrointestinal endoscopy, HVPG measurement) have been
the gold standard for assessing the degree of liver fibrosis and portal hypertension.
However, their invasive nature, sampling variability, and potential complications
have led to the development of non-invasive alternatives, of which ultrasound-based
elastography techniques play a central role.

Ultrasound-based elastography utilizes the principle that the mechanical proper-
ties of liver tissue change with fibrosis and congestion, allowing for the estimation
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of liver stiffness. Transient elastography (TE), shear wave elastography (SWE), and
acoustic radiation force impulse (ARFI) imaging are among the most widely studied
techniques in this realm and are becoming increasingly available to clinicians across
the world. These methods offer several advantages over biopsy, including non-inva-
siveness, repeatability, and real-time assessment. They provide quantitative measures
of liver stiffness, which correlate well with histological fibrosis stages and portal
pressure in liver disease [11, 20, 21, 39].

Chronic liver disease (CLD) encompasses a spectrum of pathological changes,
ranging from mild fibrosis to advanced cirrhosis. The advent of elastography in
clinical practice has revolutionized the early identification of patients with untreated
or active CLD who are at risk of developing clinically significant portal hyperten-
sion (CSPH) and subsequent decompensation leading to liver-related mortality. To
capture this continuum of disease severity, the term “compensated advanced chronic
liver disease (cACLD)” has been introduced [40], aiming to stratify patients based on
liver stiffness measurement (LSM), irrespective of histological staging. The following
paragraphs summarize the most recent Baveno VII recommendations regarding the
use of elastography in assessing fibrosis and the probability of CSPH in clinical prac-
tice [20]. While most of the recommendations rely on transient elastography (TE), as
it is the older technique and has significantly more validation, all LSM methods have
shown a high reliability [41-43] and have been incorporated, albeit cautiously, in the
recent guidelines [20, 21].

Defining cACLD relies on LSM values conventionally obtained through TE. Values
below 10 kPa, without other clinical or imaging signs, rule out cACLD, while values
between 10 and 15 kPa suggest its presence, and values exceeding 15 kPa highly
indicate cACLD. Notably, patients with an LSM <10 kPa have a minimal 3-year risk
of decompensation and liver-related death [44]. Monitoring individuals with LSM
values between 7 and 10 kPa, alongside ongoing liver injury, is crucial for detecting
progression to cACLD. However, TE may yield false positives, necessitating repeat
LSM under fasting conditions or supplementing with serum markers of fibrosis [45].

In cACLD, LSM serves as a prognostic indicator both at the index investigation
and during follow-up. The “rule of 5” for LSM by TE (10-15-20-25 kPa) delineates
escalating relative risks of decompensation and liver-related death across varying
LSM thresholds, independent of the underlying etiology of CLD (Table 2) [20], and
has been widely validate following the publication of the Baveno VII position paper
[46, 47].

Regular LSM monitoring, ideally every 12 months, allows for early detection of
significant changes in liver stiffness. A clinically significant decrease in LSM, defined
as a reduction of >20% associated with LSM <20 kPa or any decrease to <10 kPa,
signifies substantially reduced risks of decompensation and liver-related mortality,
indicating a favorable response to therapy.

The diagnosis of CSPH, while traditionally HVPG-driven, has seen a shift toward
non-invasive methods in clinical practice. In patients with cACLD, a combination of
LSM by TE and platelet count offers a reliable means of CSPH exclusion when LSM
<15 kPa and platelet count >150x10%/L, with sensitivity and negative predictive value
exceeding 90%. For patients with virus- and/or alcohol-related cACLD or non-obese
(body mass index (BMI) <30 kg/mz) non-alcoholic steatohepatitis (NASH)-related
cACLD, an LSM value by TE of >25 kPa serves as a significant indicator of CSPH
presence, with specificity and positive predictive value exceeding 90%. This delin-
eates a subgroup at a higher risk of decompensation and necessitates closer monitor-
ing [39, 48, 49].
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Liver Stiffness Interpretation Additional Notes Clinical Action or
(kPa) Assumption
<5 Normal Exclude cACLD
>5-<10 Borderline/Unclear May consider further
assessment
>10 Possible cACLD Begin considering cACLD
>15 Likely clinically Platelets >150 — Exclude CSPH Consider avoiding endoscopy
significant per Baveno VI
>20 High suspicion of Assume cACLD
cACLD
>25 Very high (suggests Common in HCV, HBV, ALD, Assume CSPH
CSPH) non-obese MASLD

cACLD - compensated advanced chronic liver disease; CSPH — clinically significant portal hypertension; HCV
— hepatitis C virus; HBV — hepatitis B virus; ALD — alcohol-related liver disease; MASLD — metabolic dysfunction-
associated steatotic liver disease.

Table 2.
The “rule-of-five” criteria for predicting clinically significant portal hypertension according to the Baveno VII
consensus [20].

In those with cACLD and LSM <25 kPa, the ANTICIPATE model offers a predic-
tive tool for CSPH risk stratification. Notably, patients falling within LSM ranges of
20-25 kPa or 15-20 kPa, coupled with specific platelet count thresholds, exhibit a
CSPH risk exceeding 60% [39]. Furthermore, in patients with NASH-related cACLD,
the ANTICIPATE-NASH model integrating LSM, platelet count, and BMI holds
promise for CSPH risk prediction, pending further validation [50].

Compensated cirrhotic patients ineligible for non-selective beta-blockers (NSBBs)
due to contraindication or intolerance necessitate variceal screening via endoscopy
if LSM by TE exceeds 20 kPa or platelet count falls below 150x10°/L. Alternatively,
annual TE and platelet count monitoring can identify candidates warranting endo-
scopic evaluation based on LSM or platelet count changes [20].

Spleen stiffness measurement (SSM) by TE holds promise for CSPH assessment in
cACLD stemming from viral hepatitis, with specific cut-offs indicating CSPH exclu-
sion (<21 kPa) or inclusion (>50 kPa). However, validation using a 100 Hz specific
TE probe, point-shear wave elastography, and 2D-shear wave elastography is war-
ranted. Moreover, for non-NSBB candidates requiring endoscopic assessment based
on Baveno VI criteria, SSM <40 kPa by TE can identify those at low risk of high-risk
varices, obviating the need for endoscopy [51].

In contrast to TE, SWE poses additional standardization issues, primarily regard-
ing the heterogeneity of the authorized devices and software. To this point, there
have been multiple attempts to harmonize the data and provide cut-offs with similar
reliability to TE, prompting their inclusion in the most recent Baveno recommenda-
tions [52-55]. A large-scale prospective study evaluated the diagnostic performance
of three shear wave elastography (SWE) techniques—Philips ElastPQ, Siemens
Virtual Touch Quantification (VTQ ), and transient elastography (TE)—in 160
patients with chronic liver disease undergoing the same-day liver biopsy [55]. Each
modality measured liver stiffness, and the results were compared with histological
fibrosis staging. ElastPQ and TE demonstrated good diagnostic accuracy, while VTQ
showed lower performance. The area under the receiver operating characteristic
curve (AUROC) values for detecting significant fibrosis and cirrhosis were highest
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for TE, followed closely by ElastPQ. Left-lobe measurements were less reliable across
techniques. Although the correlation between SWE results and fibrosis was signifi-
cant, discrepancies persisted due to biopsy limitations, including sampling variability
and anatomical mismatch. Despite these, SWE captured a broader tissue context than
biopsy, explaining some discordances. The study advocates incorporating SWE into
liver disease management and supports the recently proposed “rule of five” and “rule
of four” stiffness thresholds for fibrosis staging. This research represents the first
direct comparison of three SWE technologies with biopsy verification on the same
day, providing critical insights into the real-world utility of these non-invasive tools.
The proposed cut-off values are represented in Table 3.

While US-based elastography techniques have revolutionized non-invasive liver
fibrosis assessment, they possess several limitations that might hinder their diagnostic
utility in specific scenarios. A major challenge is the significant inter- and intra-oper-
ator variability, particularly in patients with high body mass index, ascites, or narrow
intercostal spaces, which can impair acoustic penetration and reduce measurement
reliability. Additionally, elastography measurements are susceptible to confounding
factors such as hepatic inflammation, cholestasis, congestion, and food intake, all of

Fibrosisstage  Diagnostic performance ELASTPQ TE VvTQ
Fo/1 Cut-off kPa 7.38 8.10 89
AUC 0.828 (0.762-0.895) 0.810 0.741 (0.659-0.823)
(0.746-0.884)
SE 0.79 0.75 0.80
SP 0.79 0.75 0.64
PPV 0.80 0.77 0.70
NPV 0.79 0.73 0.75
F3/4 Cut-off kPa 8.32 9.70 10.88
AUC 0.812 0.841(0.771-0.910)  0.782 (0.702-0.861)
(0.734-0.889)
SE 0.76 0.79 0.76
SP 0.71 0.75 0.72
PPV 0.97 0.91 0.89
NPV 0.35 0.54 0.52
F4 Cut-off kPa 10.41 16.50 1247
AUC 0.856 (0.753-0.938) 0.939 0.826 (0.734-0.918)
(0.896-0.982)
SE 0.83 0.91 0.69
SP 0.73 0.88 0.78
PPV 0.95 0.98 0.95
NPV 0.40 0.57 0.57

AUC - area under the curve; SE — sensitivity; SP — specificity; PPV — positive predictive value; NPV — negative
predictive value.

Table 3.
Diagnostic performance of ElastPQ, transient elastography and VTQ for hepatic fibrosis stage in different
etiologies according to the dataset veported by Atzori et al. [55].
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which can transiently increase liver stiffness independently of fibrosis. This can lead
to false positives, particularly in acute hepatitis or heart failure. Moreover, discrepan-
cies between different devices and lack of standardization across vendors result in
poor cross-platform reproducibility, limiting longitudinal monitoring unless the same
equipment is used. Sampling variability and heterogeneity in liver stiffness across
different lobes further compound diagnostic uncertainty. Furthermore, elastography
provides a global assessment of stiffness, which may not reflect localized fibrosis
patterns captured by biopsy. While elastography is valuable for fibrosis staging and
treatment monitoring, its results must be interpreted in conjunction with clinical
context and biochemical data to avoid diagnostic pitfalls [56].

4. Contrast-enhanced ultrasonography

Cirrhosis and portal hypertension represent significant challenges in clinical
practice, often necessitating accurate and timely diagnostic techniques for optimal
management. Contrast-enhanced ultrasonography (CEUS) emerged as a promising
modality in this landscape, offering distinct advantages over conventional ultrasound.
By leveraging microbubble contrast agents, CEUS enhances vascular delineation,
enabling real-time assessment of hepatic perfusion, portal hemodynamics, and liver
nodule characterization with exceptional spatial and temporal resolution [14]. This
capability holds particular relevance in cirrhosis, where traditional imaging modali-
ties may encounter limitations due to parenchymal distortion and altered hepatic
vasculature. In portal hypertension, CEUS facilitates the non-invasive evaluation of
portosystemic collaterals, aiding in the stratification of bleeding risk and informing
therapeutic decisions. Moreover, CEUS stands out for its safety profile, devoid of
nephrotoxicity or ionizing radiation, making it well-suited for repeated examinations
and vulnerable patient populations [57, 58]. Beyond diagnostic utility, CEUS dem-
onstrates promise in prognostication, with emerging evidence correlating perfusion
patterns obtained through CEUS with disease severity and clinical outcomes in cir-
rhotic patients [59, 60]. Furthermore, its versatility extends to therapeutic monitor-
ing, enabling dynamic assessment of the treatment response [16] and early detection
of complications such as portal vein thrombosis [15]. Despite these advancements,
challenges remain, including standardization of imaging protocols and operator pro-
ficiency, necessitating ongoing research and collaborative efforts to fully realize the
potential of CEUS in cirrhosis and portal hypertension. Nevertheless, the burgeoning
body of evidence underscores the indispensable role of CEUS as a valuable adjunct to
conventional imaging modalities, offering a non-invasive, safe, and clinically relevant
approach to the comprehensive assessment of hepatic vascular dynamics in this
complex patient population.

Portal vein thrombosis (PVT) poses a significant clinical challenge, complicating
the management of cirrhosis, malignancy, and other hepatobiliary disorders. In this
context, CEUS is a valuable tool for evaluating PVT, offering distinct advantages over
traditional imaging modalities. By leveraging microbubble contrast agents, CEUS
provides real-time assessment of vascular flow dynamics, allowing for the accurate
detection and characterization of thrombotic occlusions within the portal vein system
(Figure 8). Unlike conventional ultrasound, which may struggle to differentiate
between bland thrombi and recanalized vessels, CEUS offers enhanced sensitivity
and specificity, enabling precise delineation of thrombus extent and characterization
of its composition, as well as an accurate distinction between benign and malignant
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Figure 8.
Complete non-enhancement of the portal vein trunk (yellow markings) in a patient with non-cirrhotic portal
vein thrombosis due to severe cholangitis.

PVT [61, 62]. Moreover, CEUS facilitates the assessment of collateral circulation and
the identification of compensatory vascular pathways, which are crucial determinants
of clinical management and prognostication in patients with PVT [63]. Through
dynamic imaging, CEUS enables the visualization of portal blood flow patterns,
including the presence of cavernous transformation (Figure 9) and portosystemic
shunting, which carry important implications for therapeutic decision-making and
risk stratification. Additionally, CEUS can aid in the differentiation between acute
and chronic thrombotic events, guiding the timing and intensity of anticoagulation
therapy in affected individuals. Furthermore, CEUS plays a pivotal role in the longi-
tudinal monitoring of PVT, offering the ability to track thrombus resolution, assess
treatment response, and detect potential complications such as portal hypertension
and risk for variceal bleeding [64]. Its non-invasive nature and excellent safety profile
make CEUS particularly well-suited for repeated examinations, facilitating close
surveillance in high-risk patient populations.

In the context of cirrhosis, the presence of liver nodules poses a diagnostic
dilemma, as distinguishing between benign regenerative nodules and hepatocellular
carcinoma (HCC) is crucial for clinical management and prognosis. In this setting,
CEUS is a useful adjunct to conventional imaging modalities, offering unique advan-
tages in the characterization of liver nodules and potentalliy sparing further down-
stream costly investigations. Unlike conventional ultrasound, which may struggle to
differentiate between nodular lesions due to inherent limitations in tissue contrast,
CEUS leverages microbubble contrast agents to enhance vascular delineation and tis-
sue perfusion, enabling real-time assessment of nodule vascularity and enhancement
patterns. Through dynamic imaging, CEUS allows for the characterization of arterial-
phase hyperenhancement, washout kinetics, and capsule appearance, which are key
features in the diagnostic algorithm for HCC (Figure 10). Moreover, CEUS provides
superior spatial and temporal resolution compared to computed tomography (CT)
and magnetic resonance imaging (MRI), particularly in patients with compromised
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Figure 9.

Contrast-enhanced study of a patient with chronic portal vein thrombosis and cavernoma, revealing the central
non-enhancing portal vein lumen and the peripheral hyperenhancement of the portal tract, corresponding to the
cavernomatous venous transformation.

renal function or contraindications to iodinated contrast agents or gadolinium-based
contrast agents [13].

Additionally, CEUS offers the advantage of real-time imaging, enabling immedi-
ate feedback during the procedure and facilitating targeted biopsy guidance, thus
improving diagnostic accuracy and reducing the need for unnecessary invasive proce-
dures. Its excellent safety profile, absence of ionizing radiation, and cost-effectiveness
further contribute to its utility in the evaluation of liver nodules in cirrhosis. In the
landscape of liver nodules within cirrhotic livers, the Liver Imaging Reporting and
Data System (LiRADS) serves as a standardized framework for categorizing lesions,
guiding clinical management decisions, and predicting malignancy risk [13, 65].
Within this framework, contrast-enhanced ultrasonography (CEUS) plays a pivotal
role in the characterization and risk stratification of liver nodules, particularly in
cases where other imaging modalities may yield equivocal results. Moreover, CEUS
facilitates the visualization of ancillary features such as capsule appearance, rim
enhancement, and threshold growth, which further inform lesion categorization
within the LIRADS system (Table 4).

While CEUS LiRADS offers a structured approach to characterizing liver lesions
in patients at risk of HCG, it carries notable limitations and potential biases. One
primary limitation lies in its dependency on operator skill and image quality, which
may lead to variability in lesion detection and interpretation [66]. Unlike CT or MRI,
CEUS is more susceptible to suboptimal acoustic windows, particularly in obese
patients or those with deeply located lesions. Furthermore, CEUS has limited abil-
ity to evaluate the entire liver comprehensively in a single examination, increasing
the risk of missing multifocal or small lesions. Another challenge is the overlap in
enhancement patterns between HCC and non-HCC malignancies, which can result in
misclassification, particularly in the CEUS LR-M category. This is compounded by a
lack of universally accepted thresholds for some imaging features, such as “mild” vs.
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Figure 10.

Contrast-enhanced study of a hyperechoic liver nodule in a cirrhotic liver. The first image veveals an arterial-
phase hyperenhancement of the nodule, while the image below reveals a late and mild washout 3 minutes after
contrast injection. The perfusion of the nodule corresponds to LIRADS 5, suggesting a definite hepatocellular
carcinoma diagnosis.

“marked” washout. Additionally, publication and selection biases may exist in valida-
tion studies, where high-quality CEUS exams in specialized centers may not reflect
routine clinical practice. As such, while CEUS LiRADS provides valuable diagnostic
guidance, it should be applied with an understanding of its inherent limitations and
always interpreted in the context of clinical and laboratory findings [67].
Incorporating CEUS into the LiRADS algorithm enhances the accuracy and
reliability of lesion characterization, ultimately improving patient outcomes through
timely and appropriate management strategies. Despite ongoing challenges in stan-
dardizing imaging protocols and operator training, the integration of CEUS within
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Category Description Criteria
CEUSLR-1  Definitely benign Cyst; hemangioma; hepatic fat deposition/sparing
CEUSLR-2  Probably benign Distinct isoenhancing solid nodule <10 mm; If isoenhancing nodule
>10 mm, then apply CEUS LR-3; non-mass-like isoenhancing observation
of any size not typical of hepatic fat deposition/sparing; CEUS LR-3
nodules with size stability for >2 years
CEUSLR-3 Intermediate Nodule <20 mm with no APHE and no washout, or with late and mild
malignancy washout; nodule >20 mm with no APHE and no washout; nodule <10 mm
probability with APHE and no washout
CEUSLR-4  Probably HCC Nodule >20 mm with no APHE and with late and mild washout; nodule
<10 mm with APHE and with late and mild washout; nodule >10 mm with
APHE and no washout
CEUSLR-5  Definitely HCC Nodule >10 mm with APHE and with late and mild washout
CEUSLR-M  Probably or Rim (non-peripheral discontinuous globular) APHE; early (< 60 s)
definitely washout; marked washout
malignant, not HCC
specific
CEUS Tumor in vein Unequivocal enhancing soft tissue in vein, regardless of visualization of a
LRTIV parenchymal mass; Early visualization of intravenous contrast in the vein
(approx. Same time as hepatic artery opacification) favors tumor in vein;
Late visualization of intravenous contrast in the vein (approx. 10 seconds
after hepatic artery opacification) favors portal flow in a patent non-
occlusive or recanalized bland thrombus
CEUS Non-categorizable Cannot be categorized due to image degradation or omission
LR-NC

APHE — arterial phase hyperenhancement; HCC — hepatocellular carcinoma.

Table 4.

The CEUS LiRADS classification system, adapted after [13].

the LiRADS framework represents a significant advancement in the comprehensive
evaluation of liver nodules in cirrhotic patients, offering clinicians a valuable tool for
optimizing diagnostic accuracy and therapeutic decision-making.

5. Multiparametric ultrasonography in specific scenarios

5.1 Transjugular intrahepatic portosystemic shunts

Multiparametric ultrasonography plays a crucial role in the surveillance of transjugu-
lar intrahepatic portosystemic shunts (TIPS), offering a non-invasive and comprehensive
assessment of shunt patency and function. By integrating various ultrasound parameters
from grayscale imaging to Doppler flow measurements and contrast-enhanced tech-
niques, MPUS provides valuable information regarding intra-shunt velocity, direction,
and morphology. Doppler ultrasound enables real-time evaluation of blood flow within
the shunt and adjacent vessels, aiding in the detection of stenosis, thrombosis, or shunt
dysfunction. Grayscale imaging allows for the visualization of shunt position and integ-
rity, identifying any structural abnormalities or signs of shunt malfunction. Additionally,
contrast-enhanced ultrasound enhances the assessment of shunt perfusion and identifies
perfusion defects or areas of altered flow dynamics.
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There have been multiple attempts to standardize the US evaluation of patients with
TIPS, with the ultimate aim to reliably detect shunt dysfunction by circumventing the
invasive hemodynamic assessment. While the diagnosis of stent thrombosis (Figure 11),
occlusion, and stenosis are reliably identified, with a diagnostic accuracy exceeding 90%
[68], the more subtle changes associated with an increase in portal pressure gradients
(PPG) leading to TIPS dysfunction while the shunt is still fully permeable have yet to
be adequately standardized [69]. In a seminal review written by Martin Réssle, one of
the pioneers of TIPS, in 2013 [69] and recently updated [70], the author has proposed a

Figure 11.

C(;gntmst—enhanced study of a patient with civrhosis and inadequate control of ascites following transjugular
intrahepatic portosystemic shunt (TIPS) placement. The first image reveals a complete filling defect within the
stent, with no enhancement during the portal phase. The image below was acquired following TIPS revision and
angioplasty, confirming shunt patency.
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Patent TIPS TIPS dysfunction
Portal vein 40 <30
Velocity (cm/s) Hepatofugal Hepatopetal
Intrahepatic flow
Stent 110 <50 or > 180
Velocity (cm/s) 8-10 <8
Caliber (mm)
Hepatic veins > 180

Velocity (cm/s)

Table 5.
Proposed criteria for transjugular intrahepatic portosystemic shunt dysfunction, adapted after Rossle [69].

multimodal approach for the detection of TIPS dysfunction, incorporating clinical ele-
ments (control of ascites, recurrence of PHT-related bleeding), grayscale US assessment
and Doppler-based variables such as portal vein velocity (PVV), intrahepatic portal flow
directionality, and peak in-stent velocity (Table 5).

Recent evidence has shown that CEUS can be used as a complementary method to
Doppler US assessment of patients with TIPS, significantly increasing the diagnostic
yield for TIPS dysfunction while sparing additional sectional imaging investiga-
tions [18, 71]. Thus, the patients can be referred to a hemodynamic revision quicker,
without the additional (material and ionizing radiation) cost of a contrast-enhanced
computed tomography, following a routine US follow-up.

Through its multifaceted approach, multiparametric ultrasonography facilitates
early detection of complications, guides clinical decision-making, and optimizes
patient management strategies in TIPS surveillance. Its non-invasive nature and abil-
ity to provide real-time, detailed information make it an invaluable tool in ensuring
the long-term efficacy and safety of TIPS procedures.

However, US still poses some significant limitations. As shown in one of our
recently published articles, Doppler parameters like PVV and its dynamics (APVV)
offer only moderate diagnostic accuracy (AUROC up to 0.78) for detecting hemo-
dynamic dysfunction (PPG >12 mmHg). Many patients with normal ultrasound
findings still had elevated PPG on invasive testing, highlighting ultrasound’s limited
sensitivity, especially for clinically silent dysfunction. Variability due to patient
anatomy, ascites, and operator experience further restricts reliability. Therefore,
ultrasound is useful for screening but insufficient to replace systematic hemodynamic
evaluation post-TIPS placement [72]. Table 6 summarizes the diagnostic performance
of different cut-offs and variables for detecting TIPS dysfunction.

5.2 Liver transplantation

MPUS plays an essential role in post-liver transplantation (LT) follow-up as it can
reliably detect most potential complications. Grayscale US can reveal perihepatic
hematomas in the early post-LT period, reactive perihilar lymph nodes, and periportal
edema. Depending on the type of biliary anastomosis, the common bile duct should
not be dilated, or pneumobilia can be normal in hepato-jejunal anastomosis [73]. The
Doppler US assessment of the transplanted liver should resemble the examination of
anormal liver and should include measures of portal vein velocity, hepatic arterial
resistivity index, and hepatic outflow evaluation.
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Vascular complications

Hepatic artery * Early hepatic artery thrombosis (high mortality)

60% of complications ¢ Delayed thrombosis: stenosis, chronic rejection, sepsis
e Stenosis
* Pseudoaneurysms

Portal vein Thrombosis: signs of portal hypertension

1-2% of complications

Hepatic outflow
<1% of complications

Budd-Chiari syndrome

Biliary complications
35% of complications

Biliary leaks * Most common in end-to-end anastomosis, it leads to the forma-
Biliary strictures tion of perihepatic bilomas

* Non-anastomotic: ischemia, rejection, infection

* Anastomotic
Gallstone disease * Positive findings of choledocholithiasis

Other biliary complications 0Oddi dysfunction

Recurrence of primary sclerosing cholangitis

Focal liver lesions

Hepatocellular carcinoma Recurrent or de novo, can be diagnosed using LiRADS criteria

Post-transplantation Hypoechoic lesions or diffuse infiltrations due to unregulated

lymphoproliferative disorder lymphoid expansion secondary to immunosuppression
Benign focal lesions e Infarction

* Abcess

* Biloma

Table 7.
The most frequent post-liver transplantation complications, adapted after O’Brien et al. [74].

The essential aspect of post-LT follow-up is, however, the prompt recognition of
complications. In the setting of LT, complications can arise at any level, involving
all vascular structures, the biliary tree, the occurrence of post-LT liver nodules or
other parenchymal lesions or perihepatic anomalies [74]. The most common post-LT
complications are summarized in Table 7.

6. Conclusion

In conclusion, multiparametric ultrasonography stands as a pivotal tool in the
comprehensive assessment of patients with advanced liver disease and portal hyper-
tension. Its non-invasive nature, versatility, and ability to provide a multifaceted
evaluation make it indispensable in clinical practice. From assessing liver parenchyma
to detecting complications like portal hypertension and its associated sequelae, multi-
parametric ultrasonography offers valuable insights guiding timely interventions and
management strategies. As technology advances and techniques refine, its role is set
to expand further, promising improved patient outcomes and enhanced diagnostic
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accuracy. Embracing multiparametric ultrasonography is pivotal in navigating the
complexities of liver disease management in modern medicine.
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Abstract

The prevalence of liver diseases is increasing globally, positioning these conditions
as having the third highest mortality rate. Contrast-enhanced ultrasound (CEUS)
is an advanced medical imaging technique used to detect and characterize focal
liver lesions. CEUS offers several advantages, including shorter investigation times,
real-time results, cost-effectiveness, and high accuracy. This chapter aims to sum-
marize and highlight key approaches in the latest computer-assisted diagnosis
systems specifically focused on CEUS-based FLL diagnosis using Al principles. The
discussion covers various image analysis tasks within the CEUS context, such as
pre-processing, detection, segmentation, tracking, feature extraction, and classifica-
tion. Additionally, this work outlines the existing challenges and potential trends in
applying AI to medical CEUS image analysis.

Keywords: contrast-enhanced ultrasound, CEUS, focal liver lesions, machine learning,
deep neural networks

1. Introduction

In our increasingly technological world, the medical field stands out as one with
tremendous potential for advancement. The synergy between human expertise and
artificial intelligence is driving innovation within healthcare.

Over the past few decades, various medical imaging techniques, including com-
puted tomography (CT), magnetic resonance imaging (MRI), ultrasound, positron
emission tomography (PET), mammography, and X-ray, have played pivotal roles in
the early detection, diagnosis, and treatment of diseases. Although human experts
have traditionally been responsible for interpreting and analyzing medical images in
clinical situations, the emergence of computer-aided diagnosis (CAD) has started to
change this paradigm.
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The development of CAD tools, particularly those that aid in the evaluation of
focal liver lesions (FLL), is of paramount importance, considering that liver cancer
ranks as the fifth most common form of cancer worldwide and is second in mortal-
ity rate. In liver medical imaging, physicians typically rely on visual assessment
to detect, characterize, and monitor diseases. However, such assessments, based
on individual expertise and experience, can sometimes be subjective and prone to
inaccuracies.

Artificial intelligence (AI) offers a promising alternative by enabling quantitative
assessments through automated recognition of imaging information. By replacing
qualitative reasoning with automated analysis, Al has the potential to help physicians
make more precise imaging diagnoses, while significantly reducing their workload.

The CEUS investigation offers several advantages. Firstly, its short investiga-
tion time, typically only a few minutes, makes it a convenient option. Secondly, it
provides real-time imaging, allowing for detailed visualization of lesion vascularity.
Additionally, CEUS is less invasive and cost-effective compared to contrast-enhanced
CT and MRI for diagnosing liver lesions. In addition, it has high specificity and
accuracy to detect or exclude metastatic disease.

Due to its non-invasive nature, time efficiency, and affordability, CEUS inves-
tigation has become widely utilized across various pathologies. These include liver
lesions [1], thyroid nodules [2, 3], prostate cancer [4, 5], rectal cancer [6, 7], breast
cancer [8, 9], as well as kidney cystic lesions or tumors [10, 11]. While different
methods can be employed to diagnose these pathologies from CEUS imaging, only
a few approaches, particularly in some pathologies, take advantage of deep neural
networks (DNN) and their associated learning paradigm, deep learning (DL).

The CEUS protocol commences with the intravenous administration of a specific
contrast-enhancing agent, typically microbubbles of gas. This results in the creation
of numerous small yet highly echogenic surfaces [12]. Illustrated in Figure 1 are the
dynamics of the investigative process, including some associated time intervals:

* The arterial phase initiates 10-20 seconds after the injection of the contrast agent
and concludes approximately 25-35 seconds post-injection.

Image
Intensity

| Arterial Portal/Venous Late
phase phase phase

=4

253035

Y

101520

Time after injection [s]

Figure 1.
CEUS investigation times accovding to the phase.
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* The portal/venous phase spans from 30 to 120 seconds.
¢ Finally, the late phase encompasses times beyond 120 seconds.

To conclude the introduction, we may state that the aim in this context is to develop
a computer-aided diagnosis system for FLL from CEUS data. Such systems could be of
real help to practitioners and also fill an existing gap in commercially available medical
investigation equipment. In the following, we will present state-of-the-art solutions
which address every necessary step in the development of such a system.

2. Dataset

The collection of medical data represents one of the most problematic aspects
in the effort to create a CAD system. This is due to the tedious acquisition process,
data preprocessing, for example, ROI identification, difficulties in labelling/diagnos-
ing large and heterogenous amount of medical data, and the lack of public datasets
availability.

To our best knowledge, there is only one publicly available dataset with CEUS inves-
tigations, in which only three types of liver lesions are present: the SYSU-CEUS dataset
[13, 14] comprises the next types of FLLs: 186 instances of hepatocellular carcinoma
(HCC), 109 instances of hemangioma (HEM), and 58 instances of focal nodular hyper-
plasia (FNH), totaling 186 malignant instances and 167 benign instances. These data
were collected from the First Affiliated Hospital, Sun Yat-sen University. The imaging
equipment used for data acquisition was the Toshiba Medical System Aplio SSA-770A.
All instances in the dataset have a resolution of 768 x 576 pixels and were obtained from
different patients, resulting in substantial variations in the appearance and enhancement
patterns of the FLLs, including differences in sizes, contrasts, shapes, and locations.
Sample images from the SYSU-dataset are depicted in Figure 2.

Among some existing private datasets, we could mention UMFT acquired by the
Department of Gastroenterology and Hepatology at the “Victor Babes” University of
Medicine and Pharmacy in Timisoara, Romania. In this case, all examinations were
performed using an Acuson S2000 ultrasound machine manufactured by Siemens
(Berlin, Germany). A total of 91 patients were selected for this study. During the
examination process, the ultrasound probe is intermittently lifted from contact
with the patient to prevent the dissipation of echogenic gas bubbles injected for the
procedure. The dataset consists of a total of 273 processed video files, covering five
types of liver lesions. The distribution of patients in different categories of lesions is
presented in Table 1.

For each video file, the ROIs were manually identified and labeled by experienced
physicians, classified as Level II (advanced) and Level III (expert) operators accord-
ing to the Romanian Society of Ultrasound in Medicine and Biology classification.
All examinations adhered to the standard protocol outlined in the 2012 European
Federation of Societies for Ultrasound in Medicine and Biology (EFSUMB) guidelines
for contrast-enhanced ultrasound (CEUS). Additionally, contrast-enhanced CT, MRI,
or histology data were available for each case to confirm the final diagnosis.

A total of 50 samples were selected from each phase of the investigation, result-
ing in approximately 150 ROI images per patient. Sampling during the arterial phase
occurred when echogenicity began to increase. In total, 12,119 images were acquired,
with varying sizes.
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Figure 2.
Images from the SYSU-dataset showing different types of liver lesions.

FLL No. of patients
FNH 16
HCC 30
HMG 23
HYPERM 11
HYPOM 11
Total: 91
Table 1.

The UMFT dataset: number of patients for each FLL type.

Samples from this dataset can be examined in Figure 3.

3. Detecting and tracking algorithms in CEUS videos

The detection step is crucial in the automated labelling of CEUS data. A possible
approach to this field is described in [15], where the authors are using optical flow to
detect areas of pixels with consistent illumination and coherent movement. Optical
flow algorithms indeed assume that pixel color and intensity remain relatively con-
stant between consecutive frames, allowing them to track motion accurately. To apply
optical flow for lesion detection, the following steps should be taken into account:
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Figure 3.
CEUS representative ROIs from different phases—arterial, portal, late—sampled at 10 frame differences: (a)
FNH; (b) HCC; (¢) HMG; (d) HYPERM; (e) HYPOM.
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* Preprocessing: preprocess image frames to enhance features relevant to lesion
detection, such as contrast enhancement or noise reduction.

* Optical flow computation: apply an optical flow algorithm to calculate the motion
vectors of pixels between consecutive frames. Common optical flow algorithms
include Lucas-Kanade, Horn-Schunck, or more modern deep learning-based
methods.

* Motion analysis: analyze the computed motion vectors to identify areas where
pixels exhibit coherent movement in the same direction. This can be achieved
by clustering or thresholding the motion vectors to group together pixels with
similar motion.

* Lesion detection: define criteria for identifying lesions based on the results of the
motion analysis. For example, you could look for regions with a high concen-
tration of pixels exhibiting abnormal motion characteristics compared to the
surrounding areas.

* Validation and refinement: validate the detected lesions and refine the detection
algorithm as necessary. This may involve manual inspection of detected lesions
to confirm their accuracy and adjusting parameters or algorithms to improve
detection performance.

o Integration with clinical workflow: integrate the lesion detection algorithm into
the clinical workflow, ensuring seamless integration with existing diagnostic
processes and tools.

The effectiveness of lesion detection using optical flow depended on various fac-
tors such as image quality, motion characteristics, and the specific properties of the
lesions was also estimated. Some intermediary steps of this process are presented in
Figure 4.

Next to detection, comes the tracking phase. In [16], the authors use the optical
flow algorithm to initialize the tracking phase. They investigate the performance of
various tracking algorithms to efficiently generate training images, in the context of

Figure 4.
Detection stages. (a) Velocity vectors. (b) Binarigation. (c¢) ROI extraction.
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Average IoU performance of the tracking algorithms.

contrast-enhanced ultrasound imaging. The aim is to automate the process of gener-
ating training datasets, which can then be used to train deep neural network (DNN)
models for the classification of focal liver lesions in CEUS recordings. Investigating
tracking algorithms to automate the labelling and extraction of Regions of Interest
(ROIs) from video files is a crucial step in streamlining the process of developing
computer-aided diagnosis systems. It is indeed labor-intensive to manually label
entire video files, making automation highly desirable. Leveraging tracking algo-
rithms can significantly alleviate this burden, particularly when dealing with CEUS
images characterized by speckle noise and low contrast.

It has been concluded that the Kernelized Correlation Filter (KCF) tracking algo-
rithm outperforms other solutions in terms of quality (76% intersection over union)
while maintaining a short runtime (377 frames per second) [16]. This indicates its
potential for effectively and efficiently tracking lesions in CEUS images. In Figure 5,
one can see the results for the average IoU performance of the tracking algorithms
that were tested.

4. The temporal approach

In an early work, the authors of [17] investigate temporal features extracted
from contrast-enhanced ultrasound video frames to identify discriminative param-
eters to be used in developing a computer-aided diagnosis system for focal liver
lesions. The aim of the system is to enable safe, inexpensive, early, and widely acces-
sible detection of hepatic diseases. In this study, the improvement was achieved by
introducing a robust fitting procedure and defining/selecting temporal descriptors.
The focus was on the arterial phase (15-30 seconds post-injection) from CEUS
investigation. The study characterizes the hemodynamic behavior for hepatocellular
carcinoma, hemangioma, focal nodular hyperplasia, and hypervascular metastasis.
In the proposed approach, CEUS video frames were evaluated by experienced
physicians and categorized based on histology, biopsy, or contrast-enhanced CT/
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Figure 6.
Results of the intensity curve adjustment using the proposed model of [17].

MR imaging. A database comprising 37 cases of various FLL types was created.
Subsequently, the arterial phase of the videos was analyzed, involving manual ROI
localization and intensity calculation. Signal smoothing techniques were applied to
minimize noise and motion effects, with alternative solutions proposed for robust
fitting (the LAR LM parametric fitting rational regression model). The results can
be seen in Figure 6.

Feature extraction was then performed, selecting significant temporal
descriptors based on interclass and intraclass standard deviations. The top five
descriptors (rise time, settling times, and peak time) were chosen for further analysis.
Next, SVM was used to classify the feature vectors into one of the four predefined
classes. The experimental outcomes showed the following classification accuracies:
37% for hepatocellular carcinoma, 82% for hemangioma, 65% for focal nodular
hyperplasia, and 72% for hypervascular metastasis, with an overall classification
rate of 64%.

5. The spatial approach

The CAD system proposed in one of our early works [18] adopts a different
approach compared to existing methods by not relying on hand-crafted features;
instead, it utilizes a variant of the Bag of Features (BoF) method. First, point selec-
tion is performed using a fixed 4 x 4 pixels grid, and multi-scale feature descriptors
are extracted from square blocks of sizes 32, 64, 96, and 128 pixels. The number of
clusters generated by K-means is set to k = 400. Next, the bag of visual words is used
to encode images into histograms of visual words. These histograms serve as positive
and negative samples to train a Support Vector Machine (SVM) multiclass classifier
using the error-correcting output codes (ECOC) approach. The block diagram of
the CAD system architecture is depicted in Figure 7, illustrating the flow of the
processing steps.

Three BoF-based classifiers are trained, one for each phase of CEUS. Classifiers
output prediction scores, which are converted to confidence scores. The fusion of
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Figure7.
CAD system architecture used in [18].

responses from the three classifiers can be done using either a soft-voting or a hard-
voting strategy:

* Soft-voting: the CAD system predicts the class label based on the argmax of
the sums of the predicted probabilities. This strategy is recommended for an
ensemble of well-calibrated classifiers.

* Hard-voting: class labels are predicted using majority-rule voting. This strategy
simplifies the decision-making process by selecting the class with the highest
number of votes.

This approach aims to provide a robust and automated solution to FLL classifica-
tion using CEUS images, leveraging the power of machine learning without relying
on manually crafted features. The soft voting fusion scheme provided the best results,
with an average accuracy of 64%.

Next, we seek to improve FLL diagnosis by harnessing the power of Deep Learning
[19] to analyze CEUS images and classify lesions with high accuracy. Compared to
existing approaches to that time, the novelty of this work was the use of 2D-DCNN
to implement an automated diagnosis system that discriminates between a broader
range of focal liver lesion types.

The dataset used contains 285 CEUS video sequences (from 95 patients) of five
types of lesions, provided by the Department of Gastroenterology and Hepatology,
‘Victor Babes’ University of Medicine and Pharmacy, Timisoara. The dataset also
includes Region of Interest (ROI) markings made by an expert radiologist, stored
in associated text files. Uniform sampling was conducted on these ROIs, extract-
ing 50 images per phase for each patient. To address noise and artifacts inherent in
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ultrasound images, the dataset underwent re-evaluation, resulting in a final set of
12,119 samples after removing inconsistent pictures.

The most successful model was a 12-layer 2D-DCNN trained with the ADAM opti-
miser over 50 epochs, employing a 32-batch size and input dimensions of 180 x 180
pixels. This model achieved an accuracy of 95.71% (averaged over 10 experiments)
when tested with 2423 images.

In our following work [19], custom DNN designs are compared with state-of-the-
art architectures, either pre-trained or trained from scratch. Our work improved and
broadened previous works in the field in several aspects:

* New evaluation procedure: a leave-one-patient-out (LOPO) evaluation proce-
dure is introduced, which is a more realistic evaluation method compared to
the standard training/validation/testing split. This approach ensures that the
evaluation is not biased by images from the same patient.

* Patient-orientated lesion diagnosis: different voting schemes are implemented
for patient-oriented lesion diagnosis, such as hard voting and soft voting, which
utilize predicted class labels or probabilities for decision-making.

* Utilization of modern DNN architectures: the study employs modern Deep
Neural Network (DNN) architectures available through Keras Applications.
These architectures come with pre-trained weights and are suitable for tasks such
as transfer learning, fine-tuning, or training from scratch. Special emphasis is
placed on TinyML/small-memory footprint models for potential deployment in
medical embedded systems.

Transfer learning is a powerful technique in deep learning, where features learnt
on one dataset, typically a large one like ImageNet, are applied to a new dataset with
fewer data for training. Although the images in ImageNet may not be related to medi-
cal images, models trained on this dataset can capture general image features such as
edges, textures, and shapes. This knowledge is then transferred to the new dataset,
improving the performance of the model in tasks such as classification. In practice,
transfer learning is implemented using pre-trained models, which are neural network
architectures trained on large datasets like ImageNet. These pre-trained models
are then fine-tuned on the new dataset to adapt their learnt features to the specific
characteristics of the new data.

Data augmentation techniques, such as randomly flipping each image horizontally,
rotating, and zooming by 10%, are applied to enhance the diversity of the training
data and improve the robustness of the model. The results of applying transfer learn-
ing, as described, are presented in Table 2.

In contrast to transfer learning, in the train-from-scratch approach, the feature
extraction layers’ weights are trained; this means that the weights are initialized
randomly and updated during training on the new dataset. The model learns the
features directly from the new dataset without relying on pre-trained knowledge.
This approach might be necessary when the new dataset significantly differs from the
dataset the pre-trained weights were trained on, or when the available pre-trained
models are not suitable for the task. The results for the modern DNNs trained from
scratch can be seen in Table 3.

The results obtained through the pre-trained/transfer learning approach showed
a top accuracy of 71%, as presented in Table 2. However, better results were achieved
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Model/patients 11FNH 11HCC 11HMG 11 MPER 11 MPO 55 patients

MobileNetV2 73 94 71 31 71 68

NASNetMobile 54 100 76 44 58 66

EfficientNetBO 85 94 70 33 54 68

DenseNet121 72 100 88 31 62 71

ResNet50 69 95 72 43 62 68
Table 2.

Average test accuracy [%]. Modern DNN, hard vote, 40 training epochs, and 20 early stopping patience, equal
number of examples per class.

Model/patients 16 FNH 30HCC 23HMG 11 MPER 11 MPO 91 patients

MobileNetV2 100 100 93 36 72 80

NASNetMobile 100 88 82 68 83 84

EfficientNetBO 81 100 90 74 63 82

DenseNet121 92 100 94 78 70 87

ResNet50 100 100 100 72 67 88
Table 3.

Average test accuracy [%]. Modern DNN, havd vote, 40 training epochs, and 20 early stopping patience,
unbalanced number of examples per class.

by training the model from scratch, albeit with longer training times (see Table 3).
Specifically, employing the DenseNet121 architecture led to a significant improve-
ment, achieving an average accuracy of 87%.

These results demonstrate that while transfer learning provides a good starting
point by leveraging pre-trained weights, train from scratch allows for better adapta-
tion to the specific characteristics of the new dataset, resulting in higher accuracy.
It is noteworthy that despite DenseNet121 being a smaller architecture compared to
others like ResNet or ResNetV2, it still achieved comparable results. For instance,
both ResNet and ResNetV2 architectures achieved an average test accuracy of 88%,
demonstrating the effectiveness of DenseNet121 in this context. Through a hard
voting classification scheme, the study achieved a top accuracy of 88% in auto-
matically diagnosing five types of FLLs, accounting for both intra- and inter-class
imagistic differences that impact diagnostic accuracy. Compared to similar CAD
systems, this deep learning-based method yields comparable or superior results
for an increased number of FLL types. Furthermore, a state-of-the-art compari-
son [20-25] (see Table 4) showcases the performance of other CAD systems. For
instance, Hassan et al. achieved a 97.2% accuracy in distinguishing cysts, heman-
giomas (HEM), and hepatocellular carcinomas (HCC), while Pan et al. achieved a
93.1% accuracy in distinguishing focal nodular hyperplasia (FNH) and HCC.

One of our latest research papers [26] explores the potential of Transformer
Neural Network (TNN) architectures in improving Al-based automated diagnosis,
particularly in the field of medicine, focusing on the characterization of focal liver
lesions (FLL) using contrast-enhanced ultrasound (CEUS). Traditionally, TNN
architectures have excelled in various data processing applications, such as text, voice,
image, and video, often outperforming conventional, convolutional, or recurrent
deep neural network (DNN) models.
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Reference Lesions General accuracy (%)
Hassan et al. [20] Cyst, HEM, HCC 972

Panetal. [21] FNH, HCC 931

Guo etal. [22] Malign, Benign 90.4

Vancea et al. [23] HCC 80.3

Wu et al. [24] HCC, CH, META, LFS 86.3

Streba et al. [25] HCC, HYPERM, HYPOM, HEM, FFC 871

Ours FNH, HCC, HMG, HYPERM, HYPOM 88

Table 4.

Comparison with state-of-the-art.

The study begins with a review of TNN architectures commonly used in image
classification tasks, aiming to identify a suitable TNN variant for characterizing FLLs
using CEUS. However, due to the limited availability of large datasets in the medical
domain, including CEUS datasets, the effectiveness of TNNs in this context may be
hindered, as these models typically require extensive data for training. Despite the
challenges posed by limited data availability, the research compares the proposed
TNN-based approach with other machine learning solutions reported in the literature.
Remarkably, the proposed method demonstrates comparable accuracy to exist-
ing solutions while classifying a higher number of FLL types than most previous
CEUS Computer-Aided Diagnosis systems. Vision Transformers (ViTs) have gained
significant traction in the computer vision (CV) industry due to their exceptional
performance and versatility. Originally introduced as a customized vanilla trans-
former architecture, ViTs have become one of the most popular and effective designs
in the field [27, 28]. They excel in a wide range of machine vision tasks and have
demonstrated outstanding performance on various benchmarks. At the core of ViTs
lies a multi-head self-attention mechanism, which allows them to effectively capture
contextual information from image patches. This adaptability enables ViTs to process
images holistically, considering both local and global contexts. Over time, numerous
variations of ViT architectures have been developed, each tailored to specific tasks
and domains. One of the key advantages of ViTs is their ability to surpass traditional
convolutional neural networks (CNNs) in image classification tasks, particularly when
provided with sufficient training data [29]. This is attributed to their attention mecha-
nism, which enables them to effectively capture long-range dependencies in images.
We explored the performance of Vision Transformer (ViT) architectures in compari-
son to previously designed Convolutional Neural Network (CNN) architectures for
characterizing focal liver lesions (FLLs) using contrast-enhanced ultrasound (CEUS)
images. The ViT architecture that yielded the best results is illustrated in Figure 8.

In this case, the dataset comprised 12,119 images distributed across five subdi-
rectories, each representing a different FLL type: focal nodular hyperplasia (FNH),
hepatocellular carcinoma (HCC), hemangioma (HMG), hypervascular metastasis
(METAHIPER), and hypovascular metastasis (METAHIPO). In our experiments,
90% (10,908 images) were used for training and 10% (1211 images) were used for
validation. All images were resized to an input shape of (200, 200, 3) without aug-
mentation. The accuracy obtained by the model was 86.5%.

This research underscores the potential of TNN architectures to advance auto-
mated diagnosis in the medical domain, particularly in characterizing FLLs using
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Figure 8.
ViT architecture that yielded the best vesults.

CEUS. Despite data limitations, the proposed approach offers promising results and
expands the scope of FLL classification beyond what was previously achieved by CAD
systems.

6. The spatio-temporal approach

The system architecture proposed in [30] for processing CEUS liver medical imag-
ing videos is illustrated in Figure 9.

The process involves extracting a uniformly sampled preset number of frames from
each CEUS video file. These frames serve as an input for a feature extractor layer, which
utilizes a widely recognized deep convolutional neural network (DCNN) architecture,
VGG16, available through the Keras Applications framework. Transfer learning (TL)
is used, taking advantage of the knowledge gained by solving a problem (e.g., image
classification on ImageNet) and applying it to another related problem (CEUS liver
medical imaging). In this case, VGG16 is pre-trained on the ImageNet dataset, compris-
ing approximately 1.2 million training images. To process the spatio-temporal inputs, the
extracted feature vectors are fed into a Long Short-Term Memory (LSTM) network in a
sequential manner. LSTM is a type of recurrent neural network (RNN) architecture that
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Figure 9.
The proposed system comprises (a) VGG16 ConvNet for spatial information feature extraction, (b) LSTM for
temporal data processing, and (c) a fully connected layer multilayer perceptron (MLP) for the prediction task.

is well-suited for handling sequential data due to its ability to retain information over
long periods. It consists of memory blocks with recurrent connections and three mul-
tiplicative units: input gate, forget gate, and output gate. The spatial features obtained
from the DCNN and the temporal features obtained from the LSTM are combined and
passed to a fully connected layer for classification of the entire input sequence. This
integrated approach allows the model to effectively capture both spatial and temporal
information from CEUS video sequences, enabling accurate classification of FLL types.

The detailed architecture of the resulting model is depicted in Figure 10, showing
the interconnected components responsible for feature extraction, temporal process-
ing, and classification.

The SYSU-CEUS dataset used for training and evaluation of our method con-
tains three types of focal liver lesions (FLLs): hepatocellular carcinoma (HCC),
hemangioma (HEM), and focal nodular hyperplasia (FNH). Specifically, the dataset
comprises 186 cases of hepatocellular carcinoma (HCC), 112 cases of hemangioma
(HEM), and 60 cases of focal nodular hyperplasia (FNH). The dataset includes 186
malignant instances (HCC) and 172 benign instances (HEM and FNH combined).
This dataset provides a valuable resource for training and evaluating machine learn-
ing models for the automated diagnosis and classification of focal liver lesions using
contrast-enhanced ultrasound (CEUS) imaging.

Our proof-of-concept study demonstrates the effectiveness of the proposed
method by achieving an average classification accuracy of 86.67% for three types
of focal liver lesions (FLLs) after conducting 10 sets of experiments. Although the
results are slightly lower compared to similar approaches using CEUS video files as
input, it is essential to note the following distinctions:

* Distinct train-test split: Pan et al. [21] used an 80-20% train validation split for
the frames extracted from the videos, where images of the same patient could be
present in both the train and the test data sets. In contrast, our implementation
ensures a clear demarcation between the training and testing samples by using
distinct patients for each of them.
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Figure 10.
Detailed architecture of the resulting model.

* ROI annotation process: unlike the approach in [21], where frames undergo a
manual annotation procedure for Region of Interest (ROI) selection, our method
does not rely on this selective process. This highlights the robustness of your
approach, as it operates without the need for manual intervention.

* Lesion type discrimination: while the system proposed in [21] can classify only
two types of lesions, our system demonstrates the ability to discriminate between
three types of lesions. This expands the scope and applicability of our method,
making it more versatile in clinical settings.

Overall, despite the slightly lower accuracy, our approach showcases its
effectiveness in a more challenging scenario, offering distinct advantages such as
patient-wise separation in the dataset, independence from manual annotation, and
the ability to classify a broader range of lesion types. These factors contribute to the
significance and validity of our proposed method in the domain of CEUS-based FLL
diagnosis.

7. Conclusion and future directions

In this chapter, we investigated Al-based solutions used to implement a fully
automated or an assisted/aided CEUS-based FLL diagnosis system. State-of-the-art
methods for ultrasound data pre-processing, lesion detection, tracking, feature
extraction, and classification are presented and compared. Special emphasis is given
to the latter two tasks, as they play a crucial role within the diagnostic process.
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From our analysis, one can conclude that there are two main categories of CAD
for FLL designs: one based on features extracted from the time-intensity curve, for
example, the work of [31, 32] and another in which the features describing normal
parenchyma and various FLLs are extracted from images, for example, the work
of [21, 25]. From the presented works, it is clear that deep learning based methods
emerge as one of the most appealing technologies, although there is enough room for
improvements.

Probably, better results could be obtained by using the combination of the first
two approaches by blending the temporal information with spatial representation. To
date, very few approaches have reported such results [21, 30]. One possible explana-
tion for this fact is related to CAD input, typically represented in this case by video
sequences, as they require substantial computing resources to be processed.

Although researchers are reporting encouraging results, actual CAD implemen-
tations still have many open issues. For example, automated identification of the
reference/normal and FLL ROIs in the liver region remains a challenging task.

The future research directions should go toward employing SOTA DNN archi-
tectures, for example, transformers/ViTs or new learning paradigms, for example,
federated learning.
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Chapter 15

Arteriovenous Fistula Ultrasound
Assessment

Iulia Dana Grosu and Flaviu Bob

Abstract

Arteriovenous fistula (AVF) ultrasound (US) assessment is the first-line tool in
addition to the physical examination to surveil, screen, and diagnose complications
of the vascular access (VA) of chronic hemodialysis (HD) patients. The VA currently
recommended by all guidelines as the “gold standard” for chronic HD patients is the
AVF; therefore, creating long-lasting, complication-free fistulas is one of the targets
considered by all nephrologists. US assessment is a noninvasive technique that offers
detail regarding vascular morphology and hemodynamics, and may be performed at
the patient’s bedside. The clinical settings in which US assessment is currently per-
formed are the presurgical screening of veins and arteries (presurgical mapping) or
the diagnosis of AVF complications, usually when there are relevant clinical signs and
symptoms. Moreover, AVF point-of-care US examination (POCUS) is used to assist
and aid nurses in the cannulation procedure, with the scope of minimizing accidents.
The current chapter aims to provide a guidebook regarding the multiple situations in
which AVF US may be performed and to highlight the importance of this tool for the
purpose of maintaining the long-term functionality of the VA of HD patients.

Keywords: hemodialysis, arteriovenous fistula, vascular access, end-stage renal
disease, presurgical mapping

1. Introduction

End-stage renal disease (ESRD) is a rising global healthcare burden leading to an
increasing need for renal replacement therapies (RRT). Currently, ESRD prevalence
has surged by 43% from 2003 to 2016 [1], while chronic kidney disease (CKD) is
expected to be the world’s fifth leading cause of mortality by 2040 [2]. Even though
renal transplantation is the most desirable therapeutic option for the patient with
ESRD, kidney donation availability varies greatly among countries and cultures.
The most used RRT modality worldwide nowadays is in-center HD. Survival rates
on maintenance HD therapy are poor when compared to the age-matched general
population, but they have increased steadily recently, reaching a 5-year survival of
42% [3]. However, the life span of HD patients may vary largely, depending on age,
comorbidities, dialysis adequacy, vascular access, and treatment compliance.

Performing HD therapy requires a functional VA, accomplished either through
central venous catheters (CVCs), AVFs, or arteriovenous grafts (AVGs). Initiating
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HD sessions on CVCs has been reported to carry a larger mortality risk, HR 1.55
(95%CI: 1.09, 2.21) [4, 5], with AVFs remaining the gold standard for vascular access
in hemodialysis nowadays.

Referral to AVF formation should start when the estimated glomerular
filtration rate (eGFR) drops below 15-20 ml/min/1.73 m?, which, in general, is
within at least 6 months of the estimated dialysis initiation [6]. Moreover, timely
preservation of the vascular structures of the arm (no venipuncture or intravenous
cannulation procedures) has proven of benefit in accomplishing a better primary
AVF patency.

There are several types of autogenous AVFs, usually performed upon the upper
limbs, such as radio-cephalic, brachio-cephalic, and brachio-basilic. The types of
AVGs usually performed include the antecubital forearm loop graft, the upper-arm
AVG, and only in rare cases lower extremity AVG or HeRO grafts. The choice of
VA site should be based not only according to the current KDOQI vascular access
guidelines [7] regarding the patient’s end stage kidney disease (ESKD) life plan but
also on presurgical ultrasound mapping criteria [8]. The current consensus is that,
if permitted, the AVF site should be performed on the nondominant arm, start-
ing distally, at the wrist. The anastomosis preferred is end-to-side (vein to artery)
due to a lower incidence of distal venous hypertension, as compared to side-to-side
anastomosis [9].

After maturation, AVFs should be able to withstand repeated cannulations,
roughly 24 cannulations/week and should ensure proper blood flow (Qb) toward
the HD machine to ensure adequacy. Cannulation techniques are very important to
preserve complication-free VA. Typically, needle sizes start from 17G, increasing up
to 15G, depending on AVF/AVG characteristics. The preferred cannulation techniques
are rope ladder (which implies the use of the entire VA, by alternating needling
sites) or the buttonhole technique (only for AVFs), while the area technique leads to
multiple complications (aneurysms, long bleeding time) and is not recommended
anymore.

2. Presurgical clinical examination and ultrasound mapping
2.1 Presurgical clinical examination

Clinical examination of both the arterial and venous systems prior to surgery is
mandatory, and several studies have shown that a correct preoperative evaluation
may have an approximately 70% success rate in predicting fistula maturation [10].
The patient’s history of diabetes mellitus, presence of peripheral artery disease, and
ipsilateral previous catheter placement may be useful in placing the patient in a high
risk of VA failure category.

2.1.1 Arterial clinical examination

The preoperative arterial clinical examination should assess the patency of the
arterial tree and potential detections of steno-occlusive disease. Therefore, the fol-
lowing should be performed:

* Assessment of the presence and quality of arterial pulses in the arterial, ulnar,
and brachial arteries, with attention to potential asymmetries.
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¢ Allen’s Test: To confirm the patency of the palmar arch, the Allen test involves the
following steps:

* Manual compression of the arteries at the wrist until distal pallor and lack of
capillary refill occur.

* Decompression of the radial artery and assessment of the speed in which revas-
cularization occurs. A normal arm flush occurs in 5-15 seconds.

* Repetition of the maneuver for the ulnar artery.

2.1.2 Venous clinical examination

The clinical examination of the veins implies following the cephalic and basilic
veins at the forearm and antecubital fossa with and without a proximal tourniquet.
The evaluation includes trajectory, tortuosity, and increase in diameter after tourni-
quet placement.

2.2 Ultrasound mapping

The latest clinical VA Society guidelines recommend that preoperative ultrasound
examination should succeed in every clinical assessment. The patient should be placed
lying supine, with their arms relaxed, in a warm room. The ultrasound scanning probe
used is a high-frequency US probe, 7-12 MHz (SMhz or higher for Doppler), and the
modes involved in the examination are B-mode (for morphological information),
spectral Doppler (for flow assessment), color Doppler (for flow detection and direction
assessment). Grayscale (B-mode) is used to characterize anatomical features such as
blood vessel diameters, depth from the skin surface, collateral veins, and blood vessel
trajectories. The spectral Doppler technique allows the analysis of the blood flow velocity
changes over time (regarded as cardiac cycles) in a small volume sample, therefore
generating a spectrum with positive or negative curves. To achieve an accurate result, the
technique requires consideration of the following aspects:

* Placing the transducer longitudinally, set the sample volume (“gate” size) for
interrogation. The size should be 2/3 of the width of the vessel.

* Set the insonation angle lower than 60 degrees; usually, this means aligning it
parallel to the long axis of the vessel.

* Adjust the gain setting to allow a clearly visible Doppler flow in the region of
interest.

* Adjust the PRF (pulse repetition frequency, which changes the number of pulses
transmitted by the transducer in 1 second) according to the velocity ranges.
Higher PRF levels will allow the detection of higher velocities.

* Set the wall filter (if available) to eliminate any low-velocity frequency shifts.

The following parameters should be recorded after color and spectral Doppler
analysis:
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¢ Direction of flow.

* Type of curve (high resistance in the presurgical setting and low resistance in the
functioning AVF).

* Peak systolic velocity (PSV), end-diastolic velocity (EDV), and resistive index (RI).

* Time average mean velocity (TA mean)—only for the AVEF/AVG.

Blood flow (Qb-ml/min) in the feeding artery.

The pressure placed on the ultrasound transducer should be minimal, and there
should be plenty of ultrasound conduction gel to avoid the underestimation of the
superficial venous calibers, which may be easily compressed. The insonation angle of
the spectral Doppler scan should be lower than 60 degrees.

2.2.1 Presurgical mapping of the arterial system

The examination of the arterial system should start distally and should continue
proximally. The following steps should be employed:

e B-mode examination in the transverse section at the wrist—note the internal
diameter of the radial artery and the depth. Current guidelines (7) recommend a
diameter of >2 mm for the radial artery (Figure 1)

* B-mode examination in longitudinal section—note calcifications, intimal irregu-
larities, and wall thickening.

SP. JUD, TIVISOARA NEFR. AME. L742/C-Vascular M 05  TI504
20221207_115601 07/12/2022 12:00:54
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Figure 1.
B-mode transverse section of the radial artery (noted caliber and depth).
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¢ Color and spectral Doppler examination in longitudinal scan—note peak systolic
velocity (PSV) in the radial artery (which should be >50 cm/s) [11]. Perform
hyperemic response (with PSV, end diastolic velocity (EDV), and resistive index
(RI) quantifications) in the radial artery, which implies assessing the change
in the spectral waveform after inducing distal ischemia by clenching the fist
of the patient for 2 minutes. The waveform should be high resistance during
ischemia and afterward should change into a moderate-resistance waveform
during unclenching the fist (Figures 2 and 3). A study has found thataRI > 0,7
during reactive hyperemia predicted the failure of a future AVF [12]. The RIisan
indirect indicator that the radial artery can provide an increased blood flow, as a
response to a future anastomosis.

The RI may be calculated using the formula: RI = PSV-EDV/PSV.

* B-mode examination of the brachial artery in transverse and longitudinal sec-
tions assess wall morphology, diameter, and presence of calcifications.

* Color and spectral Doppler examination of the brachial artery include PSV and
EDV measurements.

There is no current consensus on brachial artery measurement thresholds that
predict the patency of a brachio-cephalic or brachio-basilic AVF.

2.2.2 Presurgical mapping of the venous system

The examination of the venous system should start distally and should continue
proximally. All measurements should be performed before and after proximal tour-
niquet placement with sufficient gel use and without significant compression of the
transducer. The increase in size of the vein after 2 min tourniquet placement reveals

54
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Figure 2.
Radial artery spectral Doppler scan with a clenched fist.
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SVDO.6cm

Figure 3.
Radial artery spectral Doppler scan after releasing the fist.

the venous capacity of distension, which should be at least 40%. The following steps
should be employed:

* B-mode examination in transverse and longitudinal sections of the cephalic vein
at the wrist—assess compressibility by pressing on the vein until it fully col-
lapses. A minimum diameter of 2 mm is considered adequate for a future radio-
cephalic AVF. Assess continuity, collaterals, depth, and caliber variations in its
course toward the antecubital fossa.

* B-mode examination in transverse and longitudinal sections of the cephalic
(Figure 4) and basilic veins of the arm—assess compressibility, depth, and

Figure 4.
B-mode transverse scan of a cephalic vein in the arm (noted caliber and depth).
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diameters. A minimum venous diameter of 3 mm is considered sufficient for a
brachio-cephalic or brachio-basilic vein. Follow the venous trajectories proxi-
mally. For the basilic vein, the depth is of relevance, because of its profound
situation. At a depth of over 8 mm, a second surgical intervention is needed to
raise the vein at a more superficial level.

* Color and spectral Doppler examination of the proximal veins shows respira-
tory phasicity. The lack of increase in flow during inspiration may be an indirect
sign of stenosis or occlusion in the subclavian vein, brachio-cephalic trunk, or
superior vena cava.

3. Arteriovenous fistula ultrasound assessment

The surveillance of AVFs through ultrasound assessment in the postoperative setting
is not routinely performed. Usually, the first ultrasound scan occurs at 4-6 weeks after
creation, to assess the level of maturation it has reached. Cannulations of immature AVFs
may lead to premature AVF failure or thrombosis. The ideal AVF should fulfill the rule of
6 s: minimum 600 ml/min flow, minimum 6 mm diameter, and maximum 6 mm depth.
There is no recommendation regarding routine, scheduled US surveillance; however, the
current VA guidelines suggest AVF ultrasound be performed as a first-line investigation
if there are suspected complications. The clinical examination that may indicate the need
for US evaluation includes the following signs:

* Distal edema, cyanosis and multiple collateral veins may suggest central vein
stenosis, thrombosis, or occlusion.

* Hand pain, cold fingers, steal syndrome, or distal ischemia.

* Low blood flow on dialysis, inflow artery stenosis, anastomotic stenosis

¢ Indurated AVF—hematoma, collections, thrombosis

* Lack of thrill and bruit complete thrombosis

e AVF with high pulsatility, low perceptible thrill, AVF stenosis

* Aneurysms and dilatations may suggest high-flow AVFs.

* Blood clots removed upon cannulation, segmental, or total AVF thrombosis.

The examination should be performed with a relaxed and supported extended
arm, using a 7-12 MHz linear transducer. A widely recognized, systematic protocol
has not been agreed on by the current VA or Nephrology guidelines; however, the
available literature proposes the following methodological approach for the VA
Duplex US examination [13, 14].

3.1 Inflow arterial examination

* B-mode, transverse section follows the feeding artery in a proximal direction
toward the clavicle. Any variations in caliber should be noted. The brachial
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artery bifurcation should be identified because blood flow should be measured
proximal to the bifurcation (regardless of the type of AVF).

* B-mode longitudinal section applies color and spectral Doppler on brachial
artery and proceed to measure blood flow. The typical spectral curve involves
high flow and low resistance. It is important to maintain an insonation angle
of 60 degrees and a sample volume of minimum of 2/3 of the vessel parallel to
the vessel walls. If the sample volume is too small, the flows tend to be overesti-
mated. Once a stable curve is obtained, freeze the image and measure the diam-
eter of the artery (the brachial artery radius is the diameter divided by 2). The
US machine software will calculate the time averaged mean velocity (TA mean)
and the resistive index (RI), and in some cases, the AVF flow as well (Figure 5).
The AVF flow may be calculated using the following formula, as well:

AVF flow (ml/min) = 3,14 x brachial artery radius 2 x TA mean x 60.

Due to the variability of the AVF flow measurement, it is best to assess it three
times, to ensure that the calculation is accurate and reproducible. The normal blood
flow values for native AVFs are >500 ml/min and for AV grafts >600 ml/min.

The resistivity index is usually calculated by the US machine but has the following
formula:

IR = PSV-EDV/PSV. If it is increased over 0,6, the AVF should be scanned thor-
oughly for the presence of stenosis.

3.2 Anastomosis examination

* B-mode transverse and longitudinal sections—measurement of the largest
diameter of the anastomosis (Figure 6), to exclude an anastomotic stenosis.

SP. JUD. TIMISOARA NEFR. AMB. L742/Arterial M 04 TIS02 TIBO2
HATIO 28/12/2023 12:4050

: 240.00 ms

mmHg

Figures.
Measuring the TA mean, RI in the brachial artery using color and Doppler scans.
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Figure 6.
End-to-side anastomosis in a B-mode transverse scan.

3.3 Venous examination

¢ B-mode transverse section—follow the course of the vein from the anasto-
mosis proximally, until its drainage in the subclavian system. The following
should be noted: vein caliber and caliber variation, depth, and possible sites for
cannulation.

* B-mode longitudinal section—identify any anomalies or complications inside and
outside the vessels such as stenosis (vessel caliber appears reduced), aneurysms/
pseudoaneurysms, thrombi, hematomas, and edema. Describe them in relation to
the surrounding anatomical structures. If luminal caliber differences are noted,
they should be recorded before the stenosis and inside the stenosis. Using color and
Doppler scans, the PSVs should be measured in the same places as the calibers.

4. Arteriovenous fistula complications

US is the first-line imagistic method to use when suspecting a malfunction or
complicated AVF in a patient, as per current VA Society guidelines [7, 8]. The most
frequent complications include stenosis, thrombosis (partial or occlusive), calcifica-
tions, steal syndrome, aneurysms or pseudoaneurysms, and high-flow AVF.

4.1 Stenosis

Stenoses are defined as vascular intraluminal narrowing that leads to hemody-
namic and functional consequences. The hemodynamic modifications induced by a
stenosis in the vascular wall are turbulences at the site of the stenosis and decreased
flow in the post-stenotic segment. The causes of AVF stenoses are atherosclerotic
calcified plaques (usually occurring in longstanding AVFs), partial thrombosis, outer
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compression due to hematomas or edema, and lastly intimal hyperplasia. The latter
situation occurs when the walls of the vein cannot withstand the shear wall stress

due to the increased blood flow. That is why, in most cases, AVF stenoses occur in the
juxta-anastomotic segment (first 5 cm), but may occur in the middle segment as well,
or in the central veins. For AVGs, stenoses may occur at the distal (venous) anas-
tomosis usually. For brachio-basilic AVFs, a typical site for stenosis is the proximal
swing segment, due to kinking of the vessel [15]. According to a study [16], the most
frequent sites for native AVF stenosis are brachio-basilic proximal swing segment
stenoses, juxta-anastomotic stenoses, and puncture site stenoses.

The clinical examination that supports the suspicion of a stenotic lesion in the AVF
includes abnormal thrill (weak) in the stenotic area, abnormal high-pitched bruit in
the stenotic area, reduction/failure of the AVF collapse during arm elevation, lack
of pulse augmentation during arm elevation, ipsilateral extremity edema, prolonged
bleeding (central stenosis), not achieving dialysis efficiency (eKt/v), and cannulation
difficulty and low Qb delivered at the HD machine.

Ultrasound has an over 50% sensitivity for stenosis diagnosis, with respect to
angiography which has a sensitivity of 76-95%. The advantages of the US are that it
allows the visualization of the surrounding structures as well as the calculation of
blood flow. Current literature is quite heterogeneous in defining clear criteria for AVF
stenosis, due to small-scale studies, retrospective studies, lack of control groups, etc.
Even so, there are several aspects to assess when an AVF stenosis is suspected.

The following steps should be employed when assessing a suspected AVF stenosis:

* B-mode transverse scan—rvisualize whether the caliber of the AVF is decreasing
abruptly. Rotate the transducer in a longitudinal section and measure the intralu-
minal diameters in the pre-stenotic and stenotic regions.

% stenosis = (original lumen- residual lumen)/original residual lumen x 100.
This measurement is useful in AVGs; however, in a native AVF lumen reduction
alone must be interpreted with caution due to possible wall caliber changes.

¢ Color and spectral Doppler longitudinal section scan—determine the peak
systolic velocities in the pre-stenotic segment and in the stenotic segment. A
PSV ratio between 2 and 3 (pre-stenosis/stenosis) indicates a hemodynamically
significant stenosis (50-75%), while a ratio > 3 reflects a stenosis of >75%.

The Prague group has defined the following criteria for stenosis diagnosis, includ-
ing both hemodynamic and morphological changes on which the examinator may
rely when judging if a stenosis needs immediate action or just watchful waiting. The
Prague group criteria are presented in Table 1 [17].

In order to diagnose a significant stenosis, two main criteria and at least one
additional criterion are needed; if less than two criteria are present, the patient needs
to be reevaluated in 6-8 weeks. If only one main criterion is present, the stenosis is
not considered significant.

Indirect arterial measurements in the brachial artery, highly suggestive of AVF
stenosis, are high resistance Doppler wave, RI >0,6, and reduced flow.

4.2 Thrombosis

Ultrasonography is the first-line imaging technique employed when an AVF
thrombosis is suspected. The clinical signs and symptoms that may lead to the
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Significant Borderline

Main Criteria
Diameter reduction by >50%
Peak systolic velocity increase >2-3 x

+ Additional criteria (> 1)

Residual diameter < 1.9-2 mm No additional criterion

Flow volume decreases by >25% (if previously >1000 ml/min)

Flow volume < 600 ml/min for AVGs, < 500 ml/min for AVFs

Table 1.
Prague group criteria for stenosis.

suspicion of AVF thrombosis are AVF with no thrill or bruit but with high pulsatility,
AVF pain, redness, cannulation difficulties, drawing clots from the AVF after can-
nulation, and high HD machine arterial or venous pressures. AVF thrombosis may
occur as a postoperative complication (usually during the first week after surgery)

or after prolonged AVF use. The current existing data is conflicting regarding certain
risk factors (demographics and comorbidities) that would absolutely contraindicate
performing AVF. The risk factors associated with AVF thrombosis are:

* For early AVF thrombosis: hypotension, hypovolemia, and vascular trauma due
to prior needling.

* For late AVF thrombosis: persistent hypotension, AVF stenosis, AVF vicinity
compressions (seromas, hematomas, lymphatic collections, and compressive
wound dressings), and hypercoagulability states.

A study by Yii et al. [18] assessed 511 AVFs and analyzed the ROC curves for TA
mean, PSV, and EDV as predictive for thrombotic flow-related AVF dysfunction.
They concluded that TA mean cutoffs of 45 cm/s for forearm AVFs and 49 cm/s for
arm AVFsyielded the best AUC values (0.95).

When performing AVF ultrasound, the following findings suggest thrombosis:

* B-mode examination: The vein is not fully compressible, and intraluminal
echogenic material can be noticed. The thrombus increases in echogenicity as it
becomes older.

¢ Color and spectral Doppler examination—based on how occlusive the thrombus
is, the flow will be reduced accordingly. In complete thrombosis, no AVF flows
will be determined at the site of thrombosis (Figure 7).

Indirect signs or complete AVF occlusion due to thrombosis are similar to those
of critical stenosis, that is, the high resistance triphasic Doppler wave in the feeding
artery and a high resistive index.

4.3 Aneurysms and pseudoaneurysms

Diagnosing AVF aneurysms is typically clinical. An AVF aneurysm is a fusiform or
saccular dilatation of the AVF, with a diameter exceeding two times the diameter of
the undilated vessel. It usually occurs in longstanding fistulas, due to the reactivity of
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Figure7.
Color Doppler transverse scan incomplete thrombosis of an aneurysmal brachio-cephalic AVF.

the endothelium to repeated cannulations, and usually grows gradually over time. The
aneurysmal dilatation comprises all three layers of the wall, which makes it less prone
to ruptures (Figure 8). Even if most aneurysms are stable lesions, other complications
may occur inside the aneurysms, such as calcifications or segmental thrombosis (due
to nonlinear local blood flow circulation).

Figure 8.
Aneurysmal dilation of a brachio-cephalic AVF.
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The pseudoaneurysm is a false vessel dilatation, which is not delimitated by the
AVF walls, but by surrounding structures. It usually occurs abruptly, due to cannula-
tion accidents, and implies blood flow from the AVF to a false saccular structure,
adjacent to the AVF. It may occur next to the posterior or anterior walls and generally
requires treatment as the risk of rupture is much higher than with true aneurysms.
Anterior wall pseudoaneurysms are clinically present as a subcutaneous pulsating
collection; the skin is lucent and thin, while posterior wall pseudoaneurysms may be
asymptomatic.

From the US evaluation point of view, the aneurysm reveals only a dilated AVF.

In the B-mode, the blood flow may describe a cigarette smoke-like pattern due to low
blood flow velocities. In color Doppler, a red-blue vortex may appear (Korean flag
appearance). Sometimes, local, punctiform calcifications may be visualized, appear-
ing as hyperechogenic wall deposits.

In contrast, pseudoaneurysms require identifying an additional cavity or com-
munication of the AVF with the adjacent structures. In B-mode, the communicating
structure may be identified, while color and spectral Doppler show flows in a “to and
fro” pattern [19]. When the sample volume of the spectral Doppler is placed at the
collar region of the pseudoaneurysm, the flow curve shows both positive and negative
waveforms, corresponding to the recirculation of the blood in the lesion. Angiography
is the gold standard method for pseudoaneurysm diagnosis; however, it does entail
more periprocedural complications. CT angiography also demonstrates a high sensi-
tivity (95%) and specificity rate (99%) regarding diagnosis [20]. However, because
the US is easy and quick to perform, it is noninvasive and has no contraindications
as well as high (94%) sensitivity and high (97%) specificity rates; it is regarded as an
essential tool for pseudoaneurysm diagnosis.

When identifying pseudoaneurysms, the treatment is either surgical repair,
endovascular covered stenting, or percutaneous thrombin injections, which induce
local thrombosis.

4.4 Hematomas

Hematomas typically occur in tissues surrounding the AVF due to improper
cannulation or improper hemostasis. From a clinical point of view, the appearance
is that of alocalized subcutaneous blood suffusion. Its color varies according to the
timing of the vessel injury, varying from red-bluish to green and ultimately yellowish.
Typically, AVF hematomas do not require US confirmation; however, if additional,
more severe complications (stenosis due to compression, AVF dysfunction) are
suspected, it is reasonable to perform AVF US.

In the B-mode US evaluation, hematomas appear as local collections, not
communicating with the AVF vessel walls. The margins of the hematomas are
vaguely delimitated, many times accompanied by local edema in the surrounding
tissue. If the color or spectral Doppler is implied, even when adjusting PRF for
low velocities, no active blood flow should be detected in the hematoma. Most
often, hematomas have a favorable evolution; however, some of them may become
infected. US surveillance of AVF combined with US-guided cannulations reduced
the occurrence of AVF hematomas from 2.63 to 1.71 episodes/patient/year in a
prospective study [21]. The differential diagnosis between a local purulent col-
lection and an uninfected hematoma is mainly clinical and does not have clear US
criteria (Figures 9 and 10).
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Figure 9.
Color Doppler transverse scan—Large hematoma surrounding the anastomotic site and the inflow artery
(hematoma dimensions noted D1, D2). Note no color Doppler flow inside the hematoma.
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Figure 10.
Color Doppler longitudinal scan—Small hematoma over the anterior AVF wall (hematoma dimension noted
D1). Note no color Doppler flow inside the hematoma.
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4.5 Maturation deficit

The maturation period (meaning the time from ABF/AVG creation to its first
cannulation) differs significantly worldwide [22]. Higher rates of AVF maturation
occur in patients with lower body mass index, no peripheral vascular disease, and lack
of smoking or diabetes. Diseases associated with hypercoagulation are at higher risk
of maturation failure, and so are patients with high inflammatory status or hypo-
albuminemia. The ideal and mature AVF according to the NKF-KDOQI guidelines
presents the outflow vein diameter >of 6 mm and blood flow >of 600 mL/min.

In a study by Caputo et al. [23], the addition of Doppler US evaluation at
4-6 weeks after surgical creation had a better sensitivity of detecting AVF failure than
physical examination alone. The detection of poor AVF flow (<500 ml/min) had a
67% sensitivity of predicting AVF maturation deficit, in comparison with only 42%
sensitivity of the physical examination (p < 0.001).

According to Wilson [24], the US evaluation at 4 weeks after surgical creation
divides AVFs into the following categories (Table 2):

4.6 Steal syndrome

Steal syndrome occurs when the structures situated distally from the AVF are poorly
vascularized, and thus symptoms of ischemia occur. The risk factors associated with steal
syndrome are: brachio-basilic or brachio-cephalic fistulas, diabetes mellitus, and coro-
nary and peripheral artery disease. The hemodynamics governing AVF steal syndrome
are complex and may include inflow arterial pathology, outflow vein low resistance, or
the collateral arteries [25]. Therefore, the following situations should be considered:

* Proximal artery stenosis in the subclavian, axillary, or brachial arteries, leading
to low inflow.

* Distal artery pathology: peripheral artery disease and vasculitis, leading to high
distal arterial resistance in the ulnar and radial territory.

* Enlargement of the arteriovenous anastomosis or of the outflow vein—leading to
low venous resistance.

The signs and symptoms associated with AVF steal syndrome include imperceptible
radial and ulnar pulses, a digital brachial index lower than 0.6, and digital pressures

Typeof AVF  AVF blood flow Cannulation segment length Other Observations
Mature >600 ml/min Atleast 10 cm >6 mmin May be cannulated
diameter,

< 6 mm in depth

Still 400-600 ml/ <10 cm Depth < 6 mm Needs follow-up in max.
maturing min 4 weeks
Unusable >600 ml/min >10 cm Too deep to Require s surgical
cannulate superficialization
Requiring >400 ml/min — Stenosis Requires percutaneous
intervention detected transluminal angioplasty
Table 2.

Types of AVFs at the 4-week US evaluation.
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under 50 mmHg, If steal syndrome occurs in the acute setting the hand is cold and pain-
ful, the patient experiences tingling or numbness. In a chronic setting, the symptoms
include muscular atrophy, nail changes, cutaneous ulcers, and gangrene.

The ultrasound examination of steal syndrome may include the following
findings:

* Color and spectral Doppler scan: Abnormal waveforms in the radial or ulnar
arteries, showing decreased PSV.

* Inverse flow in the distal artery, usually with an antegrade flow during systole
and a retrograde flow during diastole.

* High flow in the brachial artery feeding the AVF (usually over 2-3 1/min).

4.7 High-flow AVF

High-flow AVFs are rarely diagnosed vascular access complications because the
symptoms are unspecific and are usually related to right heart decompensation.
High-flow AVFs are defined by an AVF blood flow of over 1500 ml/min [26]. The
symptoms of this VA complication are shortness of breath, palpitations, orthopnea,
and dyspnea upon exertion. Patients undergoing chronic HD treatment have a high
rate of cardiovascular comorbidities, and high-flow AVFs add to this cardiovascular
burden. A study by Saleh et al. [27] showed that high-flow AVFs lead to an increase in
ventricular mass by 12,7% and a reduction in the ejection fraction.

The ultrasound examination of high-flow AVFs reveals spectral Doppler brachial
flows over 1500 ml/24 h. Most authors recommend evaluating this blood flow in
conjunction with the cardiac output. Thus, if the AVF blood flow/cardiac output ratio
exceeds 40%, the patient may present symptoms of heart failure [28]. The procedures
that may be implied to reduce AVF flows are either surgical or endovascular, venous
banding, Miller banding technique using a PTA balloon, anastoplasty (reducing the
size of the anastomosis), graft interposition, and graft inclusion.

4.8 Calcifications

Usually, calcifications occur in the inflow arteries and may be observed when
performing presurgical mapping US. Even though arterial calcifications may reflect a
poor vascular bed, two studies have shown that the presence of arterial wall calcifica-
tions determined on preoperative mapping was not associated with poor AVF matura-
tion [29, 30].

Studies involving AVF calcifications are scarcer, even though the prevalence is high.
The diagnosis of calcifications is mainly based on ultrasound examinations as they are
asymptomatic in clinical practice. Upon B-mode ultrasound examination, these compli-
cations occur as intensely hyperechogenic areas, either punctiform or gross, usually at
the cannulation sites. There is no current consensus regarding calcification quantifica-
tion in terms of dimensions or position and the prospective impact on AVF functionality.

Most of the calcifications present with posterior wall shadowing (Figures 11
and 12). One study [31] showed that AVFs presenting calcifications had a higher
1-year chance of complete thrombosis and are associated with other VA complications
as well, such as stenosis.

304



Arteriovenous Fistula Ultrasound Assessment
DOI: http://dx.doi.org/10.5772/intechopen.1005566

Clinica de Nefrologie Timisoara

k- )

ANEVRISM 28/Deci2023 12:18:14
- g, 8X P w Y
Arigrhes - e PRs 4 k2

Figure 11.
B-mode longitudinal scan- hyperechogenic areas with posterior wall shadowing on the posterior AVF wall.
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Figure 12.
B-mode transverse scan- hyperechogenic area with posterior wall shadowing on the posterior AVF wall.
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5. Point-of-care ultrasound use (POCUS) for AVF evaluation

The aim of POCUS for AVF evaluation is to provide an additional tool in extension
to the physical examination. Taking into account that in almost all centers, the cannu-
lations are performed by the HD nurses, having expertise in POCUS may be regarded
as a supporting technique for difficult cannulations or new AVFs. Therefore, the scope
of POCUS is to answer quick questions regarding the morphology of the AVF (where
to cannulate, at what depth, whether there are side branches, and whether there are
acute ongoing complications). It is not meant for in-depth analysis, such as stenosis
quantification or detailed flow measurements.

AVF POCUS is implied in the following situations, and in current practice, there
are portable devices or wireless transducers that make the technique easy to perform
at the patient’s bedside:

5.1 First cannulation

The POCUS examination steps will include B-mode examination of the AVF
morphology—depth, caliber, presence of site branches, and best site of cannulation
(to avoid puncturing side branches) (Figure 13). Most centers use the “Rule of 6s”
for the ideal AVF. It may also help draw a map of the AVF/AVG for the “rope ladder”
cannulation technique.

5.2 Difficulty in cannulation

Most often, cannulation difficulties are encountered when the AVF is too deep
and the needle does not reach it properly. In these situations, besides statically

anculas

415 Anteries

Figure 13.
B-mode longitudinal scan of the AVF noted various depths and calibers.
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Figure 14.
Transverse probe and needle positioning on a mannequin model.

assessing AVF depth, an US-guided cannulation may be performed. US-guided
cannulation requires the use of sterile gloves, sterile transducer gel, and a sterile
sheath, to not risk contaminating the needling sites. Using a B-mode longitudi-
nal scan, the long axis of the probe faces parallel to the vessel. The needle will
be inserted below the ultrasound probe (example of cannulation position in
Figure 14, using a mannequin).

The needle trajectory can be noticed on the screen as it progresses toward the
middle of the vessel.

* Screening for hematomas or pseudoaneurysms—when clinically, there is swell-
ing or blood infiltration around the AVF/AVG and may help avoid cannulation in
a traumatized site.

6. Conclusions

To conclude, AVF US is an invaluable tool in daily clinical practice when managing
chronic HD patients. It is an inexpensive and noninvasive technique that provides a
quick diagnosis and assists in therapeutic management. Moreover, AVF US has the
important advantage that it may be performed at the patient’s bedside, helping to
reduce AVF complications due to miscannulations. More programs should include VA
US training for nephrologists so that HD patients will benefit from the advantages of
this technique.
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Abstract

Childhood obesity is a growing public health concern with long-term metabolic and
cardiovascular consequences. It results from a complex interplay of genetic, environ-
mental, and behavioral factors, leading to systemic inflammation, insulin resistance,
dyslipidemia, and endothelial dysfunction—key contributors to early-onset atheroscle-
rosis. Beyond excess adiposity, multiple risk factors influence vascular health, including
maternal obesity, gestational diabetes, birth weight abnormalities, family history of
cardiometabolic disease, smoking exposure, hypertension, physical inactivity, and sleep
deprivation. Maternal health during pregnancy can impact fetal cardiovascular program-
ming, while postnatal influences such as sedentary lifestyles and poor sleep further exac-
erbate metabolic dysfunction and vascular alterations. Carotid intima-media thickness
(CIMT) is a well-established, non-invasive marker for subclinical atherosclerosis, offering
valuable insights into early vascular changes in obese children. Studies demonstrate
significant correlations between CIMT and metabolic parameters, making it a promising
tool for cardiovascular risk stratification. However, its interpretation should consider the
broader spectrum of obesity-related risk factors. A comprehensive approach to childhood
obesity management must address metabolic dysfunction, vascular health, and early
intervention strategies. Public health initiatives, maternal health optimization, and life-
style modifications play a critical role in preventing long-term complications. Integrating
CIMT assessment with clinical and biochemical evaluations enhances early risk detection,
ultimately improving long-term cardiovascular outcomes in obese children.

Keywords: atherosclerosis, carotid intima-media thickness, obesity, insulin-resistance,
serum TMAO
1. Introduction

Childhood obesity presents a significant global health challenge, with particular
concern for the enduring cardiovascular implications that can affect the well-being
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of young adults in the long term. One key aspect of assessing cardiovascular health
is the use of carotid intima-media thickness (CIMT), a non-invasive imaging
marker. This marker is obtained through ultrasonographic (US) measurements of
the thickness between the inner layers of the carotid artery. The CIMT serves as an
important indicator for detecting early stages of atherosclerosis, and its correla-
tion with changes in lipid and glucose metabolism enhances its value in identifying
cardiovascular risk factors.

This chapter delves into the impact of childhood obesity on the early manifesta-
tions of cardiovascular changes, shedding light on various facets of the subject. It
encompasses comprehensive background information on childhood obesity, explor-
ing its complications, the underlying pathophysiology of vascular disruptions, and
the heightened cardiovascular risk faced by obese children. By examining these
aspects, we aim to gain a deeper understanding of the intricate interplay between
childhood obesity and cardiovascular health, ultimately contributing to the broader
discourse on pediatric cardiovascular risk assessment and management.

2. Defining childhood obesity

The excess of adipose tissue in an individual as a result of the imbalance between
energy intake and energy expenditure defines primary obesity [1]. In pediatrics,
obesity is defined using charts developed for age and sex for the value of the Body
Mass Index (BMI) [2]. The globally acknowledged definitions of childhood obesity
are those proposed by the Centers for Disease Control and Prevention (CDC) and the
World Health Organization (WHO) [2-4].

According to CDC guidelines, a child >2 years old presenting:

 a BMI > 85th percentile for age and sex is characterized as overweight,
* a BMI > 95th percentile is characterized as obese (class 1 obesity);

* a BMI > 120th percentile is characterized as severely obese (class 2 and 3 obesity)
(2,3].

The WHO recommends utilizing BMI Z-score thresholds:

* Z-score > 1 for identifying overweight;

* Z-score > 2 for diagnosing obesity;

* Z-score > 3 for diagnosing severe obesity.

The Z-score is calculated based on the number of standard deviations away from
the average value [4].
3. Epidemiology of childhood obesity

In the European Region, recent epidemiological data spanning from 2018 to 2020

indicate that almost 60% of adults and 29% of school-aged children are grappling
with issues related to weight excess [5]. Meanwhile, the United States, as per CDC
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reports from 2017 to 2020, has seen a prevalence of 19.7% for obesity in children aged
two and older [6]. BMI statistics reveal a noteworthy trend during the SARS-CoV-2
pandemic, with reported rates nearly doubling [7]. Globally, the prevalence of child-
hood weight excess, be it overweight or obesity, is significantly higher in developed
countries. Rates of obesity as high as 30% are reported in most countries in North and
South America, as well as in the United Kingdom, Greece, Italy, Malta, Portugal, and
Spain [8]. Lower rates are observed in Scandinavian countries, France, and Central
Europe [9]. Eastern European countries and Russia report lower rates of overweight,
at about 15%. China reports significantly higher rates of overweight in young children
compared to adolescents [10].

4. Etiology of childhood obesity

The core concept behind weight gain centers on the idea of ingesting more calories
than the body expends, resulting in an energy imbalance that leads to the storage
of excess energy in the form of fat, ultimately causing an increase in body weight.
However, a more profound understanding of the complex nature of the issue reveals a
nuanced and intricate scenario.

Various factors, such as dietary patterns, social dynamics, economic factors, and
environmental influences, play a role in the individuals’ ability to maintain a bal-
ance [11]. Increased consumption of fast food is associated with weight gain, larger
waist size, and an elevated risk of health issues [12]. Genetic predisposition and the
intricate interplay between homeostatic circuits and brain reward systems can further
amplify these effects. The accumulation of lipid metabolites and inflammatory signal-
ing also substantially contribute to the development of obesity [13].

Family genetics and unhealthy lifestyles contribute to obesity susceptibility,
especially for children with obese parents [14, 15]. Primary obesity is thus character-
ized by a polygenic nature, driven by genetic variations and environmental influ-
ences. This interplay results in decreased physical activity, increased food intake, and
heightened fat storage. The early-life environment, including maternal nutrition, can
induce epigenetic changes contributing to obesity [16].

The connections between neural, hormonal, and gut-brain axes influence hunger
and satiety. Hormones like ghrelin stimulate hunger, while leptin suppresses appetite.
Stress, disrupted sleep patterns [17-20], and psychiatric disorders elevate ghrelin
levels, increasing appetite [21].

The gut microbiome regulates weight and links to conditions like obesity, diabetes,
and mental health issues. Alterations result from factors like gestational age, delivery
method, feeding practices [22-24], anxiety, depression [23, 24], and use of pro and
antibiotics [24].

A considerably smaller proportion of childhood obesity cases, approximately
up to 10%, can be linked to secondary causes. Endocrinological disorders involving
thyroid and adrenal function (hypothyroidism and cortisol excess), growth hormone
deficiency, and pseudohypoparathyroidism are recognized contributors to obesity.
Conditions such as hypothalamic injury/disorders, ghrelin-leptin dysfunction, and
genetic syndromes (Prader-Willi, Alstrom, Bardet-Biedl, Beckwith-Wiedeman, or
Cohen syndrome) may also lead to excessive weight. Patients using medications such
as glucocorticoids, sulphonylureas, tricyclic antidepressants, and antipsychotics,
or being exposed to endocrine-disrupting chemicals like bisphenol A and dichloro-
diphenyltrichloroethane, are also at risk of weight gain [17-20].
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5. Pathogeny of childhood obesity

Adipogenesis involves precursor cells transforming into mature adipocytes,
synthesizing adipokines [25]. Children’s adaptable white adipose tissue plays a
crucial role in obesity-related metabolic complications. It undergoes histological,
metabolic, and endocrine changes due to factors like adipocyte metabolic capac-
ity, chemokine production, recruitment of new adipocytes, and altered adipokine
secretion [26, 27].

Children experience increased adipocyte numbers, especially in obesity, due to
higher proliferation rates (hyperplastic model). This limits immediate impacts on
adipokine secretion but raises the risk of severe obesity and metabolic comorbidi-
ties later in life [28]. In contrast, adults exhibit a hypertrophic model with expanded
existing adipocytes, potentially affecting adipokine secretion profiles differently [29].

Leptin and adiponectin, crucial in energy homeostasis and insulin sensitivity, are
influenced by factors such as body fat mass, adipocyte size, and pubertal develop-
ment [30]. Leptin, signaling energy sufficiency, regulates food intake and can cause
severe obesity at low levels [31]. Leptin levels relate to body fat mass, triglyceride con-
tent, and are influenced by gestational age and birth weight. Adiponectin, enhancing
insulin sensitivity, shows varying levels in newborns, prepubertal children, and
adults, inversely related to body fat in the latter [32, 33].

Metabolomic studies also reveal complex metabolite profiles associated with
childhood obesity and insulin resistance, linking perturbations in amino acids,
nucleotide metabolism, and lipids to the severity of obesity [34]. Notably, uric acid
and serum lipids exhibit strong positive correlations with obesity severity [34, 35].
These metabolic disruptions are consequences of obesity, correctable through weight
loss [36].

6. Obesity-driven vascular damage: The pathogeny of atherosclerosis

The metabolic changes in obesity lead to vascular disruptions affecting the
structure and function of arterial walls, serving as drivers for the ongoing process of
atherosclerosis. Atherogenesis initiates at damaged endothelial sites, influenced by
factors like hypertension, elevated LDL-c levels, exposure to toxins from cigarette
smoke, low serum HDL-C, insulin resistance, and metabolic alterations [37]. These
drivers of vascular dysfunction and atherosclerosis commence in early childhood,
with obesity exacerbating and accelerating potential complications [38].

The initial alteration in this process is the modification of flow-mediated dilata-
tion, also known as nitric oxide-mediated dilation, assessing the earliest changes in
endothelial dilation function [39]. Nitric oxide plays a crucial role in vasodilation, but
various vasoactive substances are released from endothelial cells to regulate blood
flow. Reduced nitric oxide activity represents endothelial dysfunction, the primary
etiological cause of atherosclerosis, measured by Doppler ultrasound [40].

Intermediate alterations involve arterial stiffness, which affects both vessel
function and structure [41]. The stiffening of arterial walls is influenced by shared
mechanisms, including a reduced elastin/collagen ratio, elastin cross-linking genera-
tion, inflammation induced by reactive oxygen species, calcification, vascular smooth
muscle cell stiffness, and endothelial dysfunction [41]. Various cardiovascular risk
factors associated with obesity affect arterial vessel elasticity. High blood pressure
induces stiffness in large vessels, while the renin-angiotensin system activation
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promotes inflammation, vascular smooth muscle cell proliferation, and glycation end
product formation [42]. Hyperglycemia and insulin resistance impact the structure
and function of large artery walls, promoting smooth muscle cell proliferation,
glycation end product formation, and collagen cross-linking, resulting in early loss of
arterial elasticity [43]. These factors represent the primary causes of obesity-related
arterial stiffness. Underlying inflammation from visceral adiposity exacerbates dys-
lipidemia, hyperglycemia, and arterial hypertension [44], contributing to increased
arterial stiffness, a reliable indicator of wall damage. While vessel elasticity is mainly
influenced by the aging process [45], in the context of obesity, arterial stiffness is
also affected by disruptions in nitric oxide and oxygenase balance due to inflamma-
tion [46], elevated blood pressure impacting hemodynamic forces [47], and insulin
resistance along with high levels of LDL-c, irrespective of age [48].

The stage of subclinical atherosclerosis signifies advanced structural wall changes
and can be US assessed through carotid intima-media thickness (CIMT) [49]. The
progression of atherosclerosis is initiated by LDL-c particles infiltrating the sub-
endothelial space, undergoing oxidative modifications [50]. In this dysfunctional
state, endothelial cells express specific adhesion molecules and selectins, promoting
the binding of circulating monocytes to the vascular endothelium [50]. Within the
inflamed intima, monocytes differentiate into macrophages. Exposed to modified
LDL-c, these macrophages internalize oxidized LDL-c and other particles, forming
cytosolic lipid droplets and resembling lipid-laden foam cells over time [50]. Type T
lymphocytes and other inflammatory and immune mediators invade the lesion site,
releasing cytokines and growth factors. Smooth muscle cells migrate, proliferate, and
secrete extracellular matrix components, contributing to fibrous cap formation over
the lesion [50]. The ongoing inflammatory response in the vascular wall, mediated
by cytokines like interleukin-6, triggers further uptake of LDL-c and leukocytes,
promoting atherosclerotic lesion growth [37]. The atherosclerotic lesion expands at
its base through mechanisms leading to the initial fatty streak formation, progressing
throughout adulthood and causing chronic and acute complications [49].

In children with atherosclerotic risk factors such as obesity and metabolic
syndrome, arterial wall changes are subtle but progressive. Obese children are
more likely to exhibit subclinical atherosclerosis compared to their normal-weight
peers [51, 52]. A substantial abdominal panniculus, indicative of visceral adipos-
ity, has been linked to atherosclerotic lesions in young adults [53] and subclinical
atherosclerosis in children [54, 55].

7. Risk factors for atherosclerosis progression in children

Apart from excess adiposity, various factors, both modifiable and non-modifiable,
contribute to vascular health issues to varying degrees. Advancing age and male sex
are direct influencers of increased CIMT values in adults [56]. Arterial stiffness is
impacted by aging, with alterations in collagen and a reduction in elastin content
being primary factors [57]. In children and young adults, age appears less significant
in vascular damage development compared to pathologies like obesity and exposure
to cardiometabolic risks.

Other risks include aspects related to pregnancy, maternal health, perinatal
conditions concerning weight or nutrition, family history of cardiometabolic disease,
exposure to smoking, elevated blood pressure, a lack of daily physical activity, and
sleep disruptions [56].
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A mother’s health during pregnancy significantly influences fetal development
and the child’s future well-being [58]. Maternal obesity can lead to placental insuf-
ficiency, resulting in intrauterine growth delay and cardiovascular changes predispos-
ing to high blood pressure, arterial stiffness, and atherosclerosis [59]. Maternal health
during pregnancy can indirectly affect CIMT values by influencing the newborn’s
vulnerability to atherosclerosis. Childhood obesity correlates with maternal obesity
and gestational diabetes [60]. High blood pressure in a pregnant woman can impact
her child’s blood pressure, especially in adulthood. A mother’s cardiovascular profile
is linked to her offspring’s health [61]. In utero exposure to chronic autoimmune
thyroiditis increases the risk of the offspring developing a thyroid disorder during
childhood or adolescence [62]. Moreover, autoimmune thyroiditis in children con-
tributes to atherosclerosis due to chronic inflammation affecting endothelial integrity
[63]. Smoking during pregnancy leads to low birth weight and higher CIMT values in
the child’s young adulthood [64].

Regarding birth weight, low birth weight for gestational age is a significant risk for
atherosclerosis, with a more severe deficit linked to a higher risk. Higher-than-normal
birth weight is also a risk factor for elevated CIMT in young adulthood [64].

Postnatal nutrition, particularly breastfeeding, has universal protective character-
istics, while artificial alimentation is associated with obesity, atherosclerosis, arterial
hypertension, and insulin resistance [65].

Family medical history reflects genetic predispositions and behavioral compo-
nents, associated with higher CIMT values and linked to factors like oxidant status,
insulin resistance, and dyslipidemia [66].

Smoking impacts vascular wall integrity, triggers early atherosclerosis, and has-
tens arterial stiffness. Cigarette smoking increases CIMT values, making the vascular
age of a regular smoker about 6-7 years older than that of non-smokers. Smoking
exacerbates the effects of metabolic syndrome and aging on CIMT, impacting genders
differently. Passive smoking in children has detrimental effects on vascular health,
increasing the risk of atherosclerosis, and adolescents with smoking parents have a
higher risk of becoming smokers themselves [67].

Sedentary behavior contributes to weight gain and influences glucose and lipid
metabolism, reducing cardiovascular adaptability to physical exertion. Leading a
sedentary lifestyle during childhood increases the risk of cardiometabolic issues and
carotid plaque development in young adulthood [68].

Sleep deprivation in children, associated with behavioral and emotional problems,
increases cardiovascular risk. Adequate sleep is crucial for cardiovascular health, with
studies showing connections between sleep deprivation and high blood pressure in
children, making it a valid cardiovascular risk factor [69].

8. Screening and evaluation of atherosclerosis in children

The standard method for assessing atherosclerosis in both children and adults is the
measurement of carotid intima-media thickness. CIMT gauges the space between the
intimal and medial layers of the common carotid artery, approximately 1-2 cm caudally
from the carotid bulb, serving as an established indicator of generalized atherosclerosis
[70]. Anincrease in CIMT is an initial observable sign of subclinical atherosclerosis,
making it the most precise non-invasive method for early detection through US tech-
niques. While clinical parameters and blood markers are commonly used in clinical
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settings to estimate early stages, recent advances in imaging technologies have shown
that cardiovascular risk can be reliably assessed in pediatric patients as well [71].

CIMT, a non-invasive, painless, radiation-free, cost-effective, and easily repro-
ducible method, is considered a potential cornerstone for risk evaluation in at-risk
pediatric patients. Ongoing research is focusing on the predictive value of CIMT in
children as a risk indicator, with substantial evidence indicating higher values in chil-
dren with obesity. Farello et al. reported elevated CIMT values in both metabolically
healthy and obese children, with early detection predicting cardiovascular disease in
young adults [55].

While not the most accurate method for analyzing arterial walls, sonography-
measured CIMT is the most suitable screening tool for children. Although MRI wall-
thickness measurements may have superior prognostic value, its limitations, such as
cost and reduced accessibility, make it more suitable for research than routine clinical
practice. CT angiography, despite potential benefits in detecting vasa vasorum neo-
vascularization, is unsuitable as a screening tool for children due to radiation expo-
sure and poor contrast [72]. Fluorodeoxyglucose-PET, valuable in assessing plaque
vulnerability, is unlikely to be useful in screening at-risk children [73]. Therefore,
for everyday clinical risk assessment in pediatric patients, CIMT ultrasonography
remains the only suitable imaging tool for evaluating subclinical atherosclerosis,
despite its limitations, making it a practical and valuable option.

8.1 US technique

Ultrasonography of the carotid arteries, the standard method for obtaining reli-
able CIMT measurements, has a relatively short learning curve, of only 4 weeks. This
is especially true in the case of using automated echography devices [74]. The opera-
tor sets up the ultrasound settings (B-mode) and selects a suitable linear ultrasound
probe, taking into account variations in neck structure due to adipose tissue, particu-
larly in obese children. Subjects are positioned to lie down and extend their necks
backward to achieve a clearer view of both common carotid arteries.

Transversal scanning begins from the clavicle and moves upwards on each side,
identifying the carotid bulb and the sequential bifurcation into internal and exter-
nal carotids. Once located, the probe orientation shifts to longitudinal scanning,
presenting the carotid in a longitudinal section with the bulb on the left side and a
clear intima-media image. For CIMT measurement, the recommended region is the
posterior carotid wall, approximately 1-2 cm caudally from the bulb [75]. In children,
image acquisition is performed during end-diastole [76].

Automated echography devices streamline the process by automatically measuring
CIMT after obtaining a clear intima-media image (refer to Figure 1) [77]. To ensure
accuracy, it is recommended to take at least three measurements for each carotid
artery. This meticulous approach enhances the precision of CIMT assessments in
pediatric populations undergoing ultrasonography.

The latest technological advances have allowed the development of echography
devices in which CIMT is measured in real-time, without freezing the image of
interest. The device acquires multiple real-time measurements and provides the mean
value. Utilizing real-time radio frequency data, the device provides enhanced accu-
racy compared to conventional 2D-based IMT methods that rely solely on grayscale
image quality. This minimizes inter-operator variability and boosts confidence in the
measurements [78].
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Figure 1.

Examples of CIMT measurements made with the Aixplorer MACH 30 echography device (automated software):
(a) an 11-year-old normal-weight boy; (b) a 12-year-old overweight girl; (c) a 16-year-old obese boy (source: Dr.
D Medical Centre, Timisoara, Romania).
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9. Impactful comorbidities and complications of childhood obesity
leading to atherosclerosis

9.1 Insulin resistance and type 2 diabetes mellitus

Insulin resistance (IR) associated with obesity is a key contributor to the onset
of type 2 diabetes mellitus and cardiovascular diseases [79]. Essentially, IR signifies
a diminished ability of insulin to facilitate glucose utilization by muscle and adipose
cells, while also inhibiting hepatic glycogenesis and glycogenolysis. It affects
protein and lipid metabolism, endothelial function, and gene expression [80].

The fundamental mechanism involves the liver’s increased production of acetyl-
coenzyme-A, leading to inflammation in adipose tissue [79]. Excessive fatty acids
play a pivotal role in inducing IR in obese children [79]. Accumulation of excess fat
in the liver, muscles, and p-cells leads to increased IR in these organs [81]. Children
with obesity often exhibit increased intramyocellular lipid content, exacerbating
IR [82]. Lipotoxicity, induced by elevated circulating free fatty acids, disrupts
insulin signaling pathways, contributing to insulin resistance in skeletal muscle.
This abnormal insulin signaling is responsible for defects in glucose transport [81].
In states of IR or insulin deficiency, increased free fatty acid production can worsen
hepatic glucose production [83]. Additionally, chronic low-grade inflammation
caused by obesity triggers the production of pro-inflammatory chemokines and
cytokines, further aggravating IR. Mitochondrial dysfunction is also implicated in
IR development. In the liver and skeletal muscle, impaired fatty acid oxidation by
mitochondria contributes to IR, impacting the normal insulin signaling pathway in
peripheral tissues [84].

Substantial evidence supports the link between IR and vascular disease, leading
to the widespread recognition of metabolic syndrome. IR contributes to dyslipid-
emia and other metabolic irregularities, creating a pro-atherogenic environment.
Furthermore, impaired insulin signaling affects the utilization of glucose by periph-
eral tissue, resulting in elevated serum glucose levels and hyperinsulinemia [85].

9.1.1 Practical aspects

The 2023 guideline [2] stresses the need to assess prediabetes in obese children to
prevent future diabetes. For those at risk of type 2 diabetes, a comprehensive evalu-
ation is crucial, considering factors such as gestational size, family history, maternal
diabetes, insulin resistance complications, and the use of obesity-related psychotropic
drugs [2]. The American Diabetes Association’s criteria for detecting glucose metabo-
lism changes are outlined in Table 1 [86].

Confirmation of hyperglycemia requires either two different tests or the same test
on two separate occasions, with an essential 8-hour fasting period [86]. While fasting
plasma glucose is an early indicator in adults, its reliability in obese children is dimin-
ished due to varying insulin resistance levels, impacting glucose fluctuations [87].

Despite the reproducibility of the oral glucose tolerance test (OGTT), it may not
be suitable for ambulatory clinical practices, being time-consuming and potentially
limited by unpalatable glucose solutions in certain situations [88].

The glycosylated hemoglobin test (HbA1lc), not requiring fasting, provides a mea-
sure of chronic hyperglycemia and enhances type 2 diabetes evaluation in primary
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Type of analysis Impaired glucose tolerance Diabetes mellitus

Fasting glucose (mg/dL) 100-125 >126

2-h plasma glucose (mg/dL) - OGTT 140-199 >200

Random plasma glucose Not applicable >200

HbAlc (%) 5.7-6.4 >6.5
Table 1.

According to the American Diabetes Association, impaired glucose tolerance and diabetes mellitus is diagnosed as
such [86].

care settings [89]. Although recommended for monitoring prediabetes, it has lower
sensitivity in children compared to adults, and its efficacy may be limited in detecting
early glucose anomalies due to significant variations in children with obesity [88].

For a more precise assessment of insulin resistance, the HOMA-IR is a reliable proxy,
predicting the risk of type 2 diabetes. Despite its value, insulin measurement is not
standard, potentially not covered by insurance in many countries, and requires adjusted
HOMA-IR cut-offs based on puberty, race, sex, genetics, and environment [80]. The
formula used for calculating HOMA-IR is [glucose (mg/dl) x insulin (uU/mL)]/405
[90]. Due to the influence of puberty development on HOMA-IR, cut-off values for
HOMA-IR remain a subject of debate. For Caucasian children, different researchers
have proposed cut-off values according to their Tanner stage.

* For pre-pubertal children, the HOMA-IR cut-off can be considered 2.3, and for
pubertal children, 3.4, as defined in a large study on Italian Caucasian obese
children aged 8-15 [91].

* For post-pubertal children, the HOMA-IR cut-off can be considered 3.4. A study
on normal-weight and obese children aged 2-17.8 years old placed the cut-off
value for obese children at 3.42, as the 75% percentile, for individuals who may
develop cardiovascular risk factors very early in life [92].

Two other indexes that may be useful in assessing insulin resistance are the
Visceral Adiposity Index (VAI) and the triglyceride-glucose index (TyG). VAI, an
indicator of “visceral adipose function” and insulin sensitivity, is calculated using
sex-specific formulas. In these calculations, WC is measured in cm, and triglycerides
and HDL-c are measured in mmol/l. Proposed cut-off values for VAI are 8.8 for men
and 8.7 for women. In children, although precise cut-off values are not established,
studies propose more or less the same values [91, 93]. The formulas are as follows:

* for males, VAI = {WC / [39.68 + (1.88 x BMI)]} x (triglycerides/1.03) x
(1.31/HDL-c);

* for females, VAI = {WC / [36.58 + (1.89 x BMI)]} x (triglycerides /0.81) x
(1.52/HDL-c).

The TyG index, a marker of muscular resistance to insulin, can be obtained using
the formula Lz [ (triglycerides x glucose/2], with triglycerides and glucose measured in
mg/dl. The cut-off value for TyG is 1 [94].
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9.2 Dyslipidemia

As mentioned before, weight excess can induce lipid metabolism changes, lead-
ing to dyslipidemia characterized by elevated total cholesterol (TC), low-density
lipoprotein cholesterol, non-high-density lipoprotein cholesterol, and triglycerides,
along with reduced high-density lipoprotein cholesterol levels [95]. Lipoprotein
levels vary based on age and sex, and reference values have been established through
population-based studies [95-98]. Hyperlipidemia is often unrelated to lipopro-
tein metabolism disorders, with the consumption of high saturated and trans fats
elevating LDL-c levels, and excessive intake of refined carbohydrates and sugars
increasing triglycerides [99]. Obesity-related conditions like insulin resistance and
metabolic-associated fatty liver disease (MAFLD) contribute to dyslipidemia [99].
LDL-c and other apo-B-containing lipoproteins play a crucial role in atherosclerosis
development, particularly when associated with low HDL-c [100, 101]. The presence
of both alterations negatively impacts the long-term cardiovascular prognosis in
children [101].

HDL-c exhibits an inverse association with cardiovascular risk, acting as an anti-
inflammatory agent by transporting excess cholesterol from arterial walls to hepatic
cells [101]. In sedentary children with lower HDL-c levels, there is an increased
susceptibility to atherosclerosis progression and arterial stiffness within the metabolic
syndrome [100].

Non-HDL-c, encompassing all atherogenic lipoproteins, is calculated as the
difference between total cholesterol and HDL-C, showing a strong relationship with
cardiovascular risk comparable to LDL-C [102]. Triglycerides, reflecting lifestyle and
dietary habits, exhibit personal variability but are important in evaluating cardiovas-
cular health in high-risk patients [103].

The TG-to-HDL-c ratio is suggested as a reliable indicator of cardiovascular,
metabolic, and dysglycemia risks [103, 104]. In adults, the TC-to-HDL-c ratio is an
independent predictor of ischemic coronary events, particularly potent when associ-
ated with larger waist circumferences, insulin resistance, and dyslipidemia [105].

Research links blood lipoprotein levels to vascular damage, where HDL-c nega-
tively correlates with arterial elasticity loss, while triglycerides, LDL-c, and total
cholesterol show positive correlations [106]. Maintaining a healthy weight, adopting a
nutritious diet, and engaging in physical activity since childhood can effectively pre-
vent vascular damage in adulthood, potentially obviating the need for lipid-lowering
therapy.

9.2.1 Practical aspects

The 2023 guideline [2] underscores the significance of assessing dyslipidemia
in children with excess weight. It is crucial to obtain a fasting lipid panel, especially
considering that the triglyceride level may be inaccurate otherwise [95]. In situations
where a blood test is conducted under non-fasting conditions, the measurement of
non-HDL-c (the mathematical difference between total cholesterol and HDL-c)
can provide guidance for further investigations. If the non-HDL-c value exceeds the
normal range, obtaining a fasting lipid panel promptly is recommended [2, 95]. The
cutoff criteria for lipid fractions, adapted from the National Heart, Lung, and Blood
Institute (NHLBI) guidelines [95], are presented in Table 2. It is important to note
that cut-off values for triglycerides vary across age groups.
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Lipid fraction Low Normal Borderline high High
Total cholesterol (mg/dl) — <170 170-199 >200
LDL-c (mg/dl) — <110 110-129 >130
HDL-c (mg/dl) <40 545 — —
non-HDL-c (mg/dl) — <120 120-144 >145
Triglycerides(mg/dl) <9 yearsold — <75 75-99 >100

10-19 years old — <90 90-129 >130

Table 2.

At risk and diagnostic values for dyslipidemia adapted from the NHLBI criteria [95].

Parameters such as the ratio of triglycerides to HDL-c or the ratio of total
cholesterol to HDL-c also provide valuable insights into the assessment of dyslip-
idemia. The total cholesterol-to-HDL-c ratio is recognized as a robust predictor of
ischemic coronary events, owing to its ability to capture the metabolic disturbances
commonly observed in individuals with abdominal obesity, insulin resistance,
and dyslipidemia. Consequently, its predictive efficacy is particularly pronounced
in individuals exhibiting all these factors [106]. In the case of children, the
triglyceride-to-HDL-c ratio may prove to be an even more effective predictor of
cardiometabolic risk and insulin resistance compared to the traditional metabolic
syndrome status. Numerous studies have suggested its superior predictive ability in
this context [104, 105, 107].

9.3 Metabolic dysfunction-associated steatotic liver disease

Non-alcoholic fatty liver disease (NAFLD) is a complex and progressive condition
influenced by factors like obesity, insulin resistance, and genetics [108]. With rising
rates of obesity and diabetes, NAFLD has become the most common chronic liver
disease in both adults and children (prevalent in nearly 80% of obese children), pos-
ing a significant global health concern due to its impact on cardio-metabolic health.
It extends beyond a liver-specific ailment, representing a manifestation of a broader
systemic metabolic disorder [108, 109]. Associations between NAFLD and cardio-
metabolic abnormalities have been identified, even in childhood. In 2020, the term
“metabolic-associated fatty liver disease” (MAFLD) was proposed as a new term
for NAFLD [110, 111] to update the terminology according to today’s standards: In
June 2023, a consensus from multiple liver disease societies, including the American
Association for the Study of Liver Diseases, introduced the new terminology: meta-
bolic dysfunction-associated steatotic liver disease (MASLD) [112].

To diagnose MASLD, hepatic steatosis must be present (imagistic evidence),
along with criteria such as weight excess, type 2 diabetes mellitus, or suggestive
metabolic alterations [112, 113]. The association between hepatic steatosis and
metabolic syndrome is mutual and bidirectional [114]. Studies have demonstrated
connections between MASLD and early carotid atherosclerosis, with the presence of
MASLD increasing cardiovascular risk, independent of traditional factors, especially
in patients with type 2 diabetes. Liver fibrosis stage is an independent predictor of
carotid intima-media thickness, confirming a strong connection between hepatic
steatosis and both subclinical atherosclerosis and major cardiovascular events over the
past two decades [115, 116].
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9.3.1 Practical aspects

MASLD is characterized by elevated ALT and AST enzymes. Screening is recom-
mended for all obese children aged nine or older, and those with personal or familial
risk factors should also consider it. Initial screening with ALT, interpreted using
sex-specific reference ranges, is advised. A sex-specific ALT over twice the upper limit
showed 88% sensitivity for detecting MASLD, with specificity at 26% [117-120].

Metabolic dysfunction-associated steatohepatitis (MASH) is more common in
obese children with ALT levels above 80 U/L. Further evaluation is recommended
for those with ALT over 80 U/L [117-120]. Ultrasound is cost-effective but less
sensitive for early-stage steatosis. European guidelines recognize it for screening
obese children with elevated ALT or signs of insulin resistance [121].

Elastography assesses liver stiffness, with >9 kilopascals indicating advanced
fibrosis. Biomarkers and scoring systems lack validation in children [122].

Magnetic resonance proton density fat fraction helps differentiate hepatic steatosis
grades, but validation is pending for children [117].

9.4 Polycystic ovaries syndrome

Polycystic ovaries syndrome (PCOS), prevalent in young women of reproductive age,
is often associated with obesity [123, 124]. Adolescents with PCOS and obesity commonly
experience hyperinsulinemia, insulin resistance, and hyperandrogenism, with a recipro-
cal relationship between elevated androgen levels and insulin issues [125]. Hirsutism and
acanthosis nigricans are more common in these cases [126]. Diagnosing PCOS in adoles-
cents is challenging due to the lack of universally defined criteria. Fundamental criteria
include unexplained ovulatory dysfunction and signs of hyperandrogenism. Menstrual
irregularities and hirsutism are key indicators. Mild hirsutism is now considered sufficient
evidence, and severe inflammatory acne may also prompt testing [127].

Biomarkers like anti-Miillerian hormone or testosterone-to-dihydrotestosterone
ratio can be evaluated but are not standalone diagnostic criteria [127, 128].

Obesity in adolescence is linked to PCOS development in adulthood, as revealed by
a longitudinal study showing increased likelihood of menstrual disorders and hirsut-
ism in adulthood for those overweight or obese at age 14 [129]. PCOS is associated
with an elevated risk of cardiovascular disease [130, 131], leading to increased risks
of hypertension, type 2 diabetes, dyslipidemia, and non-fatal cerebrovascular events
compared to those without PCOS [131]. Hyperandrogenism and hyperinsulinemia
impact body mass distribution and glucose balance, contributing to an increased risk
of coronary artery disease [132].

9.5 Disruptions of gut microbiota

The gut microbiota primarily includes five phyla: Bacteroidetes, Firmicutes,
Actinobacteria, Proteobacteria, and Verrucomicrobia. Anaerobic Bacteroidetes and
Firmicutes, constituting over 90% of bacterial species in a healthy gut, play roles in
breaking down polysaccharides, regulating calorie absorption, and producing short-
chain fatty acids for cardiovascular health [133].

Early-life factors like birth conditions, delivery mode, perinatal colonization, and
family exposure shape gut microbiota composition, impacting immune and metabolic
functions. Imbalances can contribute to conditions such as obesity, atherosclerosis, and
cardiovascular diseases by influencing insulin resistance and fat accumulation [133].
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Studies suggest that obese individuals often exhibit reduced gut microbiota
diversity, with a higher proportion of Bacteroidetes and Firmicutes, contributing to
enhanced energy extraction from food and potential mechanisms of hunger regula-
tion. A low Bacteroidetes-to-Firmicutes ratio is linked to obesity, as observed in
intervention studies with high-calorie diets [129, 131, 134-136].

The gut microbiota’s specific composition has implications for obesity, insulin
resistance, and type 2 diabetes mellitus, as evident in studies on germ-free mice.
Additionally, connections have been identified between gut microbiota, inflamma-
tion, and various conditions like cancer, autoimmune disorders, and cardiovascular
disease. Metabolites produced by the gut microbiome, including trimethylamin
N-oxide (TMAO), may influence platelet hyper-reactivity and enhance thrombotic
potential, suggesting a role in arterial disease [137, 138]. However, conclusive evidence
on the associations with atherosclerotic and thrombotic components remains chal-
lenging, emphasizing the need for mechanistic investigations.

TMAQO is derived from dietary sources like red meat, poultry, eggs, milk, and
whole grains, containing precursors such as choline, L-carnitine, y-butyrobetaine,
trimethyllysine, betaine, and 8-valerobetaine. Upon digestion, these precursors are
absorbed through the intestinal mucosa and metabolized by gut microbiota into
trimethylamine, further oxidized in the liver to form TMAO [139-142]. The com-
position of the predominant gut microbiota, including Bacteroidetes, Firmicutes,
Proteobacteria, and Fusobacteria, influences TMAO production, with modifications
achievable through probiotics or antibiotics [143-145].

Elevated TMAQO levels are observed in individuals with metabolic disorders, includ-
ing obesity, type 2 diabetes mellitus [146], MAFLD [147], chronic kidney disease [148],
and gastrointestinal cancers [149]. However, the precise mechanisms through which
TMAO contributes to oxidative, osmotic, and hydrostatic stress are only partially under-
stood. TMAO influences hepatic glucose metabolism, gluconeogenesis, hepatic glucose
transport, and insulin resistance. It also affects vascular health by disturbing bile acid
metabolism, inhibiting reverse cholesterol transport, inducing foam cell formation, acti-
vating platelets, and promoting oxidative stress and vascular inflammation [150-155].

Animal model studies reveal complex metabolic associations between TMAO
and insulin resistance, atherosclerosis, and cardio-metabolic diseases, emphasizing
the link between diet, gut microbiota changes, and these conditions [156-158]. In
human adults, TMAO and its precursors are implicated in disorders related to insulin
resistance, atherosclerosis, chronic kidney disease, cardiovascular disorders, MAFLD,
psoriasis, cancer, and Alzheimer’s disease [159-162].

However, limited data exist on the role of TMAO in children. Existing studies primarily
focus on establishing links between TMAQO levels (or its precursors) and dietary habits
in children, with sparse research connecting TMAO to specific pathologies [163, 164].
Notably, a study on prepubertal obese children demonstrated that lifestyle interventions
resulting in weight loss significantly reduced TMAO levels [165]. Compelling evidence that
supports the connections between TMAO, obesity, and early vascular damage in children
has been recently published [166]. The elevated TMAO levels observed in obese children
suggest its potential as a biomarker for obesity. Furthermore, the positive correlations
found between TMAO and CIMT, along with markers of arterial stiffness, underscore
the adverse vascular effects of TMAO. These findings highlight the necessity for further
research to unravel the underlying mechanisms and investigate TMAO as a potential target
for addressing vascular issues associated with obesity. A comprehensive understanding of
TMAO’s role in obesity-related cardiovascular risk could inform tailored interventions for
cardio-metabolic conditions in young individuals grappling with obesity [166].
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10. Conclusions and future perspectives

Childhood obesity not only exacerbates arterial stiffness and subclinical ath-
erosclerosis but also significantly heightens the risk of early-onset cardiovascular
disorders in adulthood. In the assessment of vascular health in obese children, clinical
markers like waist circumference and waist-to-height ratio play pivotal roles. Notably,
insulin-resistant obese children are particularly susceptible to heightened arterial
stiffness and subclinical atherosclerosis [167].

Risk factors such as excessive weight gain, smoking overall metabolic disturbances
during pregnancy, family history of cardiovascular risk, and high blood pressure
are linked to elevated CIMT in obese children. Reliable correlations with CIMT are
observed in the lipid profile and lipid ratios, while fasting glucose does not show such
associations [168]. Moreover, excessive weight-gain during pregnancy, exposure to
cigarette smoke (both passive and active smoking), insufficient sleep, and sedentary
behavior have been shown to aggravate arterial stiffness, an intermediate stage of
early atherosclerosis [169, 170].

CIMT, arterial stiffness biomarkers and even metabolites such as TMAO offer
valuable insights for clinicians managing the care of obese children. Understanding
the mechanisms leading to irreversible cardiovascular damage in these patients,
especially when preventable, becomes a critical undertaking. It is crucial to enhance
our understanding of the metabolic and cardiovascular condition in children with
obesity to effectively mitigate future cardiovascular risks. Evaluating vascular damage
from childhood can significantly contribute to the management of future adults
with cardiometabolic disorders. Additionally, measuring these markers facilitates
communication among doctors, parents, and patients, promoting awareness of the
risks associated with obesity and improving the effectiveness of actions necessary for
weight loss.

11. Conclusions

Childhood obesity exacerbates the progression of subclinical atherosclerosis
and arterial stiffness. Carotid intima-media thickness, serving as a marker for
atherosclerosis, proves to be a valuable non-invasive tool for assessing early
vascular damage in obese children. Serum trimethylamine N-oxide emerges as an
intriguing biomarker with potential implications for addressing obesity-related
vascular issues, given its associations with weight excess and vascular surrogate
markers.

The critical objective lies in understanding how these patients undergo irreversible
vascular damage, particularly when preventable, making early detection and inter-
vention pivotal in averting further complications.
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