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Abstract

Ultrasound thyroid elastography as a pre-FNA sdrggtool:

algorithms and clinical evaluation

Si Luo

Chair of the Supervisory Committee:
Professor Yongmin Kim

Departments of Electrical Engineering and Bioengrimey

Thyroid nodules are a common medical problem, gitidies reporting as
high as 50% of the population having a thyroid dedat autopsy. Although the
majority of thyroid nodules are benign, it is ctially important to diagnose the small
malignant population from the rest of the asymptiienbenign nodules. A fine
needle aspiration (FNA) biopsy is used to evalaatieyroid nodule’s malignancy and
determine whether a surgical removal is warrantdtis estimated that somewhere
between 250,000 and 300,000 thyroid FNA biopsiesparformed annually in the
United States. However, a large percentage (appeigly 70%) of these biopsies
turn out to be benign. Thus, considering the iasireg number of thyroid nodules
being detected and the vast number of benign neduildergoing FNA biopsies, the

challenge lies in judiciously deciding which nodsihould be aspirated.

Ultrasound (US) elastography measures the defoomati tissue in response
to stress and derives and displays its stiffnesecent studies demonstrated the
potential of applying elastography to the thyroldngl in noninvasively differentiating
benign and malignant thyroid nodules. Howeverk lat reproducibility in data

acquisition and scoring has been a major limitatorJS elastography using external



compression. In this dissertation, we have utliftee carotid artery pulsation as an
intrinsic compression source and developed quainBtacoring methods to reduce the
variability due to the externally-applied compressiand subjective assessment of
elastography images. We have performed studids mitman subjects to evaluate
the clinical usability (i.e., interobserver agre@and intraobserver reproducibility,
and influence of a nodule’s parameters on the disiin performance) of the
developed elastography technique. We have alsmusnated the good diagnostic
performance of our elastography method in diffeegtimy benign and malignant
thyroid nodules in clinical settings. The elastggry technique described in this
dissertation has been implemented and availabt®mmmercial ultrasound machines.
We believe that our work would be of use to cliars in deciding whether a thyroid
nodule should be referred for an FNA biopsy ordellup with a higher level of

confidence, and providing better care at a lowst @mr patients with thyroid nodules.
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Chapter 1 - Introduction

1.1 Thyroid nodules and fine needle aspiration

A thyroid nodule (Fig. 1.1(a)) is an abnormal grbwt cells within the thyroid
gland and can be non-cancerous (benign) or cane¢naalignant). Thyroid nodules
are a common medical problem, with approximately@2%dults in the United States
having palpable thyroid nodules (Wong and WheeBfl02 Yeung and Serpell 2008).
With the more frequent use of various imaging miviésl the prevalence of thyroid
nodules has increased to a range of 20-67% in malydeelected populations
(Mazzaferri 1993; Tan and Gharib 1997; Wang an@Q097; Youserm et al. 1997).
On the other hand, most of these asymptomatic idthyrodules (~90%) are benign
(Mazzaferri 1993; Hegedus et al. 2003). The chhimportance of thyroid nodule
management rests with the need to detect maligmashtiles that occurs in 5%-10%
among asymptomatic nodules depending on age, geratkation exposure history,
family history and other factors (Mazzaferri 199%3ates et al. 2005; Yeung and
Serpell 2008).

Computed tomography (CT), magnetic resonance (MRpging, and
ultrasound (US) are the most commonly used imatgogniques on thyroid nodules
(Weber et al. 2000; Hoang et al. 2007). CT and Miaging give structural
information about the thyroid, identify the locatjosize and number of nodules and
establish the relationship to adjacent structwsesh as the carotid artery, jugular vein
and trachea. However, the role of CT and MR imgdor thyroid nodule diagnosis
is limited because of their inability to distingibenign and malignant thyroid lesions
and the relatively high costs (Youserm et al. 199Gurrently, US is widely used to
identify the composition of thyroid nodules, di#atiate malignant from benign
nodules and guide the fine needle aspiration (Fbidpsies (Mazzaferri 1993; Frates
et al. 2005; Hoang et al. 2007; Fish et al. 2008pNet al. 2008). US features that
are predictive of malignant nodules include thespnee of microcalcifications,

hypoechogenicity, irregular margins and intranodukscularity (Hoang et al. 2007;
1



Moon et al. 2008). However, no single featureighly predictive for malignancy
(Hoang et al. 2007).

(a) (b)
Figure 1.1. (a) A thyroid nodule and (b) a fine dieeaspiration (FNA) biopsy.

Due to indefinite diagnosis with current imagingthoals, an FNA biopsy (Fig.
1.1(b)) has been established as a safe and ptaoiethod that can differentiate
benign and malignant nodules (Gharib and Goelln@®31 Rausch et al. 2001;
Cappelli and Rosei 2006; Mahar et al. 2006). Tidgpm an FNA biopsy, typically a
25-gauge needle is placed into the nodule 5~6 timespire adequate cell samples,
which are then placed on a microscope slide, slaar&l examined by a cytologist.
FNA is currently considered as the most accuratecast-effective procedure for the
preoperative diagnosis of thyroid nodules (Ghanld &oellner 1993; Rausch et al.
2001). The sensitivity of detecting malignancyhMiNA ranges from 65% to 98%,
while the specificity ranges from 72% to 100% adaag to various studies (Gharib
and Goellner 1993).

Cytodiagnosis from FNA could be one of the follog/ifour categories: benign
(negative), suspicious (indeterminate), malign§mbsitive), and nondiagnostic
(unsatisfactory) (Lowhagen et al. 1979; Altavillaaé 1990; Castro and Gharib 2003;
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Cappelli et al. 2007)The rate of benign cytological results ranges &80 to 90%
with the average of 69%. Patientgh suspicious (indeterminate) cytodiagnosis
have specimenshowing hypercellularity and patterns suggestivefaficular or
Hurthle-cell neoplasms or atypical features suggesof, but not diagnostic for,
malignancy. The rate in this category ranges f&®to 23% with the average of
10%. Patients witmalignant cytological findings (the presence of igrant cells
consistent with primary or metastatnyroid carcinoma) account for 1% to 10% with
the average of 4%. In patients with nondiagngstinsatisfactorygytological results,
specimens are found to be inadequatepfoiper cytopathological interpretation,
usually due to thpresence of cystic fluid or hemorrhagic material$he rate of

nondiagnostic cytological results varies from 2921686 with the average of 17%.

Wang and Crapo (1997) estimated that ~300,000 tthyfNA biopsies are
performed annually in the United States. Howevaer, large percentage
(approximately 70%) of these biopsies turn out ¢éobenign (Gharib and Goellner
1993; Wang and Crapo 1997). Thus, consideringrtbeeasing number of thyroid
nodules being detected and the vast number of bengglules undergoing FNA
biopsies, the challenge lies in judiciously deaidimhich of these nodules should be

aspirated.

1.2 Fine needle aspiration biopsy guidelines

Currently, multiple guidelines exist for managimgidentally-discovered and
clinically-indicated thyroid nodules for an FNA Ipy (Frates et al. 2005; Gharib et al.
2006; Cooper et al. 2009). According to the Ameamid hyroid Association (ATA)
guidelines (Cooper et al. 2009), any thyroid nodtilat is 10 mm or greater in
diameter should be evaluated via an FNA biopsylenthie Society of Radiologists in
Ultrasound (SRU) guidelines strongly recommend & Miopsy on solid nodules
greater than 10 mm when microcalcifications aresgmg greater than 15 mm if a
nodule is solid or if coarse calcifications aregemt, and 20 mm or greater if mixed

solid and cystic components exist within a nodleafes et al. 2005). In addition,

3



the American Association of Clinical EndocrinoldgiSAACE) guidelines state an
FNA biopsy to be performed on all hypoechoic nodul® mm or greater with
irregular margins, chaotic intranodular vasculaotsp taller-than-wide shape or
microcalcifications, all of which have been asstadawith increased risk, but are not

diagnostic of a nodule’s malignancy (Gharib e2806).

While these guidelines remain discordant on whetberents with certain
nodules (between 10 and 14 mm in diameter) shadeive an FNA biopsy or not, all
of them rely on a nodule’s size and conventionaldb8racteristics to determine the
need for an FNA biopsy. However, the predictiveugaof US features for detecting
malignant nodules is typically low, and featuresreleteristic of malignant nodules
(e.g., microcalcifications and hypoechogenicityg also present in benign nodules
(Hoang et al. 2007; Moon et al. 2008). This resuft a large number of benign
nodules undergoing an FNA biopsy. Thus, there tex@ clinical need to
noninvasively detect benign nodules and reduce rthmber of FNA biopsies
performed on patients with benign nodule(s), whiebuld lead to improving the
utilization of FNA in diagnosing malignant nodubekile reducing the healthcare cost
associated with managing thyroid nodules.

1.3 US elastography

Clinicians often use palpation to detect patholaliissue that is stiffer than its
surroundings. Over the last two decades, varioathods have been proposed to
estimate tissue stiffness (i.e., tissue elasticityh diagnostic ultrasound (Ophir et al.
1991; O'Donnell et al. 1994; Cespedes et al. 1998hir et al. 1999; Sandrin et al.
2003; Bercoff et al. 2004; Chen et al. 2007). Bneal, these methods can be
categorized into two groups based on how the tissséressed. The first category,
called elastography or the static method, usesi-Gte@tsc compression and estimates
resulting tissue strain (Ophir et al. 1991; O'Ddhatal. 1994; Cespedes et al. 1995;
Ophir et al. 1999; Bae and Kim 2007). Under thpliag stress, stiffer tissues that
have a higher elasticity modulus show less strhan tsofter tissues with a lower

4



elasticity modulus. The estimated strain is ofteplayed directly or can be used for
the reconstruction of tissue elasticity modulushe Tother category is shear wave
elasticity imaging, which generates low-frequenbga waves in the target tissue by
employing focused acoustic beams (Sandrin et @328ercoff et al. 2004). As
shear waves travel through the tissue, they aegealtby changes in tissue stiffness.
When shear waves pass through stiffer tissue, tbygagation speed increases. The
propagation speed of shear waves is kept tracktbghaframe rate ultrasound system
and then converted to the tissue elasticity (Yosmgodulus).

In creating an ultrasound strain image using thasgstatic compression
method, ultrasound data are acquired before aed @ifé application of stress. The
stress may be applied externally by compressing tikie with an ultrasound
transducer or intrinsically by internal deformati@ng., the carotid artery pulsation or
myocardium movement. Regardless of external orermal compression,
one-dimensional strain between two pointsand b can be computed by:

rain=2ba _ Ga=dy (1.1)

Lab Lab

where L, is the original distance between poinisand b and the application of
stress changes the distance between them Aby through their different
displacements byd, and d, (Ophir et al. 1991). Eg. (1.1) shows that the

derivative of displacement can be used to estirtfeestrain. The crosscorrelation
method and the autocorrelation method are widedyl is estimate displacement from
ultrasound data. The crosscorrelation method isnme-domain technique that
estimates displacement by finding the maximum af thosscorrelation function
between the precompression and postcompressior&¢@phir et al. 1991; Cespedes
et al. 1995; Ophir et al. 1999). The crossconattmethod is generally
compute-intensive as it requires an interpolatip $or sub-sample accuracy. The
autocorrelation method estimates displacement fiteenphase of the autocorrelation
function between the precompression and postcomipresiltrasound echoes (Shiina

et al. 1996; Yamakawa and Shiina 2001; Bae and R0fi7). Compared to the
5



crosscorrelation method, the autocorrelation methad a lower computational
requirement while limiting the maximum displacemestimation to one fourth of an

ultrasound wavelength to avoid phase aliasing.

To overcome the main disadvantages of the crosdation- and
autocorrelation-based methods, Bae and Kim (200@pgsed the angular strain
estimation method (ASM), which does not require iarerpolation step and can
estimate the displacement without being restridtedne fourth of the ultrasound
wavelength. This is made possible by using a coatlwn of gross motion
estimation and two-stage complex correlation. Bymputing the complex
correlation both temporally and spatially, ASM Hasen shown to produce more
accurate strain (three to five times in terms ginal-to-noise ratio in elastograms)

than both the crosscorrelation- and autocorrelabiased methods.

1.4 US elastography in noninvasive diagnosis of thyid nodules

Figure 1.2(a) shows an ultrasound B-mode imagenoinaasive papillary
thyroid carcinoma, which is indicated by a red arro The common carotid artery is
pointed by a blue arrow. Figure 1.2(b) shows theesponding elastography image,
which is based on strain computed between a paibw$ecutive US frames acquired
(one is a precompression frame while the other ostcompression frame). A
rectangular region-of-interest (ROI) in Fig. 1.2{inlicates the area where the strain is
calculated.  Within the ROI, each pixel is typigahssigned to one of 256 colors,
depending on the strain magnitude at that locaiod an RGB color map used
(Lyshchik et al. 2005; Rago et al. 2007). One camroolor map uses red for high
strain (i.e., softer tissues) and blue for low istr@.e., harder tissues), while green
indicates average strain. The whole nodule ardagnl1.2(b) is mainly rendered as
blue in the elastography image due to the increastéthess of this papillary
carcinoma. To provide both stiffness and anatomioformation, the final

elastography image is formed by blending the st with the B-mode image.



(b)

Figure 1.2. (a) Ultrasound B-mode image and (bxtreesponding elastography image of a
papillary thyroid carcinoma. An invasive papillahyroid carcinoma and the carotid artery
are pointed by red and blue arrows, respectively.

Various studies demonstrated the potential of USstebraphy in
noninvasively differentiating between benign and ligmant thyroid nodules
(Lyshchik et al. 2005; Lyshchik et al. 2005; Baeaket2007; Rago et al. 2007; Asteria
et al. 2008; Dighe et al. 2008; Hong et al. 2009 anex vivo study, Lyshchik et al.
(2005) measured stiffness (elastic modulus) ofsedtihyroid tissues from 36 patients.
They found that papillary carcinomas, the most camrthyroid cancer, are 5 times
stiffer than normal thyroid tissues and benign éigydesions are 1.7 times stiffer than
normal thyroid tissues at various compression tevellhe results from this study
indicate that the stiffness information can beizdid for differential diagnosis of
thyroid nodules. As shown in Fig. 1.2(b), thefsgfs difference between the normal

thyroid tissue and the invasive papillary carcinawssts and is clearly visualized.

In a follow-upin vivo study, Lyshchik et al. (2005) recruited patientowrere
scheduled for surgical treatment and evaluatedalf@ving criteria for elastography:
visualization score, relative brightness score, gmarregularity score, margin
definition score, and tumor area ratio between Rlen@and elastography. Their
results showed that only two elastographic critera significantly associated with
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malignancy, i.e., margin regularity and tumor ara@o. These criteria have a high
specificity (86 and 92%, respectively), but a l@msitivity (36 and 46%, respectively).
On off-line (data processed later on a separatepatem) analysis using more
sophisticated elastography algorithms, they caledlahe strain ratio between a
thyroid tumor and its surrounding normal thyrosities. Among the various criteria
evaluated off-line, only the tumor-to-normal tisseain ratio was significantly
predictive of malignant thyroid nodulep € 0.001) with a sensitivity of 82% and
specificity of 96%. On the other hand, they aléseyved that the quality of strain
image and the diagnostic performance were sigmifigaaffected by 1) out-of-plane
motion caused by the use of external compressien ¢ompressing the thyroid gland
using hand-induced transducer motion) and 2) theapion of the nearby carotid
artery in conjunction with external compression nigeiapplied out-of-sync and

uncoordinatedly to the thyroid.

In a study by Tranquart et al. (2008), 96 patienth 108 nodules were
enrolled for elastography prior to their FNA. Thesed a scoring scheme similar to
that shown in Fig. 1.3 to classify nodules intdatiént grades as follows: 1) grade I:
uniformly soft (homogeneously green, Pattern 1)g@de II: soft with presence of
very soft peripheral zones (green with peripheeal color, Pattern 2); 3) grade Il
heterogeneous with soft and hard zones (areaseehgand blue color, Pattern 3); 4)
grade IV: uniformly hard (mainly blue color, Patted). 95 nodules were soft
(grades I and Il), and 13 nodules were hard (grédtlesd 1V). No malignant nodule
was detected in grade | and Il lesions, while 6ignaint nodules were detected in
grade lll and IV lesions, resulting in a sensigiviif 100% in detecting malignant

thyroid nodules.

Rago et al. (2007) evaluated 92 preoperative patiamh a single nodule
using elastography by assessing an elasticity cstate together with the elasticity
score proposed by Itoh et al. (2006). Using thegecriteria, a 1-5 scoring scheme
was used for grading elastography images. A sobrk or 2 was assigned in 49

cases, all benign lesions, a score of 3 in 13 casescarcinoma and 12 benign lesions,
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and a score of 4 or 5 in 30 cases, all carcinomBy. classifying a nodule with a
score 4 or 5 as malignant, their method resultedsansitivity of 97%, a specificity of

100%, and a positive predictive value of 100%.

Pattern 1 Pattern 2

Pattern 3 Pattern 4

Figure 1.3. Pseudo-color patterns for thyroid nedidssification.

1.5 Variability sources of US elastography

In spite of very good sensitivity and specificitglves reported in the literature
on thyroid US elastography with external comprassits clinical acceptance has
been limited. One major reason is the variabilitydata acquisition and scoring.
The amount of compression used in generating eiystimages is highly
operator-dependent. The application of strong cesgion may cause wrong
diagnosis, while soft compression could lead todbereased contrast in a resulting
elasticity image. In detecting malignant noduleg thyroid elastography, the
stiffness of a nodule is mostly inferred by visyalispecting the pseudo-color pattern
in an elasticity image relative to the surroundiiggues. To make a diagnosis, a

clinician needs to categorize the pseudo-colorepatinto one of 4~6 different scores
9



subjectively. Due to the variability in data acgjtion and scoring, it requires a high

level of experience and training for cliniciansofatain reliable elastography results.

Figure 1.4 shows the detailed steps involved inhgroid elastography
examination using external compression. An imagilage through a nodule is first
selected from US B-mode, after which periodic caosspion is applied with the
transducer for several seconds. Both elastograptdyB-mode images of the nodule
are displayed on the screen in real time while aesgion is applied. The acquired
elastography images are subsequently stored, froithva single elastography image
is selected for scoring. Finally, an observer rafexamining the selected

elastography image assigns a score.

Identify the nodule from Apply periodic compression by Elastography and B-mode images
B-mode image transducer for a few seconds are displayedin real time while compressing
(Step 1) (Step 2) ‘ (Step 3)
I‘A.”'T \) -
j /
&'\x; -
score (1) p—
Ascore based on JU
the pseudo-color pattern \ 4
. o .
score (4) score (5) n
An elastography image is selected
(Step 5) from the image sequence for diagnosis

(Step 4)

Figure 1.4. Steps in an external compression ajegdhy examination.

There are several places in Fig. 1.4 where vaiiglmln be introduced. The
first source is in selecting an imaging plane byparator (step 1). Second, varying
compression levels applied by the operator(s) coelderate different pseudo-color

patterns (step 2). Third, the manual selectionanfelastography image from a
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dynamic sequence (step 4) adds variability. Anogwoeirce of variability is due to

the subjective nature of assigning a score baseiti@pseudo-color pattern (step 5).
As a result, the reliability with external compriess elastography suffers since the
pseudo-color pattern could vary depending on amiingaplane selected, the amount
of externally-applied compression and manual seleaf an elastography image in

addition to the variability in score assignment.

Park et al. (2009) evaluated the interobseaggeement of US elastography
using external compression. Compared to previtudies (Rago et al. 2007; Hong
et al. 2009), where the interobserver agreementevaliated by using the acquired
US elastography images or sequences, they perfotheedhterobserver agreement
study where three radiologists independently aegualastography data and assigned
scores. So, their study included all the varigpiBources shown in Fig. 1.4 in
contrast to only one source (step 5 in Fig. 1.4satered previously (Rago et al. 2007,
Hong et al. 2009). They found no statisticallynsfigant interobserver agreement for

thyroid elastography.

Recently, a diagnostic performance comparison sthetyeen elastography
and US B-mode features was reported by Moon gfall2). A total of 703 solid
thyroid nodules from 676 patients were enrolled.eaRime US B-mode and
elastography were performed by eight radiologists.was found that the sensitivity
and specificity values of US elastography were %b.a@nd 95.3% (using Rago’s
scoring criterion (Rago et al. 2007)) or 65.4% &®812% (using Asteria’s scoring
criterion (Asteria et al. 2008)), which are subsitdly lower than those reported in
previous studies (Lyshchik et al. 2005; Rago e2@07; Asteria et al. 2008; Tranquart
et al. 2008; Hong et al. 2009). They found thass&lgraphy with and without US
B-mode features has inferior performance in difiéeging benign and malignant
thyroid nodules compared to US B-mode features.onRherefore, they concluded
that elastography is not useful as an adjunctiagribstic tool to traditional US nor as

a separate clinical tool. They attributed the riimieperformance of US elastography
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mainly to the interobserver variability as the wgsaphy examinations were

performed by multiple radiologists.

While various studies have shown US elastography the potential of
becoming a clinical tool in noninvasive differetitte between benign and malignant
thyroid nodules, substantial variability could batroduced in elastography data
acquisition and scoring, which would impair the giiastic performance of
elastography. Thus, to be able to apply US elaspdty to the management of
thyroid nodules in clinical practice, it is criticeo minimize the variability in data

acquisition and scoring.

1.6 US elastography using intrinsic compression

Bae et al. (2007) came up with an innovative apgro@m minimizing the
variability in data acquisition where the carotidteay is used as an intrinsic
compression source, taking advantage of its inhep®riodic pulsation (e.g.,
expansion of carotid artery lumen diameter duripstae) and location (adjacent to
the thyroid). Using this approach, furthermoregythwere able to eliminate the
interference caused by two independent compressiomces on the thyroid (i.e.,
external compression and carotid artery pulsatiopn)not requiring any external

compression.

Lateral duection

L

&

Axial direction

Swvstole Diastole

-+

Figure 1.5. Transverse view of the thyroid duriggtsle and diastole when the pulsation of
12



the carotid artery induces a thyroid’s expansiath @mpression in the axial direction,
respectively. The thyroid (Th) is located betwedss dommon carotid artery (CCA) and the
trachea (Tr).

During systole, the high systolic blood pressurdhie carotid artery lumen
causes an expansion in the lumen diameter. Aduthen diameter increases, the
outer wall of the carotid artery presses againsttityroid, compressing it against the
trachea in the lateral direction. Since soft tssuare nearly incompressible,
compression in the lateral direction (between tlaehtea and carotid artery) during
systole causes expansion in the axial directiothefthyroid. During diastole, the
thyroid expands in the lateral direction when trerotid artery lumen diameter
decreases, causing compression of the thyroid énatkial direction. Figure 1.5
illustrates how the thyroid expands and compressethe axial direction during
systole and diastole. By measuring the straingadwby the pulsating carotid artery,
Dighe et al. (2008) were able to differentiate kesw benign and malignant thyroid
nodules with a sensitivity of 87.8% and a spedyiodf 77.5% on 53 nodules,
suggesting that differentiation of thyroid nodulssfeasible with only the carotid
artery as the compression source. Even though chesed high sensitivity and
specificity values in the study, there were sevédimitations. First, the study
population (i.e., 53 nodules) was relatively smalecond, the elastography data
were processed off-line, where it took 1.5 hourpracess one data set. For routine
clinical use, the processing time needs to be eslgignificantly. Ideally, the
real-time analysis of patients’ data is warranteldilevthe patient is still on an
examination table. Third, the elasticity scoresrevenanually assigned by a

researcher after off-line processing, and no imiteeover agreement was evaluated.

In this dissertation, we have continued to usectretid artery pulsation as an
intrinsic compression source for thyroid elastobsgpbecause it provides several
unique advantages over the traditional externalpression method:
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The external compression method is highly operdependent, where the
applied force varies from one compression to thd,rfeom one US exam to
the next, and among different sonographers. Wtdizhe pulsation from the
carotid artery can reduce this variability.

When external compression is applied, two compoessources (i.e., external
freehand compression and carotid artery pulsatiak independently on the
thyroid, thus causing error in strain estimationedto both sources
compressing the thyroid in an out-of-sync and undioated manner. Using
only the carotid artery compression avoids thigrfierence and eliminates

resultant noise.

Excessive external compression can cause out-ngplaotion and large
strain (> 2%) within the thyroid, which can cauggnal decorrelation, leading
to errors in strain estimation. In the study byeRa al. (2007), the average
correlation coefficient between consecutive framesing intrinsic
compression is higher than that of external congioes(0.98 vs. 0.92), which
indicates that the intrinsic compression would wedgignal decorrelation,

thus leading to more accurate estimation of strain.

1.7 Study overview and thesis organization

The goal of our research is to develop a pre-FNA&estng tool using intrinsic

compression US elastography, which could providguibstically useful information

(i.,e., nodule stiffness) to clinicians with goodterobserver and intraobserver

agreement in deciding whether a thyroid nodule khga through an FNA biopsy or

not.

To achieve this goal, we first addressed the vaityalin scoring for intrinsic

compression elastography. We have developed datwvei scoring methods to

reduce the variability and improve the reprodudipiin interpreting elastography
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images. Due to the difference in stiffness, dédferfrequency characteristics of
tissue deformation under the carotid artery congioescan be observed in benign and
malignant thyroid nodules. The first algorithm rexts the strain rate waveform of
the stiffest area within a nodule and converts ithe frequency domain, where linear
discriminant analysis is used for nodule classifica In addition to utilizing the
temporal strain information (i.e., strain rate wavm), the second quantitative
scoring algorithm analyzes the spatial strain @sttwithin a nodule. We have
evaluated the diagnostic performance of these idhgos based on FNA-referred
patients’ data. Even though very good diagnoséidgsmance was obtained with
these algorithms, the results were not quite gdéimatde in the endocrinology clinics.
First, the elastography data were acquired by lagists and/or sonographers who
were very experienced (over 2 years) in performil) elastography examinations.
Additionally, the elasticity scores of thyroid ndes were calculated by a researcher
off-line in the laboratory (rather than by cliniogin real time), where it took 1.5
hours to process a data set and assign a scoreis, fhe results did not reflect much
variability (e.g., interobserver variability), tygally seen in a clinical setting.

After assessing the diagnostic performance of nsiti compression
elastography in a controlled laboratory setting second stage of our study was to
fully evaluate the developed elastography methodreial clinical practice. To
perform clinical evaluation and make the intrinsmpression elastography available
for clinicians, we implemented and integrated olgoathms in commercial US
machines (Accuvix V20, XG and A30, Samsung MediSon, Ltd., Seoul, Korea).

To evaluate the variability in data acquisition ascoring with intrinsic
compression elastography, we conducted a clintcalysto evaluate the interobserver
agreement and intraobserver reproducibility of thlieveloped quantitative
elastography method, where multiple operators iaddpntly performed the US
elastography examinations on the same thyroid moitheluding both data acquisition
and scoring with a commercial US machine. Sigaific interobserver and

intraobserver agreement was observed with intriosiopression elastography. We
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also evaluated the influence of a thyroid nodulggsameters (i.e., size, depth, and
distance to the carotid artery) on the diagnosédgsmance of elastography using

intrinsic compression.

Different from the first stage of our study, wheradiologists and/or
sonographers who were experienced in elastographigrmed the data acquisition,
three endocrinologists who had little experience U8 imaging performed the
elastography exams. Also, the elasticity scoree waeractively calculated on-line
by each operator while the patient is still on aamination table rather than by a
researcher off-line in the laboratory. Thus, whkeve that the results obtained in the
second stage would more typically represent thgndistic performance of intrinsic
compression elastography in a clinical setting. other difference is the size of
nodules was smaller than that in the first stagks these clinical studies were
performed in South Korea, where a more aggressihernse is used in managing
thyroid nodules compared to the United States, nwmgll thyroid nodules with the
maximum diameter less than 1 cm were enrolled. ceSithe operators were
endocrinologists instead of well-trained radiol¢giser sonographers, it was difficult
for them to hold the transducer still during datguasition from those small thyroid
nodules, which would lead to inconsistencies andatdity in the diagnostic

performance of elastography.

With good interobserver and intraobserver agreerfognhtrinsic compression
elastography, we have conducted another clinicalystvith a large patient population
to evaluate the diagnostic performance of intrinemmpression elastography in
differentiating benign and malignant thyroid nodula routine clinical practice.
While Moon et al. (2012) found external compressigastography has a low
sensitivity and specificity in detecting malignambdules, we have found that the
elastography using intrinsic compression could edhia high sensitivity and good
specificity in differentiating benign and malignarthyroid nodules in an

endocrinology clinic.

This dissertation is organized into seven chapte@hapters 2 and 3 present
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the quantitative elastography scoring methods usinignsic compression. The
interobserver and intraobserver study is covere@hapters 4. The influence of a
nodule’s parameters on the diagnostic performan€eintrinsic compression
elastography is discussed in Chapter 5. The etiatuaf the diagnostic performance
of intrinsic compression elastography in real claipractice is presented in Chapter 6,

followed by conclusions in Chapter 7.
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Chapter 2 — Thyroid nodules classification using t@poral
strain information

2.1 Introduction

Previously, the quantitative scoring for thyroichgtbgraphy using intrinsic
compression was performed by using thyroid stifnieglex (TSI) (Bae et al. 2007;
Dighe et al. 2008). TSI was computed as the ratithe highest strain near the
carotid artery to the lowest strain within a nodageindicated in Eq. (2.1).

Tg - Strain near carotid artery (high strairea) (2.1)
thyroid strain

Due to the increased stiffness (low strain) of dignant nodule, a higher TSI
value would indicate a higher probability of a ntedieing malignant. For TSI
calculation, all of the strain frames generated (Y2@ere averaged. From this single
averaged frame, the TSI was calculated as the o&tize strain near the carotid artery
to the strain in a nodule. Elastography measuresamount of tissue deformation
under applied stress, and in the thyroid, the marindeformation (strain) occurs
during systole when the carotid artery lumen diamngicreases maximally because of
the high systolic pressure. A better signal-tcseaiatio (SNR) could be achieved at
systole due to the increased compression leveliegpply the lumen during systole
(Dighe et al. 2010). By only utilizing strain valu at systole, the systolic thyroid
stiffness index (STSI) can be defined as:

_strain near carotid artery at systole(fest strain) (2.2)
strain within thyroid nodule at systqllewest strain )

Figure 2.1 illustrates several steps in computimg $TSI value of a thyroid
nodule. Figure 2.1(a) shows a typical strain fradneng systole. Two ROIs, one

near the carotid artery (for the highest strairg #re other within the thyroid nodule
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(for the lowest strain), are selected utilizingtbtite strain (Fig. 2.1(a)) and B-mode
(Fig. 2.1(b)) images during systole. The B-modegdm is used by an operator to
identify the boundary of a nodule and the area tigarcarotid artery, while the strain
image provides the strain distribution informatiery., within the nodule. The strain
value for each ROI is determined by averaging ak tstrain values in the

neighborhood of 2 mm x 2 mm. By repeating thisragig at the same location

over multiple strain images, a strain vs. time @mhilar to Fig. 2.1(c) is generated.
The STSI value is derived by dividing the straitueanear the carotid artery at systole
(indicated by the red arrow in Fig. 2.1(c)) by tt@responding strain value in the

nodule (indicated by the blue arrow in Fig. 2.1(c))

:

o 0.2 o.4 0.6
Time (s)

@) (b) (©)

Figure 2.1 The procedure of computing the STSI value of aditynodule: (a) Estimate strain
frames from quadrature-demodulated 1Q data usigglanstrain method, (b) place ROIs near
the common carotid artery (CCA) wall, where stiigihigh (area between the red dot), and
within a thyroid nodule, where strain is low (tigoid (Th) is located between the CCA and
the trachea (Tr)), and (c) generate the axialrstra time plot for each ROI (red
corresponds to strain near CCA and blue correspianstsain within the nodule) and select

the peak strain during systole from both strainigpfor STSI calculation.

In using the STSI, one limitation is the manualcplaent of 2 ROIs to
estimate the strain near the carotid artery wadl ema thyroid nodule, which may
introduce some variability. Because the STSI Isutated as the division of 2 strain
values, which are sensitive to noise (e.g., regpiyamotion or transducer motion), a
small variation in strain value could be amplifiéglding to a larger STSI variation.
To decrease the variability due to the manual piece of 2 ROIs, we developed a
semi-automatic classification method by utilizinge ttemporal strain information
extracted within a thyroid nodule (Luo et al. 2011)
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2.2 Strain rate waveform within thyroid

Figure 2.2(b) shows an example thyroid strain mateseform induced by
pulsation of the carotid artery. The data wereuaeg from a healthy volunteer at
270 frames per second (fps). An ROI (a red redtaimgFig. 2.2(a)) was first placed
within the thyroid gland, and its strain was congalby averaging all the strain values
in the neighborhood of 2 mm x 2 mm. By repeatimg bver multiple strain images,
a strain vs. time waveform was produced. By dngdihe time interval between two
consecutive frames (e.g., 3.7 ms in case of 27)) fthe strain rate waveform was
generated as shown in Fig. 2.2(b), which revdasiynamic deformation of thyroid

tissue in response to the compression from thetideaitery pulsation. For example,

the thyroid expansion in the axial direction durgygtole results in positive peaks in
Fig. 2.2(b).

20 T T

Strain rate (% s

) N N TN N S S S S S
0 019037 056 0.74 093 111 1.3 1.48 1.67 1.85 2.04 222 2.41
Time (sec)

(@) (b)

Figure 2.2. (a) Example B-mode image of a thyrdehd and (b) strain rate waveform for an
ROI within the thyroid. Positive strain indicategpansion in the axial direction and negative
strain indicates axial compression.

2.3 Distinct frequency characteristics of benign ath malignant nodules

Figure 2.3 shows the strain rate waveform andatsgs spectrum for a benign
nodule and another set for a malignant nodule. th®strain rate waveforms in Figs.

2.3(a) and 2.3(b), the peaks caused by the sydtlmlad pressure in the carotid artery
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lumen at the heart beat frequency (~1 Hz) are gleaidible. Because of the
increased stiffness in a malignant nodule, its pekn magnitude is smaller than that
of a benign nodule. Another difference betweendreand malignant nodules is the
oscillation in the strain rate waveform. The sirete waveform of a benign nodule
(Fig. 2.3(a)) shows the noticeable oscillation,eesqlly during the diastolic period,
while the variation in the strain rate of a malighaodule is minimum as shown in
Fig. 2.3(b). The oscillation frequencies are higtean the heart beat frequency as

can be seen in the corresponding power spectrugs.(Ei3(c) and 2.3(d)).

Strain rate (% s

Strain rate (% 571)

287
Time (sec)

(a)

333

257
Time (sec)

(b)

333

Power spectrum (Hz')

Power spectrum (Hz™"

14.3

115
Freguency (Hz)

(€)

a6

I ]
86 1.5
Frequency (Hz)

(d)

143

Figure 2.3. Strain rate waveform for (a) a benigdule and (b) a malignant nodule, (c) the

corresponding power spectrum to (a), and (d) tmeesponding power spectrum to (b).

Previous studies (Lerner et al. 1990; Parker et30; Yamakoshi et al. 1990)
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found that differences in the power spectrum asvshim Figs. 2.3(c) and 2.3(d) are
mainly caused by different stiffness values betwbenign and malignant nodules.
The pulsation from the carotid artery results ire tperiodic displacemens(t)

observed in a thyroid nodule, which can be writsn
s(t)=sy Sin(@,t+4,) (2.3)

where Sy is the maximum displacement of tissug, the phase andw, the

angular frequency of the carotid artery pulsatioRrom the differentiation of Eq.

(2.3), the instantaneous velocity of thyroid tissaa be derived as
V(t)=5,@,cos@t+d ) (2.4)

Because of the motion of thyroid tissue relativeghe ultrasound transducer,
the backscattered ultrasound signal is subjediedrequency modulation due to the

Doppler effect, which results in an angular frequyeshift that can be given by

Ao(t)=

2a>0v(tc)cos9 (2.5)

where ¢ is the speed of soundy, the ultrasound carrier angular frequeney, the

angle between the direction of ultrasound wave #mgtoid tissue movement.
Assuming 6 is 0 degree and substitutingt) using Eq. (2.4), Eq. (2.5) can be

written as
Ao(t)=Aw,, cos@t+d ) (2.6)
where

Aa, =% 2.7)

Based on Eq. (2.6), the phase of the backscatidteabound signal can be
derived as
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O= j (@ +Aa(t))dt =t +m, sin(@f +¢ )+¢ (2.8)

where ¢ is the phase shift due to the wave propagation emdis the modulation

index that is given by

m

f:@ 2.9)

Then, the received backscattered US signal carritienvas
b(t)=h,sin(@f+m, sing@.t+d H¢) (2.10)

where b, is the maximum amplitude of the backscattered adign Eq. (2.10)
suggests that the phase of the received signal (h&in(t+4,)+¢) is modulated due

to the periodic movement of thyroid tissue.

The received signab(t) is then demodulated by multiplying the following
reference signals

r,(t)=rysinat (2.12)
rQ(t) =I,COS (2.12)

where I, is the maximum amplitude of reference signalsraftéich a lowpass filter
is applied to eliminate the high frequency (i.84,) components fromb(t), () and

b)) . The demodulated baseband signal can be wrigten a

| (t) =byr fcosg[d (m, )+ 22J (M )cosD g t+d )

. (2.13)
—sin¢[2;)JZn+l(mf )sin(+ D t+4, )1}
QM) =byffsindI{m)+23" 3, (M. )cos A (.t +4, )]
= (2.14)

_cosp [2§J2ml fn, )sin@+ Dt+d,
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where J,(x) is theith order Bessel function of the first kind. In ttherivation of Egs.

(2.13) and (2.14), the following relations are used

Cosg sink =J, € ) iJm £ )cosiax (2.15)
n=L
sinzsink)= 33, €)sin(2+ B (2.16)
n=0

Egs. (2.13) and (2.14) show that the basebandIdigisaa D.C. component and

an infinite number of harmonics that are integralltiples of the carotid artery

pulsation frequency®,. The magnitude of these frequency componentshés t

function of the modulation index™; , which can be calculated as

A= borO‘J om, )\ (2.17)

A =2y,

where A, is the D.C. component amplitude a8l is the amplitude of harmonics.

J.(m, )‘ i=1,2;- (2.18)

The modulation indexm; that is given by Eqg. (2.9) is proportional to theximum
displacement (i.e.,Sy ) of thyroid tissue. A larger displacement of thigr tissue
leads to a larger modulation indeX;. Since malignant thyroid nodules are ~3
times stiffer than benign thyroid nodules, they dawv smaller displacement and
consequently a smaller modulation ind&% compared to benign nodules. Due to

the difference in modulation indices, the powercspen of benign and malignant
thyroid nodules would be different as shown in FR)8(c) and 2.3(d).

Based on Egs. (2.17) and (2.18), we can theorbticalculate the power
spectrum of benign and malignant thyroid noduleSince we are mostly interested in
the proportional relationship of the magnitudehafmonics, we assume that for both

benign and malignant nodulesy, is equal to 1 even though it would be different
due to the different maximum amplitudes of backscatl signals. The ultrasound
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carrier angular frequencys, was 4.71x 10 Hz (2rx 7.5 MHz) for the ultrasound
machine used in this study. Assuming the speedtdsound c is 1540 m/s, the
carotid artery pulsation frequency is 1 Hz and nieximum displacemens,, for a
benign thyroid nodule is 0.1 mm, the modulationeixd™; can be calculated as 6.12
using Eq. (2.9). For a malignant thyroid nodulettis ~3 times stiffer than a benign
nodule, the modulation index?; is 2.04 Sy = 0.033 mm). Figures 2.4(a) and

2.4(b) show the power spectrum whén = 6.12 and 2.04, respectively.
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Figure 2.4. Theoretically-calculated power spectnirta) benign and (b) malignant thyroid
nodules.

As can be seen in Fig. 2.4(a), when the ¢igsusoft and its displacement is
large, a large magnitude can be observed in higdugncy harmonics (e.g., 5 to 9 Hz).
On the other hand, the magnitude of high frequdranynonics is mostly zero when
the tissue is stiff and displacement is small aswshin Fig. 2.4(b). The results are in
good agreement with the actual power spectrum wbdein benign and malignant
nodules as given in Figs. 2.3(c) and 2.3(d), wisggaificantly larger magnitudes are
found in high frequency components for a benigrrdlidynodule while they are more

or less absent in a malignant thyroid nodule.

Because of the increased stiffness in malignanulesd we can observe the
frequency-domain characteristics in tissue defoionahat are different from those of
benign nodules. We can utilize this differenceperforming the thyroid nodule
classification. In the following sections, we et how to utilize these frequency

characteristics in differentiating benign and mia¢igt nodules.
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2.4 Thyroid nodule classification using temporal sain information

Thyroid nodule classification starts with derivitige strain rate waveform and
evaluating its frequency characteristics. The fibart of our classification algorithm
is shown in Fig. 2.5. Since a strain rate wavefoepresents the tissue deformation
at a specific location over multiple frames, thare thousands of waveforms to be
analyzed depending on the nodule size and parasnesad in US scanning. The
first step in the classification algorithm is tausier together the waveforms with
similar response to the carotid artery pulsatio®We used k-means clustering
(MacQueen 1967) to perform this preprocessing it following steps: 1) the
boundary of a thyroid nodule is first delineatedtie US B-mode image, and the
segmented nodule is considered as a ROI; 2) thestate waveforms from the ROI

are organized into am (rows) by p (columns) matrix, wheren is the number of
pixels or measurements within the ROI apd is the number of elastography frames;

3) k rows are randomly selected from the matrix ashiean of each cluster, ankl
clusters are created by associating each measureviterthe nearest mean based on
the squared Euclidean distance; 4) the new meaeach of thek clusters is

calculated; and 5) steps 3 and 4 are repeatedaamylergence is reached.
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Figure 2.5. Flowchart of our classification algbnit.

Figures 2.6(a) and 2.6(b) show the B-mode image thiyroid nodule and the
corresponding clustering results, where the pixelded in the same color have the
similar response to the carotid artery pulsatiomhe dashed area in Fig. 2.6(a)
indicates a nodule’s ROI. In Fig. 2.6(c), the blne represents the mean strain rate
waveform for the region coded in blue in Fig. 2)6fthile the red line corresponds to
the red region in Fig 2.6(b). As can be seen,niean strain for the blue region is
much lower than that for the red region, which aades that the blue region is stiffer
and more suspicious for malignancy. Figure 2.68f)ws the power spectrum of the
mean strain rate waveform corresponding to the bbler region. It represents the
thyroid tissue deformation at a specific frequenayging from 0 Hz to a half of the
frame rate and is used as features in classifitatfowe denote a feature set &S

with N elements, then a thyroid nodule can be consides@ gointI" in the
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N-dimensional feature space. For example, the pepectrum of a thyroid nodule
with 128 bins can be considered as a vector ofdi@#&nsions or equivalently a point
in a 128-dimensional space.

Strain rate (% 51
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o
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0 067 1.33 2 267 333 4 467 a 238 57 g8 115 143 17.2 201
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Figure 2.6. (a) B-mode image of a thyroid noduld & the corresponding k-means
clustering results, (c) the mean strain rate wawefof the blue and red regions in (b), and (d)
the power spectrum of the mean strain rate wavetdrtne blue region.

To perform classification directly in a high-dimémsal space is difficult with
the limited number of training cases (e.g., 98 heslun our study) because many
parameters need to be determined in a high-dimeakispace compared to the

number of parameters needed in a low-dimensionacesp Typically, the
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high-dimensional feature space is converted intspace with fewer dimensions,
where the classification can be performed moreciefitly. Principal component
analysis (PCA) is a technigue used to approximdte original data with
low-dimensional feature vectors (Jolliffe 2002). helTgoal of PCA is to identify a set
of orthogonal basis vectors for a new coordinastesy to represent the original data
set while preserving those characteristics thatritmrte the most to the data variance.
By performing feature dimensionality reduction @sinPCA, the original
N-dimensional feature vector was transformed to a new feature vector with

M (M<N) dimensions. This feature vect@r with M dimensions was used for
nodule classification via linear discriminant arsady In this study, we use =

15 whileN = 128.

Linear discriminant analysis (LDA) is a well-estigbled pattern classification
method. For a two-class problem, it determinesogeption vectorw to maximize
the between-class scatter matrix while minimizihg tithin-class scatter matrix in
the feature space (Duda et al. 2000). The prajechéue of a nodule’s feature vector
Q along W leads to a discriminant score for that nodule (Cétal. 1995). Since
the feature vector is calculated from the power spectrum of the mdeairsrate
waveform of the most suspicious region, it represdime stiffness information of the
stiffest part of a nodule. Smaller spectral pomenigh frequency components of the
feature vector leads to a larger discriminant scevkich suggests the increased

likelihood of malignancy.

Thek-fold cross-validation method was used to verifg gerformance of our
classification algorithm. Typicalljk was set to 10 (Duda et al. 2000). All data sets
were partitioned int& subsets, and the cross-validation process wastegietimes.
Each time, one of th& subsets was retained as the validation set fomteshe
classifier, and the remainingl subsets were used for training. The classiboat

performance in term of sensitivity and specifigiyall k trials was averaged.
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2.5 Patients

92 patients (98 nodules) who were referred for ahAFbiopsy at the
University of Washington Medical Center followinget Society of Radiologists in
Ultrasound (SRU) guidelines were recruited for shedy. The mean age of patients
was 52113 years (range from 20 to 84, 72 femaleShe mean nodule size was 2.3 x
1.7 x 1.9 cm, ranging from 0.9 x 0.7 x 0.5 cm t@ & 4.6 x 5.3 cm. US
elastography was performed prior to the FNA proceduith a clinical ultrasound
machine (Hi Vision 5500, Hitachi Medical Systems énmna, Twinsburg, OH) with a
7.5-MHz linear array transducer. The data setuthetl 82 benign and 16 malignant
nodules. Unless a patient subsequently underwegesy, FNA results were used as
the diagnosis for thyroid nodules. For 19 patiemt® underwent surgery, the final
diagnosis was based on the histopathological exatiom of the excised thyroid
nodule (n=22). One surgery patient had 3 papilleggycinomas, while another
surgery patient had 2 benign nodules. Of the Z#sed nodules, 16 were diagnosed
as papillary carcinoma, while 6 were diagnosedeasgn. The study was approved
by the Institutional Review Board of the Universitf Washington. Before

enrollment, informed consent was obtained from gaticipant.

2.6 Results

Table 2.1 summarizes the mean and standafdtibe of discriminant scores
given by LDA. The mean score of malignant nodulds0%+0.09, n=16) is
significantly higher than that of benign nodulexi®2, n=82) p = 0.0004). The
boxplot distribution of discriminant scores for Iggmand malignant nodules is shown
in Fig. 2.7.

Table 2.1. Discriminant scores for malignant andidpe nodules

Parameter Malignant (n=16) Benign (n=82) p

Discriminant score 1.05 +0.09 0+1.02 0.0004
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Figure 2.8 shows an ROC curve to differentiate betwbenign and malignant
nodules. The area under the ROC curve is 0.88welfise a discriminant score of
0.86 as a threshold, we can obtain a sensitivit§Qii% and specificity of 75.6% in
detecting malignant nodules. Any nodule with acdisinant score less than 0.86 is
classified as Type | (no FNA, observation-only), ilwhany nodule with the score
equal to or greater than 0.86 is classified as TYyg&NA). All of the malignant
thyroid nodules were correctly classified, givirge tsensitivity of 100% in detecting
the malignant nodules. On the other hand, 20 Imethgroid nodules (5 nodular

goiters, 11 thyroid adenomas and 4 follicular lasjowere misclassified as Type-II.

Discriminant score

Benign hlalignant

Figure 2.7. Boxplot distribution of discriminantoses for benign nodules (blue dots) and
malignant nodules (red x).
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Figure 2.8. ROC curve in differentiating betweeniga (n=82) and malignant nodules
(n=16).

2.7 Discussion and conclusions

In our previous studies (Bae et al. 2007; Dighale2008), thyroid stiffness
index (TSI) was utilized to quantify the stiffnesEa nodule. All the strain frames
generated (~200) were averaged. By averaging,c@8ulation was simplified, but
the temporal information of a nodule’s responsth&ocarotid artery pulsation was lost.
In this study, we have found that the strain ras/eform of a thyroid nodule is
strongly correlated to its stiffness and this temapanformation could be used for
nodule classification. Instead of directly usithg tstrain rate waveform of a nodule
as a feature, the power spectrum of the waveforrs walculated and used in
classification. By transforming the time-domaigral to the frequency domain, the
temporal deformation of a nodule caused by the tchrartery pulsation was
represented as a uniform-length vector with thqueascy range from 0 Hz to one half
of the frame rate. Compared with averaging to @egingle stiffness index, the
frequency-domain feature can provide richer infdioma as it retains more
information on a nodule’s response to the carotigra pulsation, which leads to

improved sensitivity and specificity in differertilag benign and malignant nodules
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compared to the TSI-based approach.

Compared to other thyroid elastography studies ¢Real. 2007; Tranquart et
al. 2008; Hong et al. 2009), our method can produoee quantitative and repeatable
results because the stiffness of a nodule is sdoyeal classification algorithm rather
than by an observer. For quite a few ultrasouadtegraphy studies, the stiffness of
a nodule was typically scored using 5 or 6 différgrades based on the pseudo-color
pattern in an elastography image. Due to the stibgnature of this scoring method,
the intra- and interobserver reliabilities needoevaluated to assess the diagnostic
consistency in the same observer and between arservThe kappa coefficient is a
commonly-used statistic for this purpose (Viera a@drrett 2005). A kappa
coefficient of 1 indicates perfect agreement, whsra kappa coefficient of O indicates
chance agreement. In a recent prospective stutthyMi3 breast lesions, Schaefer et
al. (2011) reported that the intra- and interobserveliabilities for ultrasound
elastography scoring (excluding data acquisitiosingl the pseudo-color pattern are
0.720/0.561, where the kappa coefficient of 0.56kesponds to moderate agreement
between observers (Viera and Garrett 2005). s shudy, the stiffness of a nodule
was calculated and used by a classification algaritwhere there was no need for

further interpretation by an observer, leading twrenconsistent diagnosis.

To diagnose with external compression elastogragshghown in Fig. 1.4, an
elastography image is first manually selected fesmmage sequence, where there are
dozens of images. Then, a clinician assigns aesbased on the pseudo-color
pattern in the selected elastography image. Szedtiability would be introduced
in selecting the image and assigning the score.thignstudy, we found that different
characteristics in tissue deformation exist betwéenign and malignant thyroid
nodules due to their different stiffness values,iclvhcan be utilized for nodule
differentiation. As strain rate waveforms exadteun the entire image sequence are
utilized, no manual selection of an elastographggeis needed with our method.
Also, the elasticity score is semi-automaticallgigsed by a classifier instead of by a

clinician. Compared to other thyroid elastograpigthods, our approach would give
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more reproducible results as it substantially redube variability in scoring as shown

in steps 4 and 5 of Fig. 1.4.

There are some limitations for this study. Fithe selection of parameters
(e.g., the number of clusters in k-means clusteaind points of Fourier transform in
calculating the power spectrum) could influence régultant discriminant scores and
introduce the variability to the classification uds. The sensitivity of classification
results to these parameters needs to be evaluatedtablish the robustness of the
algorithm. Second, as discussed in Chapter lelditicity scores were calculated
off-line by a researcher in the laboratory, wheér®ok 1.5 hours to process a data set
and assign a score. For the clinical deploymdm, real-time analysis of patients’
data is needed. Third, even though we believe tthiatalgorithm can substantially
reduce the interobserver and intraobserver vaiigbih performing elastography
examinations, no inter- and intraobserver agreemstemly was performed.

One issue of using LDA or other classifiers forrthigt nodule classification is
that the classifier trained using the data setsiieed) from one ultrasound machine
may not be directly used in other machines. Alparameter changes during
scanning, such as transducer’s central frequendyframe rate, could also influence
the classification results. In Chapter 3, an invprb quantitative scoring method is
presented, which utilizes the co-occurrence matrianalyze the local strain contrast

within a nodule and a classifier is not required.
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Chapter 3 - Objective elastography scoring using
spatiotemporal strain information

3.1 Introduction

In the previous chapter, we presented a methodléssifying thyroid nodules
based on US elastography using intrinsic comprassidBy utilizing temporal
information from all the acquired elastography femnthe algorithm extracted the
strain rate waveform of the stiffest area withimmadule and converted it to the
frequency domain, where a uniform-length featuretmewith the frequency range
from O Hz to one half of the frame rate was obtdineLinear discriminant analysis

was then used for classification.

In this chapter, we present a new quantitativeisgomethod for thyroid US
elastography (Luo et al. 2012). In addition tolizing the temporal strain
information, the new algorithm analyzes the spatiatribution of strain, from which

the local stiffness contrast is computed.

3.2 Materials and methods

3.2.1 Patients

Between April 2009 and December 2009, 113 patjevit® were referred for
an FNA biopsy at the University of Washington Medi€enter following the Society
of Radiologists in Ultrasound (SRU) guidelines, &eonsecutively recruited for the
study. A total of 132 nodules were initially indied (17 patients had 2 nodules each
and one patient had 3 nodules). 9 nodules weez &atcluded due to inadequate
FNA samples (n=3), incomplete elastography datauiattgpn (n=4), or cystic
composition of a nodule (n=2). Thus, our finaldstypopulation consisted of 106
patients with 123 nodules. The study was approvedhe Institutional Review

Board of the University of Washington. Before dment, informed consent was
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obtained from each participant. With the frameeraf 45 frames/s, transverse
thyroid US data for ~5 seconds were acquired withirisic compression for off-line
analysis prior to the FNA procedure with a clinicdfrasound machine (Hi Vision
5500, Hitachi Medical Systems America, Twinsburgd)@ith a 7.5-MHz linear array
transducer in a transverse orientation (Dighe.€2@08). There were 103 benign and
20 malignant nodules. The mean nodule size wax A8 x 2.1 cm (ranging from
0.5x0.6x0.6cmto4.1x23x35cm). We utedFNA result as the diagnosis
for a thyroid nodule unless a patient subsequamlyerwent surgery. For patients
who underwent surgery, the final diagnosis was dase the histopathological

examination of the excised thyroid nodule.

3.2.2 Algorithm overview

Figure 3.1 shows the flowchart of our alton. The acquired
guadrature-demodulated 1Q (in-phase and quadratla&) were used for generating
strain frames using the angular strain estimati@thod (Bae and Kim 2007). The
strain oscillation index (SOI) at every pixel locat within the delineated ROl was
calculated from the corresponding strain rate wawef Placing the SOI values in
their proper locations formed a strain oscillatiomp (SOM), from which a
co-occurrence matrix was derived. Finally, thesitdty contrast index (ECI) was
calculated from the co-occurrence matrix. A larggCl value suggests a high

probability of a nodule being malignant.
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Calculate strain
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| Calculate ECI |

Figure 3.1. Flowchart of our algorithm.

3.2.3 Strain oscillation map
Figure 3.2(a) shows a B-mode image from a smalignaht thyroid nodule

close to the carotid artery. The nodule’s boundsigdicated by white dashed lines.
Figures 3.2(b) and 3.2(c) are the strain rate wawefcorresponding to the blue and
red color regions identified in Fig. 3.2(a), regpedy. The disparate strain rate
waveforms in Figs. 3.2(b) and 3.2(c) are mostly tualifferent stiffness values in
these blue and red color regions as discusseciprévious chapter. Because of the
increased tissue stiffness in the blue region o thalignant nodule, the peak strain
magnitude is much smaller than that from the surding thyroid tissue (red region).
Also, the strain rate waveform in the red colorieagshows noticeable oscillations,
especially during diastole (black ellipse in Fig2(8)), while that in the blue color
region shows minimum oscillations. As a measurestiillation, we define SOI as

follows:

|abs(sr (x, y,n)) > threshold||

Ol (><,y)=| N

x100%, n= 0,1,..N — . (3.1)
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where abs(z) is the absolute value o, N is the total humber of frames in a
sequence,sr(x,y,n) represents the strain rate value at a pixel lonafix,y) in the
nth frame, and|| is the number of frames where the condition insglsatisfied.
For each location(x,y), SOl is the ratio of the number of frames whegedtrain rate

value exceeds a given threshold to the total numbétames. The range of SOl is
from 0 to 100%. A low SOI value means that a lewel of oscillations is present in

the strain rate waveform, suggesting stiff tissué& high SOI value indicates

increased strain oscillations, suggesting sofuéss For the strain rate waveform in
Figs. 3.2(b) and 3.2(c), SOl is 12.4% and 84%, eetypely, when 1%/s is used as a
strain rate threshold in Eqg. (3.1).
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o
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Figure 3.2. (a) B-mode image of a malignant thyrmdule, whose boundary is delineated by
white dashed line, (b) the strain rate waveforrthefblue region and (c) the strain rate
waveform of the red region, where the black ellippsEig. 3.2(c) highlights strain oscillations
during diastole.

By calculating SOI at every pixel locatioitimin the white dashed line in Fig.
3.2(a), we were able to condense the entire stsmguence’s spatiotemporal
information to a single image, which is called raist oscillation map (SOM). Figure
3.3(a) is the SOM of the small malignant nodulevaman Fig. 3.2(a). As can be
seen in Fig. 3.3(a), in the lower-right side of SOBDI is as high as 80%, indicating
that this portion is soft. At the same time, S®the upper part of the map is as low
as 10%, suggesting that this area is stiff. Onather hand, Fig. 3.3(b) shows the
SOM of a small benign thyroid nodule. A distindtference between SOMs of the
malignant (Fig. 3.3(a)) and benign (Fig. 3.3(b)dules is the local contrast. In a
malignant nodule, the differences between low aigth KOI areas are large, and the
transitions from high to low (or low to high) SOleppen over a short distance,
leading to a high local contrast. On the otherdhams the stiffness difference
between a benign nodule and normal thyroid tissueelatively small, a high local
contrast is much less likely to occur in a benigduie as shown in Fig. 3.3(b).
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Figure 3.3. (a) Strain oscillation map (SOM) copasding to Fig. 3.2(a), where white dashed
lines indicate the nodule boundary, and (b) SOMafbenign thyroid nodule.

41



3.2.4 Elasticity contrast index

The local contrast is one of the second-oteeture features of an image. A
co-occurrence matrix has been used in medical immgaysis for quantitative
measurements of image texture (Haralick et al. 1€F&n et al. 1998; Mudigonda et

al. 2000). Each element in the co-occurrence mafij,(i,]) is defined as the

number of times (or the probability) where a spedfixel value pair combination

(i,J) occurs when two pixels are separated by a Euclidestance d and along the

direction of ¢:
Cdyg(i,j)=HX2—X1=d0089 ,y2—y1=d sirg | ((1 yl):l ! ((2)/2): JH (32)

where (x,y;) and (x,,y,) are the locations in SOM of the first and seconctlp,

I(.) is a pixel's SOl value and|| is the number of pixel pairs in SOM satisfying the
conditions inside. Note that the dimension of ¢eeoccurrence matrix isNgxNg,
where Ny is determined by the number of discrete levelsdusequantizing SOI

values. We used 10 foN, .

To quantify an SOM'’s local contrast for agjivd and ¢ combination, we

define an elasticity contrast index (ECI) as foltow

10

10 10 2 10
EClI=>"%"lu-v" p(u,v), whered > p(u,v)=1 (3.3)
1

u=lv=1 u=1v=

where p(u,v) is a value at(u,v) in the normalized co-occurrence matrix of 10 x 10,
which is the probability derived fron,,(i.])in Eq. (3.2). Figures 3.4(a) and
3.4(b) show the normalized co-occurrence matrixtiernodules shown in Figs. 3.3(a)
and 3.3(b), respectively, whed = 2 pixels andé = 45 degrees were used. The
co-occurrence matrix for the benign nodule (Figd(8)) has most of its nonzero
elements in the lower-right side, suggesting thatgixel pairs separated by 2 pixels
with the angle of 45 degrees have similar SOl walueThe elements in the
upper-right and lower-left parts of the co-occuoematrix are all zero because of the

42



slow SOI transitions in Fig. 3.3(b). As a restitte ECI value calculated with Eq.

(3.3) is 0.32. On the other hand, quite a few Bomzlements in the co-occurrence
matrix are seen in the upper-right and lower-leftt® of Fig. 3.4(a) due to the rapid
SOl transitions in Fig. 3.3(a). The ECI value flois nodule is 1.29.

+0.08

+10.06
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Figure 3.4. (a) The co-occurrence matrix for Fig(8) where the ECI value is 1.29 and (b)
the co-occurrence matrix for Fig. 3.3(b) where B value is 0.32.

3.2.5 Parameter selection

In Fig. 3.1, there are three parametersdbald influence the ECI value. The
first parameter is the threshold value used in(Bd.) for calculating SOI. Different
threshold values would lead to different SOMs. Tiker two parameters aré
and @ used in constructing a co-occurrence matrix fro@MVs In this study, we
used 4 directions (0, 45, 90 and 135 degrees) Artistances (1 to 30 pixels), thus a
total of 120 (4 x 30) different co-occurrence ns were generated for each SOM,

leading to 120 ECI values for each threshold value.

To evaluate which parameter combinationseéhold, d and &) achieve
better detection performance, the area under th€ RGrve (AUC) in detecting
malignant thyroid nodules was used. Figure 3.®s@tically shows the parameter
evaluation process. For each threshold value, tal tof 120 ECI values

corresponding to all the possibleé and 6 combinations were derived for each
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nodule. This was repeated for all 123 thyroid nesu To evaluate the malignant
nodule detection performance with the first EClueal(corresponding tod =
pixel and & = 0 degree), we extracted EQF ECL, 123from all 123 thyroid nodules.
Using these 123 ECI values and the results frompathology/histopathology exams,
the true positive and false positive rates in detgcmalignant nodules were
determined by varying the ECI cut-off value, frorhieh the ROC curve ford =1
and ¢ = 0 was generated and the area under the cut€)Avas then calculated
(van Erkel and Pattynama 1998). This process e@sated 120 times in calculating
the AUCs for all the possiblel and & combinations with a given threshold value.
A parameter set producing a larger AUC has a betiscriminant power in
differentiating benign and malignant nodules (M&&78). Thus, we selected the

threshold, d and @ values that produced the maximum AUC.
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Figure 3.5. Evaluating different parameter seteefhold, d and &) based on the area under
the curve (AUC) criterion.
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3.3 Results

Figure 3.6 shows the AUC for 120 and ¢ combinations with different
threshold values. The horizontal axis of Fig. &6responds to 120 differerd and
6 combinations, which are arranged by first settifig= 0 degree and varyingl
from 1 to 30 then setting = 45 degrees and varyind from 1 to 30, and repeating
this for 6 = 90 and 135 degrees. Four plots in Fig. 3.6espond to different
threshold values, i.e., 0.7%/s, 1.0%/s, 1.3%/s hodo/s. As shown, the AUC is
large when @ = 45 degreesd = 1~16 and the threshold value is 0.7%/s or 1.0%/s
The average AUC with each threshold value is ligte@able 3.1, and it does not vary
much as the threshold value is changed from 0.#1@d/s3%/s, which indicates that the
performance in detecting malignant nodules is nealsly insensitive to a particular

threshold value used in this range.
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Figure 3.6. The area under the curve (AUC) foredéht threshold,d and & combinations.
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Table 3.1. Average AUC with different thresholduesd

Threshold 0.7%/ s 1% /s 1.3% /s 1.6% /s

AUC 0.82 0.81 0.77 0.71

The maximum AUC of 0.87 (95% confidence interval7@-0.97) was
obtained with the threshold value of 1.0%f,= 2 and & = 45 degrees. This
parameter combination was used in all subsequettysis. Table 3.2 lists the mean
and standard deviation of ECI values with this telé parameter set. The mean ECI
value of malignant nodules (08823,n=20) is significantly higher than that of
benign nodules (0.58.18,n=103) = 0.00002). The boxplot distribution of ECI
values for benign and malignant nodules is showifrign 3.7. Table 3.3 lists the

sensitivity, specificity, accuracy and geometricamef sensitivity and specificity (i.e.,

Jsensitivityx specificity ) with different ECI cut-off values. Increasingetrcut-off

value increases the specificity while the sengitivlecreases. We selected the
cut-off value that maximized the geometric meanhud;, we used an ECI value of
0.60 (corresponding to the geometric mean of 0.8387a cut-off in malignant/benign

decision, which led to a sensitivity of 95%, spetiy of 73.8% and accuracy of

77.2%.

Table 3.2ECl values § =2, 0 =45 degrees and threshold = 1.0%/s)

Malignant (n=20) Benign (n=103) p
0.83+0.23 0.53+0.18 0.00002
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Figure 3.7. Boxplot distribution of ECI values toenign (blue dots) and malignant nodules
(red x).

Table 3.3. Detection performance with different EGt-off values

Geometric mean of

(ig[l:);f Sensitivity Specificity Accuracy sensiti\_/i_ty_ and
specificity
0.54 100% 54.4% 61.8% 73.8%
0.55 95% 54.4% 60.9% 71.9%
0.56 95% 61.2% 66.7% 76.2%
0.57 95% 66.8% 70.7% 79.7%
0.58 95% 66.0% 70.7% 79.2%
0.59 95% 68.0% 72.4% 80.4%
0.60 95% 73.8% 77.2% 83.7%
0.61 90% 74.8% 77.2% 82.0%
0.62 85% 75.7% 77.2% 80.2%
0.63 85% 76.7% 78.1% 80.7%
0.64 75% 77.7% 77.2% 76.3%
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3.4 Discussion

In Chapter 2, we developed a thyroid nodulesili&s utilizing the temporal
strain information, which demonstrated the fea#ipithat the temporal strain
information of a nodule induced by the carotid artpulsation could be used in
differentiating benign and malignant thyroid nodule Compared with other thyroid
elastography methods, our classifier-based appreachd render more reproducible
results. However, one issue in utilizing a classifor thyroid nodule differentiation
is that the classifier trained using the data aetgiired from one ultrasound machine
may not be directly used in other machines. FangXe, the classifier presented in
Chapter 2 was trained using 98 data sets acquiosa & Hitachi Hi Vision 5500 US
machine. If we implement and integrate our algonitin a Philips US machine, then
it is most likely that the classifier needs to betmained by acquiring another 98 cases
or so with the Philips US machine, which is impieait if not impossible. To
improve the generalizability and clinical applidélgi the current algorithm utilizes
the co-occurrence matrix to analyze the local stcaintrast within a nodule, where a
classifier is not required. Compared to the presielassifier-based method, this
new algorithm can be more readily integrated in wm@rcial US machines for clinical
deployment. Another issue with the previous studythat the sensitivity of
classification performance to the selection of paters (e.g., the number of clusters
in k-means clustering) was not evaluated. In #tigly, the area under the ROC
curve in detecting malignant nodules was evaluateth different d and 6
combinations and threshold values, where the distgnperformance of the algorithm
was found to be reasonably insensitive to a pdaicd and 6 combination and

threshold value.

Still, one limitation with the current method isfdihe processing of data.
For each nodule in this study, it took 1.5 hourptocess the elastography data and
calculate the ECI score using MATLAB (The MathWarksc., Natick MA) running
on a PC with an Intel Core 2 Dual 2.4-GHz processat 3 Gbytes of memory. As

the ECI values of thyroid nodules were calculatéidlioe by a researcher in the
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laboratory rather than by clinicians in real tintee results do not include much
variability (e.g., interobserver variability) ty@ily seen in a clinical setting. By
collaborating with Samsung Medison, the elastogyaptethod presented here was
implemented and integrated in commercial US mach{Aecuvix V20, XG and A30,
Samsung Medison Co., Ltd., Seoul Korea). It nokesa~4 seconds to process one
data set, which enables the thyroid elastographlyetinteractive. In the following
chapters, the developed elastography method isuaesl with commercial US

machines in real clinical practice.

Utilizing the carotid artery pulsation as an insimmcompression source and the
guantitative scoring method, our intrinsic compi@sselastography reduces the
variability in both data acquisition (step 2 in Fig4) and scoring (steps 4 and 5 in Fig.
1.4). We believe that our intrinsic compressioastdgraphy could render more
reproducible results than external compressiortajaaphy.

3.5 Conclusion

In this chapter, we presented an improvedntjizive scoring method for
thyroid US elastography. Compared with other tidrrelastography methods, our
method could give more objective and less obsaiependent results, which would
be demonstrated in the next chapter. By usingetastography method, we have
achieved a sensitivity of 95%, a specificity of 8. and an accuracy of 77.2% for

detecting malignant nodules in a retrospectiveystuith 123 FNA-bound nodules.

50



Chapter 4 — Interobserver agreement and intraobserer
reproducibility of thyroid elastography

4.1 Introduction

In spite of very good performance that many previagiudies reported
(Lyshchik et al. 2005; Rago et al. 2007; Asteriaakt2008; Tranquart et al. 2008;
Hong et al. 2009), thyroid US elastography usingeeal compression is not in wide
clinical use. One major reason for this is the liowerobserver and intraobserver
agreement. There are two main sources of varialiiliUS elastography, one in data
acquisition and the other in scoring (Yoon et &11P). For most previous studies
(Rago et al. 2007; Hong et al. 2009), only the afgitity in scoring was evaluated.
The US elastography data sets were acquired bypgdesoperator, and scores were
also assigned by the same operator. The secondatopeonly reviewed the

already-captured elastography images/sequenceasaighed scores.

A study evaluating the interobserver agreement lmttata acquisition and
scoring for thyroid US elastography was reported Rark et al. (2009). Three
radiologists independently performed elastograpdia @écquisition and scoring on 52
surgery-bound thyroid nodules. With external comspion elastography, they found
no interobserver agreement among three radiologisthey attributed this lack of
interobserver agreement in elastography mainly e fact that the extent of
compression influences both the elastography imag#, consequently, elasticity
score. Their results showed that the variabilityaicquiring elastography data is

larger than that in scoring.

All the thyroid elastography studies mentioned abamployed freehand
external compression, where periodic force is &oplo the thyroid gland by using an
US transducer. Utilizing the carotid artery asimninsic compression source could
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eliminate the variability due to different compriesslevels applied by the operator(s)
(Bae et al. 2007; Dighe et al. 2008). Thus, thipalve of this study is to evaluate
the interobserver agreement and intraobserver depibility in thyroid US

elastography using intrinsic compression.

4.2 Materials and methods

4.2.1 Patients

Between December 2010 and March 2011, 56esyHigound patients (14 male
and 42 female), whose thyroid nodules had beendioua FNA to be malignant,
suspicious for malignancy or follicular/Hurthle kekeoplasm, were recruited in the
Seoul St. Mary’s Hospital for this study. The mesge of patients was 44.1+11.6
years (ranging from 18 to 68 years). US elastdgyyagxaminations were performed
in the evening before the day of thyroidectomy. eTihal diagnosis was based on the
histopathological examination of an excised thynoddiule. This study was approved
by the Institutional Review Board of the Seoul Btary’s Hospital, and written

informed consent was obtained from all participants

4.2.2 Real-time US elastography examination usingtrinsic compression
Ultrasound elastography with intrinsic congsien described earlier including
ECI calculation was implemented on a commercial 1d&chine (Accuvix V20,
Samsung Medison Co. Ltd., Seoul, Korea). Threeoemaologists performed
elastography examinations using the US machine avith-13 linear transducer. By
December 2010, all endocrinologists had less theeetmonths of experience in using
US. During a two-month period prior to this stué@gch endocrinologist practiced
thyroid elastography on ~50 nodules to familiarikemselves with data acquisition
and ECI scoring. During the study, each endocoigist performed two separate
elastography examinations on each nodule. A tofab elastography exams (2
exams per operator x 3 operators) were performeglach nodule within a time span
of 30 minutes. The steps used in an elastograpamimation are illustrated in Fig.

4.1. An operator searched for a transverse plaowisg both the common carotid
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artery and the largest diameter of a thyroid nodifing B-mode as shown in Fig.
4.1(a). Once the imaging plane was identified,dperator asked the patient to hold
his/her breath and acquired the US data for ~4rskcby placing the transducer over
the patient’'s anterior neck without applying anyteemal compression. The strain
frames were generated using the acquired data.er Alffte nodule boundary was
delineated by the operator (Fig. 4.1(b)), the SGBig.(4.1(c)) of a nodule and its ECI
value were computed and displayed on the screen 4EL(d)). A larger ECI value

suggests a stiffer nodule, thus indicating an iasee likelihood of being malignant.

Elasticity Contrast Index : 4.02 .

(d) (c)

Figure 4.1. Steps used in an elastography exaramasing intrinsic compression. (a) A
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transverse plane showing both the common caratiiiyafCCA, pointed by a blue arrow) and
the largest diameter of a nodule (pointed by aareow) is identified using B-mode and the
US data are acquired, (b) an operator delineatebdbndary of a nodule using a track ball, (c)
the computed SOM of a nodule is displayed, ancifdECl value is calculated and displayed
on the screen (pointed by a green arrow). The goaphe lower-right corner displays the
transducer motion during elastography data aceuisib give immediate feedback to the
operator so that the transducer motion can be w@aitand/or the operator can repeat the data
acquisition if needed.

4.2.3 Statistical analysis

Pearson’s correlation coefficient was usec\valuate the interobserver and
intraobserver agreement. The collected data weveepsed with Matlab Statistics
Toolbox“ (The MathWorks, Inc., Natick MA). To evaluate thetraobserver
reproducibility, Pearson’s correlation coefficiewas calculated based on two ECI
values obtained in two separate elastography examis by each observer. To
evaluate the interobserver agreement, the meare valuwo ECI values by each
observer was first derived, after which Pearsonisatation coefficients between two
observers were calculated. Based on the resultam¢lation coefficient value, the
interobserver/intraobserver agreement is consideéoetbe poor (0.00-0.20), weak
(0.21-0.39), fair to good (0.40-0.75), or excell¢nt0.75) (Fleiss 1986).p < 0.05
was considered statistically significant.

4.3 Results

Of the 56 thyroid nodules, 53 were confirmed malignant by the
histopathological exams, where 52 were the claggie of papillary carcinoma and
one was a follicular variant. Three nodules wegtermined to be benign (two cases
of nodular hyperplasia and one Hurthle cell adenoregen though a preoperative
FNA biopsy was suspicious for malignancy. The meadule size was 9.5+4.4 mm

(ranging from 4 mm to 24 mm) in the transverse vieWwut of 56 nodules, 33
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(58.9%) had the diameter less than 10 mm. All reglwere solid in US and had no

cystic component inside.

The ECI values of thyroid nodules obtained diyservers 1, 2 and 3 were
4.40£1.98 (1.01-9.02), 3.721.72 (1.11-9.10), and 4.52.06 (1.11-10.66),
respectively. Pearson’s correlation coefficients itraobserver agreement were
0.87 p < 0.01), 0.73 i < 0.01) and 0.84p(< 0.01) for observer 1, 2, and 3,
respectively. Figure 4.2 shows the scatter plbtsQ@l values between two observers.
Pearson’s correlation coefficients between two olese were 0.79 (observers 1 and 2,
p < 0.01) in Fig. 4.2(a), 0.77 (observers 1 ang 3; 0.01) in Fig. 4.2(b) and 0.73
(observers 2 and 3 < 0.01) in Fig. 4.2(c). It indicates that good d@rcellent
intraobserver and interobserver agreement exigtsynoid elastography with intrinsic

compression.
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Figure 4.2. Scatter plots of ECI scores from (agesbers 1 and 2, (b) observers 1 and 3, and
(c) observers 2 and 3.
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4.4 Discussion

With external compression elastography, theabdity can be introduced at
several places in Fig. 1.4. The first source isétecting an imaging plane by an
operator (step 1). Second, different pseudo-cplterns could be generated by
different compression levels applied by the operdstep 2). Other sources of
variability include the manual selection of an &gsaphy image from a dynamic
sequence (step 4) and the subjective scoring afaally inspecting the pseudo-color
pattern (step 5). Due to the variability in bothtal acquisition and scoring, the

reliability with external compression elastograsuyfers.

Park et al. (2009) evaluated the interobserver eagemt of US thyroid
elastography using external compression, whereethealiologists independently
acquired elastography data and assigned scoresey Téund no statistically
significant interobserver agreement for thyroid sedgraphy using external
compression. In this study, three endocrinologisisormed both elastography data
acquisition and nodule delineation for scoring. V¥aund that significant
interobserver and intraobserver agreement exigts twyroid US elastography. One

major difference in our study was the use of irsiGrcompression.

There are several differences between intrinsig. (#i1) and external (Fig. 1.4)
compression elastography methods. The first diffee is that during data
acquisition, no external compression is applied hwiintrinsic compression
elastography. Because the carotid artery pulsasonsed, the variability due to
different compression levels used by the operatdgsreduced. In addition, the
out-of-plane motion, which could degrade the gyadit elastography images, would
be small compared to external compression elagtbgras the transducer is fixed
during data acquisition and the magnitude of isidncompression is small. The
second difference is in scoring. For external casgion elastography, a clinician
needs to manually select a single elastography enfiagm an elastography sequence
and assign a score. In contrast, we use a quargitacoring method, where no

subjective score assignment is needed except foredéing a nodule’s ROI with 7~8
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points. These differences in data acquisition ssating are mainly responsible for a
very different (from Park et al. (2009)) finding diie existence of statistically

significant interobserver and intraobserver agredrirethyroid US elastography.

In addition to the interobserver agreement, waiso evaluated the
intraobserver reproducibility. For a typical irgtzsserver agreement study (Choi et al.
2010), the same observer retrospectively reviewsaitguired images several times
separated by a certain time period (e.g., 1 montRather than using the acquired
images multiple times, we evaluated the intraokeereproducibility based on two
separate elastography examinations performed bysdhee observer including data
acquisition. So, the intraobserver reproducibility this study encompasses the
variability involved in the entire elastography exaation process using intrinsic
compression, including data acquisition and scoring spite of this, we found very
good intraobserver reproducibility.

Since each operator produced two ECI valuegéch nodule, there can be a
total of four Pearson’s correlation coefficientdvieen two observers instead of one
correlation coefficient when the mean of two EClues was used (which is presented
in Results). The mean and standard deviation e$ehfour Pearson’s correlation
coefficients are 0.71+0.07 (observers 1 and 2)24004 (observers 1 and 3) and
0.65%0.06 (observers 2 and 3), which are about ér than those (0.79 (observers
1 and 2), 0.77 (observers 1 and 3) and 0.73 (obse@/and 3)) when the mean values
were used. When an operator makes multiple EClsoreanents on one nodule, it
would be clinically prudent to use the maximum B@lue to increase the sensitivity
(i.e., malignant nodule detection rate). In thase; the interobserver Pearson’s
correlation coefficients would be 0.79 (observerantl 2), 0.80 (observers 1 and 3)
and 0.71 (observers 2 and 3), which are very simdathose when the mean ECI

values were used.

In spite of the fact that all three endocrinologigt this study had limited
experience in using US to scan thyroid nodulesdgmoexcellent interobserver and

intraobserver agreement was obtained. It suggdsts the reproducibility with
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intrinsic compression elastography may be less rig® on an operator’'s prior
experience in US. While more training is likely tmprove the reproducibility
further, it might not require as much training aedperience to get reliable
elastography results compared to external compmmeskyroid elastography.

Although the magnitude of both interobserved antraobserver variability
was reduced witintrinsic compression elastography, a certain leyelariability still
remains. There is always some variability in si@gcan imaging plane during an
elastography exam as in other US modes, e.g., Benaoal spectral Doppler. A
transverse plane showing the maximum diameter nbdule was selected for US
elastography acquisition in our study. Since oyrerators were not much
experienced in examining thyroid nodules with Uyt might have used somewhat
different imaging planes. Figure 4.3 shows an elamwhere different ECI values
were obtained from the same nodule by differenteolys. SOMs show different
patterns, indicating that three operators acquidatt from somewhat different
portions of the nodule. Furthermore, it was n®yegar them to go back to the same
imaging plane for the second acquisition. As altethere would be a difference in
the ECI values obtained by the same observer atseparate exams. The inherent
cardiac variability could also contribute to inteserver and intraobserver variability.
For example, the blood pressure and/or the hetrtafaa patient could be somewhat
different during multiple elastography examinationw$ich could lead to a difference
in the measured ECI scores.

(b)
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(e) (f)

Figure 4.3. 62-year-old woman with a 6-mm hypoechamidule in the left thyroid lobe.
Although B-mode images acquired by three obseneeitssimilar (Figs. 4.4(a), 4.4(c) and
4.4(e)), the SOMs obtained by observers 1 (Figh¥)42 (Fig. 4.4(d)) and 3 (Fig. 4.4(f)) look
somewhat different. The corresponding ECI value 15, 3.51 and 7.47, respectively. This

nodule was confirmed as papillary carcinoma byopiathology.

There are several limitations in this study. Fiestelatively small number of
nodules were enrolled. Second, two elastograptgmexperformed by the same
operator were only separated by less than 10 menatethe memory effect could have
played a role in the second acquisition. Howesge the ECI score was generated
only after an operator acquired the data and daite the nodule boundary, the
memory effect would not be large. Third, the reju@bility of ECI values over time,
which could be affected by the blood pressure riaitteompliance and cardiac output,

was not evaluated in this study. Fourth, the stpdpulation was limited to
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surgery-bound patients with predominantly malignantiules, thus the diagnostic

performance of intrinsic compression elastographg wot evaluated in this study.

4.5 Conclusion

We obtained good interobserver and intraobserveeemgent with intrinsic
compression elastography. Compared to externapoession elastography, which
would take a high level of training and experiefaresonographers and radiologists to
use, the intrinsic compression thyroid elastograpiethod would be able to produce

more reliable results with less experience anadiingi
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Chapter 5 — Thyroid nodule parameters influencing
performance of ultrasound elastography using intrirsic
compression

5.1 Introduction

As discussed in Chapter 4, a major limitation of @Rstography with
externally-applied compression is low reproducipili When the intrinsic carotid
artery pulsation is used as a compression souneeinterobserver and intraobserver
variability could be substantially reduced. It gagts that the thyroid elastography
with intrinsic compression could render more repi@bdle results compared to the

external compression elastography (Lim et al. 2012)

Another issue with US elastography using exterrmahpression is that the
elastography image quality and diagnostic accucacyd be influenced by a nodule’s
parameters, such as size and location. For exan@eslastography image quality
degrades for deep-seated nodules (from the comgnessource) due to less
compression they receive. Chang et al. (2011)ietluthe factors influencing the
elastography image quality in evaluating suspicibtesast masses. They found the
lesion size, lesion depth and breast thicknesssmy®ificantly associated with the
elastography image quality. Sensitivity in detegtimalignant breast masses

increases significantly with higher image quality.

By using the quantitative scoring method in intiicnsompression elastography,
the diagnostic accuracy would be less influencethbyimage quality and physician’s
skills in interpreting the elastography image coregdao subjective scoring (Luo et al.
2011; Lim et al. 2012; Luo et al. 2012). Howewshether the diagnostic accuracy
of intrinsic compression elastography would beueficed by nodule parameters has
not been studied. Identifying those parametersitiimence the predictive value of

US elastography would be beneficial for wider ue¢hts technique by clinicians in
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managing thyroid nodules. Thus, the aim of thisdgtwas to evaluate several
nodule parameters that could influence the diagngstrformance of thyroid US

elastography using intrinsic compression.

5.2 Materials and methods

5.2.1 Patients

From August 2010 to March 2011, 167 patients weceuited for US B-mode
and elastography examinations in the Seoul St. iaigspital. Seven patients with
unsatisfactory FNA results and 4 patients with &igfp cells of undetermined
significance (ACUS) were excluded from the studyhus, a total of 156 patients
with 176 nodules formed the study population. Thean age of patients was
47.3+12.7 years, and 82.1% were female.

Based on the FNA biopsy results, nodules were ifledsising The Bethesda
System for Reporting Thyroid Cytopathology (TBSRT&3) negative for malignancy
(79 nodules), follicular neoplasm (5 nodules), Hlatcell neoplasm (3 nodules), or
malignant (including suspicious for malignancy,r@®lules). Patients with follicular
neoplasm or Hurthle cell neoplasm went through eygwhere 3 papillary thyroid
carcinomas (PTC), 3 follicular adenomas, 1 Hurttdéd adenoma and 1 follicular
thyroid carcinoma were found based on the histapagical results. 86 nodules (81
patients) out of 89 with cytological findings beingalignant or suspicious for
malignancy went through surgery in the Seoul St.ryia Hospital. The
histopathological findings confirmed that all 86dutes were PTCs. Since the
histopathological findings of 3 nodules diagnosedPd Cs by FNA biopsy were not
available (surgery was not performed in the Seoul Mary’s Hospital), their
cytological results were used in the study. Thiere were a total of 83 benign and
93 malignant nodules (92 papillary thyroid carcirasmand 1 follicular carcinoma)

enrolled in the study. There was no significaffiedénce in the mean age (49.7+13.2
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vs. 45.5+12.1p = 0.055) and proportion of women (87% vs. 7§%,0.210) between
patient groups with benign and malignant noduleghis study was approved by the
Institutional Review Board of the Seoul St. Maryespital, and written informed

consent was obtained from all participants.

5.2.2 Realtime US elastography examination and nate parameter
measurements

B-mode US and elastography examinations were paddrby one of three
endocrinologists using a commercial US machine @&bcV20, Samsung Medison
Co. Ltd., Seoul, Korea) with a L5-13 linear transeliu

ECI was calculated to quantify the local istreontrast within a nodule. As
discussed in Chapter 3, for the elastography intdge malignant nodule (Fig. 5.1),
the difference between low and high strain aredarge, and the transition from high
to low (or low to high) strain occurs over a shiigtance, leading to a high local strain
contrast and a large ECI value. On the other harwnign nodule shown in Fig. 5.2,
which has a relatively small stiffness differenoenbrmal thyroid tissue, typically has

a small ECI value.
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Figure 5.1. US B-mode (left) and elastography @ighages for a 6-mm papillary thyroid
carcinoma in the right thyroid lobe. In the B-mad®ge, the carotid artery is pointed by a
thick red arrow. The red line represents the distebetween the nodule and the carotid
artery, and the blue line represents the noduléhdegor the elastography image, red
indicates high strain (i.e., soft tissue) whileeblodicates low strain (i.e., stiff tissue). A
large ECI value (i.e., 6.64) indicates that thiBkisly to be a malignant nodule.

To perform an elastography examination, an opersgarched for a transverse
plane showing both the common carotid artery amdlaingest diameter of a thyroid
nodule using B-mode. The operator asked the paterold his/her breath and
acquired the US data for ~4 seconds once the irgagiane was identified. No
external compression was applied during data aitiquisas the intrinsic carotid artery
pulsation was used as a compression source. Tdie Bames were generated using
the acquired data. The ECI value was computeddapdayed on the monitor of the
US machine after a nodule’s boundary was delinelayettie operator.

Three nodule parameters were measured bas#ttedrmode image: (1) size,
(2) depth and (3) distance to the carotid arterijhe size of a nodule was measured as
the maximal diameter in the transverse view. Téptll of a nodule was calculated

as the vertical distance from the skin to the aeatdhe nodule (blue vertical line in
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Figs. 5.1 and 5.2). The Euclidean distance betwkercenter of a nodule and the

center of the carotid artery was measured as tbales distance to the carotid artery
(red line in Figs. 5.1 and 5.2).
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Figure 5.2. US B-mode (left) and elastography @ighages for an 8-mm benign nodule in
the left thyroid lobe. In the B-mode image, theotid artery is pointed by a thick red arrow.
The red line represents the distance between tihg@lenand the carotid artery, and the blue

line represents the nodule depth. For the elagpdyrimage, red indicates high strain (i.e.,
soft tissue) while blue indicates low strain (istiff tissue). Almost the entire nodule is

coded as red in the elastography image. A smadlhM&le (i.e., 1.34) was obtained for this
benign nodule.

5.2.3 Statistical analysis

Nodule parameters influencing the ECI value

Parameters influencing the ECI value were erachby univariate regression
analysis with the ECI value as the dependent vigriabThe analysis was performed
separately for benign and malignant thyroid noduledlultivariate regression

analysis was used to determine the most importaranpeter influencing the ECI
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value.

Nodule parameters associated with the diagnostic accuracy of elastography

Multivariate logistic regression analysis wased to evaluate several nodule
parameters associated with the diagnostic accuoddyS elastography, where the
dependent variable was the classification resutréct or incorrect). A thyroid
nodule was considered to be correctly classifiectrwthe elastography result was
concordant with the cytological or histopathologiihavailable) finding. A larger
odds ratio implies a higher probability in corrgcttifferentiating benign and

malignant nodules.

Statistical analyses were performed by usiraflab Statistics Toolbax (The

MathWorks, Inc., Natick MA). p < 0.05 was considered as statistically significant

5.3 Results

5.3.1 Nodule parameters influencing the ECI value

The mean nodule size was 7.8+3.3 mm, the rdesaance to the carotid artery
was 13.2+4.5 mm, and the mean depth was 12.4+3.5 niiinere was no significant
difference in the nodule size, distance to the tahrartery, or nodule depth between
benign and malignant nodules. In univariate anglythe distance to the carotid
artery was found to be significantly associatedhwite ECI value for malignant
nodules, but not for benign nodules (Table 5.1)n t@e other hand, there was no
correlation between the ECI value and the size dapth of both benign and
malignant nodules. Multivariate regression analydso showed that the distance to
the carotid artery was the only factor influencithgg ECI value § < 0.0001) for
malignant nodules, which was concordant with thévanmate regression analysis

result.
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Table 5.1. Nodule parameters influencing the EQievdunivariate regression analysis)

Benign (n=83) Malignant (n=93)

Coefficient p value Coefficient p value
Size -0.11 0.16 0.01 0.97
Depth 0.02 0.66 -0.04 0.41
Distance to the carotid 0.05 032 0.13 <0.0001

artery

Table 5.2 lists the mean ECI value of two digedivided subgroups based on
the size, depth and distance to the carotid afi@rypenign and malignant nodules.
The mean ECI value (3.87+1.41) for malignant nosl®se to the carotid artery is
significantly lower than that (4.91+1.76) for malant nodules distant from the
carotid artery f = 0.0039). On the other hand, no statisticaliyngicant difference

exists between the mean ECI values of other sulpgrou

Since the nodule size is an important faatodeciding on FNA referral in
clinical settings, we also separated benign andgmaht nodules into two subgroups
based on whether the nodule size is equal to @t gnan 10 mm or not. We found
no significant difference in the mean ECI valueswad subgroups as well.

Table 5.2. The mean ECI value for nodules groupzeseth on the nodule size, depth and
distance to the carotid artery

Benign Malignant
Mean ECI | pvalue Mean ECI | pvalue
Nodule size Nodule size
<7.2mm 2.69+1.67 > 0.05 <8 mm 4.44+1.92 > 0.05
>7.2 mm 2.54+1.15 >8 mm 4.35+1.40
Nodule depth Nodule depth
<12 mm 2.32+1.34 > 0.05 <11.8 mm | 4.45+1.64 > 0.05
>12 mm 2.87+1.50 >11.8 mm 4.30+1.71
Distance to the Distance to theg
carotid artery carotid artery
<11.5mm 2.42+1.29 <13 mm 3.87£1.41
>11.5mm 2.79+1.56 > 005 >13 mm 4.91+1.76 0.0039
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5.3.2 Nodule parameters associated with the diagrtasaccuracy of elastography
To assess the diagnostic accuracy of US gjemgtby, we varied an ECI cut-off

value and determined the sensitivity and specyfigit detecting malignant nodules.

With an ECI cut-off value of 2.9, the US elastodrapachieved the maximum

geometric mean (i.e.,/senstivityxspecificity ) with a sensitivity of 85.0% and
specificity of 67.5%. The mean ECI value of madigh nodules (4.39+1.66) is
significantly higher than that of benign noduless@:1.43) p < 0.0001). The area
under the receiver operator characteristic (ROQyeus 0.79 (95% confidence
interval: 0.72~0.85).

Table 5.3 shows the association between thdulaoparameters and the
diagnostic accuracy of US elastography. The diatinoaccuracy of US
elastography is significantly associated with thstashce to the carotid arterp
0.05). On the other hand, the nodule size andnhdaa not significantly associated
with the diagnostic accuracy. Table 5.4 lists tugls ratios for three groups of
nodules with different distances to the caroti@irt The odds ratio is higher for the

nodules with a distance greater than 10 mm fronc#netid artery.

Table 5.3. Nodule parameters associated with @gndistic accuracy of US elastography
(multivariate logistic regression analysis)

Odds ratio 95% ClI p value
Nodule size 1.14 0.92-1.40 0.23
Nodule depth 0.98 0.91-1.06 0.67
Distance to the carotid artery  1.07 1.02-1.18 <0.05

Table 5.4. Odds ratios in correctly differentiativgnign and malignant nodules for three
groups of nodules with different distances to theotid artery

Odds ratio 95% ClI p value

Distance to carotid artery
<10 mm (n=43) 231 1.20-4.42 <0.05
10 - 15 mm (n=90) 4.29 253-7.38 <0.05

> 15 mm (n=43) 3.30 1.63-6.70 <0.05
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5.4 Discussion

In Chapter 4, significant interobserver anttaabserver agreement with US
elastography using the carotid artery pulsation iashd. However, since US
thyroid elastography requires compression (eitlxégraal or intrinsic) to a nodule in
deriving its stiffness, the performance could bdluenced by several nodule
parameters as these parameters would affect therdnd compression delivered to
the nodule. Therefore, before US elastographybeaaccepted as a routine clinical
tool in managing thyroid nodules, it is important dssess how nodule parameters

influence its performance.

In this study, we investigated three nodudegameters (i.e., size, depth and
distance to the carotid artery) that could influetite performance of US elastography
using intrinsic compression. We found that a nedudlistance to the carotid artery
is the only parameter significantly influencing tl&C| value and the diagnostic
accuracy of US elastography. The mean ECI valuaalignant nodules close to the
carotid artery (3.87x1.41) is significantly lowdran that of malignant nodules distant
from the carotid artery (4.91+£1.76). It indicathat the amount of force applied to a
thyroid nodule is dependent on its distance to dbmpression source. A nodule
close to the compression source would receive getammount of compression,
leading to a larger strain magnitude and a lowel &©re. By analyzing the local
strain contrast instead of absolute strain mageitude ECI algorithm reduces the
effects of a nodule’s location with respect to tlaeotid artery to some extent (Luo et
al. 2012). However, the influence of a nodule'staiice to the carotid artery on ECI
could not be completely eliminated, especially toose small nodules very close to
the carotid artery. Thus, it is recommended th& élastography with intrinsic
compression should be used cautiously in evaluatiyygoid nodules located very

close to the carotid artery (e.g., less than 10.mm)

Our results suggest that the nodule depth hasigroficant influence on the
ECI value and the diagnostic accuracy of thyroid &l&stography. Chang et al.

(2011) evaluated the factors influencing the penfmmce of breast US elastography
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with external compression. They found that shadlovesion depth is significantly

associated with higher elastography image quality diagnostic accuracy as the
distance to the compression source (i.e., US tranesflis smaller.  Since the force
is internally provided by the carotid artery puisatinstead of an US transducer, the
elastography performance using intrinsic compresgiould be less influenced by the
thyroid nodule depth compared to that using extezampression. However, Chang
et al. (2011) and our study results agree thatistance of lesions to the compression
source (e.g., transducer and carotid artery) isngmortant factor influencing the

elastography performance regardless of externaltonsic compression.

We found that the diagnostic accuracy of thyr@éd® elastography using
intrinsic compression was not significantly asstedawith the nodule size. On 133
nodules (59 benign and 74 malignant) less than mOimsize, the area under the ROC
curve is 0.79 (95% confidence interval: 0.69~0.8&)jch is as good as the overall
diagnostic performance. On the other hand, asiteeof a nodule was measured as
the maximal diameter in the transverse view, oh&/mediolateral and anteroposterior
dimension of a nodule was considered in this study.nodule, which has a diameter
equal to or greater than 10 mm in the craniocalmgl less than 10 mm in the
mediolateral and anteroposterior dimension, wowdstil considered as < 10 mm in
this study. Thus, the influence of nodule sizehhigot have been fully evaluated in
this study. To fully evaluate the influence of nte size on the diagnostic
performance of elastography, the maximum diametea @module among all three

directions needs to be considered in future studies

There are several limitations in the current studkirst, the patient factors
(e.g., weight, blood pressure and combined diseasesh as diabetes mellitus,
hypertension or atherosclerosis) that might infaeetthe diagnostic accuracy of US
elastography were not analyzed. Because the daad#gry pulsation was used as the
compression source, the factors associated withatherial stiffness could have
impacted elastography results. Second, the presefcautoimmune thyroiditis,

which may modify the stiffness of thyroid tissueasvnot evaluated in the study.

71



Third, there are 56 surgery-bound nodules includetie current study, where 53 are
malignant nodules. As a result, the malignant rat82.8%, which is substantially
higher than ~15% typically seen among FNA-bound uhesl  Also, for a

surgery-bound nodule, an endocrinologist was avedréghe FNA findings of the

nodule before performing the elastography examserdfore, certain bias would be
introduced into the elastography results due todperator’s prior knowledge of a
nodule’s cytodiagnosis. To fully evaluate the diastic performance of intrinsic
compression elastography on FNA-bound nodules,réusiudies that only enroll

patients referred for an FNA biopsy would be needed

5.5 Conclusion

In this chapter, we evaluated the influenta nodule’s parameters on the ECI
value and the diagnostic performance of elastograping intrinsic compression.
We found that a nodule’s distance to the carotidrgrsignificantly influences the ECI
value and the diagnostic performance of US thyrel@stography using intrinsic
compression. No significant correlation was folredween the diagnostic accuracy
of elastography and a nodule’s size and depth. hVgibod interobserver and
intraobserver agreement and less influence fromodule’s parameters on the
diagnostic performance, the diagnostic performarafe intrinsic compression

elastography in a real clinical setting is evalddateChapter 6.
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Chapter 6 — Diagnostic performance of intrinsic comression
elastography in real clinical practice

6.1 Introduction

There have been numerous studies to evaluate fymaktic performance of
US elastography in noninvasive differentiation afnlgn and malignant thyroid
nodules, where many reported very good diagnogtiédopmance (Lyshchik et al.
2005; Rago et al. 2007; Asteria et al. 2008; Trangat al. 2008; Hong et al. 2009).
In spite of high sensitivity and specificity valuesported with US elastography,

elastography is still not widely used in clinicabptice in managing thyroid nodules.

Recently, it was reported by Moon et al. (2012)t thaternal compression
elastography with and without US B-mode features hderior performance in
differentiating benign and malignant thyroid nodut®mpared to US B-mode features
only. The sensitivity and specificity values of Whastography were 15.7% and
95.3% (using Rago’s scoring criterion (Rago e807)) or 65.4% and 58.2% (using
Asteria’s scoring criterion (Asteria et al. 2008)hich are substantially lower than
those (e.g., sensitivity of 97% and specificityl®0% by Rago et al. (2007)) reported
in previous studies. With this lowered performgnid®on et al. (2012) concluded
that elastography is not useful as an adjunctiagribstic tool to traditional US nor as

a separate clinical tool.

Unluturk et al. (2012) evaluated the diagnosticfqrenance of external
compression elastography on 237 FNA-bound thyradufes from 194 patients.
They reported a sensitivity of 47% and specifiaity 80% in detecting malignant
nodules. In explaining the difference in the diagfic performance of elastography
compared to previous studies, they attributed ¢ostinall number of patients (i.e., less
than 100) in many previous thyroid elastographydists in that the diagnostic
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accuracy of elastography could have been overeindue to a small study

population.

We evaluated the diagnostic performance of inttingtompression
elastography in Chapters 2 and 3, where very geoditivity and specificity values
were obtained. However, the results were not qgeteeralizable in endocrinology
clinics. First, the elastography data were acquidey radiologists and/or
sonographers who were very experienced in perfarmldS elastography
examinations.  For endocrinologists or primary catectors who have little
experience in using US, the quality of data wouddyrdde due to lower skills, and
larger variability would be introduced in perforrgirelastography examinations,
resulting in lower diagnostic performance. Additdly, the elasticity scores of
thyroid nodules were calculated off-line by the samesearcher in the laboratory,
taking 1.5 hours to process a data set and assigaora. Thus, the results obtained in
Chapters 2 and 3 represent the best-case scemaricaanot be reproduced in clinics
since lack of expertise and various variabilityg(ginterobserver variability) typically

encountered in an endocrinology clinic were notstdered.

By collaborating with Samsung Medison, our intrinsicompression
elastography was implemented and integrated in centiad US machines. With our
elastography method in commercial US machines, waéuated the interobserver and
intraobserver agreement and the influence of a letalparameters on the diagnostic
performance of elastography in Chapters 4 and b.this study, we have evaluated
the diagnostic performance of intrinsic compressetastography in clinical practice
with a large number of FNA-bound patients, whemeé¢hendocrinologists performed
the elastography exams and obtained the ECI saoresl time. We believe that the
results obtained in this study would more typicallgpresent the diagnostic

performance of intrinsic compression elastographnealistic clinical settings.
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6.2 Materials and methods

6.2.1 Patients
196 patients (237 nodules) who were referred tcSibeul St. Mary’s Hospital

by primary care physicians for an FNA biopsy fronayw2011 to January 2012 were
recruited for the study. After elastography exaation, all patients went through an
FNA biopsy regardless of the results of elastogyapt26 nodules from 18 patients
with atypical squamous cells of undetermined sigaifce (ASCUS) or unsatisfactory
FNA results were excluded from the study. Addiéityy 9 cystic (> 90% of content)
and 6 dominant cystic (> 50% of content) nodulesenwaso excluded. For patients
with multiple nodules, only the nodule(s) that Hesn biopsied was used in the study.
Overall, 196 nodules from 165 patients were inctude this study. We used the
FNA result as the diagnosis for a thyroid noduldess a patient subsequently
underwent surgery. For patients who underwentesyrgthe final diagnosis was
based on the histopathological examination of #twsed thyroid nodule. This study
was approved by the Institutional Review Boardh&f Seoul St. Mary’s Hospital, and

written informed consent was obtained from all pgyants.

6.2.2 Real-time US elastography examination

An elastography examination was performed by onthiife endocrinologists
using a commercial US machine (Accuvix XG, Samsifegison Co. Ltd., Seoul,
Korea) with a L5-13 linear transducer. To perfamelastography examination, an
endocrinologist searched for an imaging plane ie ttansverse view. Once an
appropriate imaging plane was identified, the ofmerasked the patient to hold his/her
breath and acquired the US data for ~4 seconds @timal. 2012). No external
compression was applied during data acquisitiothascarotid artery pulsation was
used as an intrinsic compression source. The Blbewvas computed and displayed
on the monitor of the US machine after a nodulesrgary was delineated by the

operator (Luo et al. 2012).
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For each nodule, a minimum of two measurements vaen at the imaging
plane showing the largest diameter of a thyroidut®dh the transverse view. If the
operator found other planes showing different U&rabteristics (e.g., echogenicity,
presence of calcifications) from the plane with tlaegest diameter, additional
measurements were taken at those image planes. dat@ranalysis, the maximum

ECI value was used among ECI values obtained frartiple measurements.

6.2.3 Statistical analysis
To assess the diagnostic performance of US elagibgr we varied the ECI
cut-off value and determined the sensitivity anccsicity combination for the

maximum geometric mean (i.e./sensitivityxspecificity ) in detecting malignant
nodules. Statistical analyses were performed biyguMatlab Statistics Toolbox

(The MathWorks, Inc., Natick MA). p < 0.05 was considered as statistically

significant.

6.3 Results

6.3.1 Baseline characteristics of patients and notks

There were 154 benign and 42 malignant naduléll malignant nodules
were diagnosed as papillary thyroid carcinomas. e imiedian age (46, range from 24
to 72) of patients with malignant nodules was nghigicantly different from that (52,
range from 23 to 78) with benign nodulgs> 0.05). No difference of gender was
found between patients with benign and malignaxutes p > 0.05).

The mean size of nodules was 1.1 x 0.9 x 0.7 cngimg from 0.3 x 0.3 x 0.3
cmto 3.3 x 3.4 x 1.8 cm. There were 92 nodulésbiign and 26 malignant) with
the maximal diameter less than 1 cm, where the nséan of these sub-centimeter
nodules was 0.6 x 0.6 x 0.5 cm. 104 nodules (88gbeand 16 malignant) had the
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maximal diameter equal to or greater than 1 cm thieir mean size of 1.5 x 1.1 x 0.9
cm. There were 184 solid nodules and 12 dominalid sodules (solid in more than

50% of internal content).

6.3.2 Diagnostic performance of elastography

The mean ECI value (4.51+2.22) of malignant nodwas significantly larger
than that (2.98+1.47) of benign nodulgs<{0.001). The sensitivity and specificity
of elastography are 81.0% and 64.3% with an EGbéiuvalue of 3.11, respectively.
Figure 6.1 shows the ROC curve in detecting mahgrthyroid nodules with our
elastography. The area under the ROC curve is (834 confidence interval:
0.64~0.83).
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Figure 6.1. ROC curve in detecting malignant nosiwéh elastography.

There are a total of 8 false negatives and 55 fatsstives. As shown in

Table 6.1, 7 out of 8 false negative cases occ@rvthe nodule diameter is less than 1
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cm. We further evaluated the diagnostic performreasfeelastography on nodulesl
cm (n=104) and < 1 cm (n=92).

Table 6.1. False negative cases with elastography

ECl value Maximal diameter (mm)
Case 1 1.84 9
Case 2 2.57 6
Case 3 2.51 7
Case 4 2.79 5
Case 5 2.29 13
Case 6 1.75 6
Case 7 1.50 4
Case 8 1.93 4

The sensitivity and specificity of elastograpby 104 nodules> 1 cm are
93.8% and 69.3%, respectively. Figure 6.2(a) shitmROC curve for elastography
in detecting malignant nodules1 cm, where the area under the ROC curve is 0.83
(95% confidence interval: 0.70~0.96). On the othm&nd, elastography obtained a
sensitivity of 73.1% and specificity of 56.1% on ®@dules <1 cm. The ROC curve
in detecting malignant nodules < 1 cm is shownim B.2(b). The area under the
ROC curve is 0.66 (95% confidence interval: 0.5390. which is significantly less
than that (0.83) on nodulesl cm ¢ < 0.05).
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6.4 Discussion

Many previous studies claimed US elastography &afgea high sensitivity
and specificity in differentiating benign and malamt thyroid nodules (Rago et al.
2007; Asteria et al. 2008; Tranquart et al. 2008n¢iet al. 2009). However, several
recent studies reported that external compresdamtography has a low sensitivity in
detecting malignant nodules. Moon el al. (2012)aleated the diagnostic
performance of external compression elastographyO@FNA-bound nodules, where
the elastography examinations were performed bigteggiologists. The sensitivity
and specificity values of US elastography were %b.@nd 95.3% (using Rago’s
scoring criterion (Rago et al. 2007)) or 65.4% &&12% (using Asteria’s scoring
criterion (Asteria et al. 2008)), respectively. mjmared to the sensitivity of 97% and
specificity of 100% reported by Rago et al. (2007)the sensitivity of 94.1% and
specificity of 81% by Asteria et al. (2008), theaginostic performance reported by
Moon et al. (2012) is substantially lower.

In Chapters 2 and 3, we obtained very good seitgitand specificity values
with intrinsic compression elastography. A semngitiof 100% and specificity of
75.6% were obtained on 98 nodules (92 patientsClapter 2. Utilizing the
elasticity contrast index (ECI), a sensitivity d8% and specificity of 73.8% were
achieved on 123 nodules (106 patients) in Chapter IB the current study, a
sensitivity of 81.0% and specificity of 64.3% arbtained on 196 nodules (165
patients), which are lower than the diagnostic grenince obtained in Chapters 2 and
3. There are several differences between the muaed previous studies, which
would contribute to the difference in the diagnosperformance of intrinsic
compression elastography. First, the mean nodzgeis1.1 x 0.9 x 0.7 cm, which is
substantially smaller than 2.3 x 1.7 x 1.9 andX®138 x 2.1 cm in Chapters 2 and 3,
respectively. 46.9% of nodules in the current gthdve the maximal diameter < 1
cm compared to only ~10% in Chapters 2 and 3. @uules> 1 cm (n=104), a
sensitivity of 93.8% and specificity of 69.3% werietained, which are comparable to

the sensitivity of 95% and specificity of 73.8% (@hapter 3. Second, three
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endocrinologists with little previous experience WS imaging performed the
elastography examinations while radiologists andfmrographers performed the data
acquisition in previous studies. As many smalwgraid nodules with the diameter <
1 cm were enrolled in the current study, it is idifft for the inexperienced
endocrinologists to hold the transducer still feg¥ seconds in acquiring data from
those small nodules, which would lead to the logignal-to-noise ratio in estimating
strain, resulting in the inferior diagnostic perfance on nodules < 1 cm. Third, in
the current study, the ECI values were interacyivedlculated on-line by each
endocrinologist while the patient is still on anaexnation table rather than by a
researcher off-line in the laboratory. Thus, muariability (e.g., interobserver
variability) commonly seen in a clinical setting wd be introduced compared to our
previous studies, leading to the lower diagnosédgrmance of elastography in the

current study.

We can compare the diagnostic performance of extecompression
elastography reported in Moon et al.’ study withatthof intrinsic compression
elastography even though ideally they should bepared with the same operator(s)
performing both external and intrinsic compressadastography on the same study
population. As there are ~50% of nodules withrtteximal diameter < 1 cm in both
Moon et al.’s and our current study, the diagnopgdormance would be compared
on: 1) all nodules, 2) nodules1 cm and 3) nodules < 1 cm. The sensitivity and
specificity values of external compression elasipfy were 65.4% and 58.2% using
Asteria’s scoring criterion on 703 nodules. Thes#évity and specificity of intrinsic
compression elastography were 81.0% and 64.3%,hwéiie higher than those of
external compression elastography. On nodwed& cm, intrinsic compression
elastography achieves a sensitivity of 93.8% aretifipity of 69.3% compared to a
sensitivity of 76.8% and specificity of 64.9% wilternal compression elastography.
On nodules < 1 cm, the intrinsic compression etasjohy achieves a higher
sensitivity (73.1% vs. 60.1%) and specificity (3%.1vs. 51.8%) than external

compression elastography.

81



In another study performed by Unluturk et al. (20Mhere the total number
of nodules (237) is similar to this study, a stwiy of 47% and specificity of 80%
was obtained with external compression elastographgre there were 190 nodutes
1 cm (80.2%) and 47 nodules < 1 cm (19.8%). Isicircompression elastography
has a much higher sensitivity (81.0% vs. 47%) amdewwhat lower specificity (64.3%
vs. 80%) compared to external compression elagtbgra On nodules 1 cm, the
sensitivity (93.8%) of intrinsic compression elagtphy is more than two times
higher than that (42.1%) of external compressi@stelgraphy with somewhat lower
specificity (69.3% vs. 80.9%). On nodules < 1 dime sensitivity (73.1%) of
intrinsic compression elastography is higher thaat {(55%) of external compression

elastography while the specificity is lower (56.1% 77.8%).

In comparing our current study with Moon et al. dddluturk et al.’s study,
where all three studies were performed on a latgeber of FNA-bound nodules in a
real clinical setting, we found that the diagnosterformance, especially the
sensitivity of intrinsic compression elastograplsy superior compared to external
compression elastography. We believe that goodrabserver and intraobserver
agreement of intrinsic compression elastographyniyjaaccounts for its superior
diagnostic performance to external compressiort@aaphy. To confirm this result,
a side-by-side comparison study, where the sameatués) performs both external
and intrinsic compression elastography on the spatient population, needs to be
conducted in the future.

In the current study, we found that intrinsic coeg®ion elastography obtained
a high sensitivity (i.e., 93.8%) and good spedyicii.e., 69.3%) in detecting
malignant nodules> 1 cm. Based on the current major guidelines fanaging
thyroid nodules, a noduke 1 cm would be strongly recommended to be refetwezh
FNA biopsy. For example, according to the Ameriddryroid Association (ATA)
guidelines, any thyroid nodules that is 1 cm olaggein diameter should be evaluated
using an FNA biopsy (Cooper et al. 2009). The &wyciof Radiologists in

Ultrasound (SRU) guidelines strongly recommend & Fiopsy on solid nodules
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greater than 1 cm when microcalcifications are gmesind solid nodules greater than
1.5 cm if coarse calcifications are present (Fragesal. 2005). The American
Association of Clinical Endocrinologists (AACE) glines state an FNA biopsy to
be performed on all nodules 1 cm or greater wigpauous US features (Gharib et al.
2006). However, the predictive value of noduleesiand US features in detecting
malignant nodules is typically low, and featureattare characteristical of malignant
nodules (e.g., microcalcifications) are also présemenign nodules. This results in
a large number of benign nodules undergoing an BlAsy. As can be seen in this
study, 88 (84.6%) benign out of 104 noduted cm received an unnecessary FNA.
In the new management scheme as shown in Fig.a6cBnician could rely on the
elastography findings in judiciously deciding whistdules should be referred for an
FNA biopsy. If a nodule> 1 cm has an elastography finding indicative for
malignancy, then a clinician should refer the nedok an FNA. On the other hand,
if the elastography finding suggests benignanaypdule even greater than 1 cm and
with the presence of suspicious US features coelditmply followed up in 6, 12 and
24 months, which is a standard practice, instedubofg aspirated.

Nodules< 1cm Nodules> 1 cm
Follow up in
6/12/24 months Elastography
Probably benign Suspicious
Follow up in
6/12/24 months FNA

Figure 6.3. Proposed thyroid nodule managemennselth the use of elastography.

It is difficult for clinicians to differentiate begn and malignant nodules solely
based on US B-mode features. Meanwhile, clinictans to refer nodules 1 cm to
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an FNA biopsy as all major guidelines recommendFidA on nodules> 1 cm with or
without suspicious US features. As a result, magryign thyroid nodules 1 cm go
through FNAs. By using elastography on nodutesl cm, a clinician could
substantially increase the specificity while stdthieving a high sensitivity in
detecting malignant thyroid nodules as demonstratéke current study. Thus, they
could have more confidence in recommending nodulésm for a follow-up instead
of an FNA biopsy with the aid of elastography. Thember of FNAs being
performed on benign thyroid nodules would be sutigthy decreased (~60%),

leading to better use of healthcare expenditures.

In the current study, the diagnostic performancewf intrinsic compression
elastography was evaluated in an endocrinologyicglimhere three endocrinologists
with little experience in US imaging performed thlastography exams. Based on
the study results, we suggest an example use raisit compression elastography in
managing thyroid nodules 1 cm. On the other hand, our intrinsic compressio
elastography is not limited to the use shown in Bi§. For example, US B-mode
can provide diagnostically useful information (e&chogenicity, margin, calcification
and/or concomitant lymph node enlargement) in tffiéiating benign and malignant
thyroid nodules. Thus, intrinsic compression egsiphy can be used in
conjunction with US B-mode, where better diagnopgcformance could be achieved
in differentiating thyroid nodules. Elastographyutd also be used by well-trained
radiologists and/or sonographers in detecting makg thyroid nodules < 1 cm as
they have a higher level of skills in acquiring alitom those small nodules. The
proposed management scheme in Fig. 6.3 can bedewvedi as a starting point in
utilizing intrinsic compression elastography imatial practice. As our elastography
technique has been commercialized in ultrasoundhmes, the utility of intrinsic
compression elastography in improving the qualitypatient care can be further

explored by other clinicians and researchers.

There are still some limitations for the currentdst. ~ First, even though the

ECI values were prospectively obtained by threeoeridologists, the ECI cut-off
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value (i.e., 3.11) was determined after all theadaére acquired. As shown in Fig.
6.3, to utilize intrinsic compression elastogragitgspectively on nodules 1 cm in
deciding whether a nodule should be referred t&MA biopsy or follow-up, the ECI
cut-off value needs to be predetermined. In futwtedies, the diagnostic
performance of intrinsic compression elastograplegds to be evaluated with a
predetermined ECI cut-off value. Additionally, tB€| cut-off value in the current
study is somewhat different from that (i.e., 2.8)Ghapter 5. One reason is that
different ultrasound machines were used in theecurand previous study. Due to
the different signal characteristics between twiasbund machines, the ECI cut-off
value would be different. Another reason coulddbe to different malignant rates
between the current and previous study. 56 sutgemynd nodules were included in
Chapter 5, resulting in a malignant rate of 52.8% contrast, the malignant rate of
the current study is 21.4% as all the nodules atnd for FNAs. The ECI cut-off
value could be varied due to different percentagfemalignant nodules between two
studies. The sensitivity of the ECI cut-off valteethe malignant rate and/or other
factors needs be evaluated in future studies.

Another limitation is that the role of intrinsic mpression elastography in
managing small sub-centimeter thyroid nodules wasfuily evaluated in the current
study. First, the small sub-centimeter thyroid uled enrolled in the current study
were pre-selected by primary care physicians, wbatg those highly suspicious for
malignancy were referred for an FNA biopsy. As t&nseen in the current study,
the malignant rate (28.3%) of sub-centimeter naglidgealmost two times higher than
that (15.4%) of nodules 1 cm. All major guidelines recommend an FNA foradl
sub-centimeter nodules only if they are from pdsienith high-risk history (family
history of cancer or previous exposure to ioniziadiation) and/or where abnormal
cervical lymph nodes are found. Thus, a cliniciancautious in aspirating a
sub-centimeter nodule and only considers an FNAmwihes highly suspicious for
malignancy. In contrast, a clinician has a tengeiocrefer a nodule 1 cm for an
FNA even though it does not have any suspicioutoyisand/or US features as all

major guidelines use 1 cm as a major criterioneiiemring FNA. To fully evaluate
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the diagnostic performance of intrinsic compresstastography on nodules < 1 cm,
future studies need to be performed on sub-cergimebdules that are not
pre-selected for FNAs. Second, as mentioned pusiypthree endocrinologists who
had little experience in US imaging performed thesigraphy exams in the current
study. It was difficult for them to hold the trahser still during data acquisition
from those small thyroid nodules. Thus, the diagicoperformance of elastography
on nodules < 1 cm could be underestimated in theectistudy due to the operators’
lack of experience and skills in using US. In fetustudies, the diagnostic
performance of intrinsic compression elastograpmysab-centimeter nodules need to

be evaluated with well-trained operators.

6.5 Conclusion

In this chapter, we evaluated the diagnostic paréorce of intrinsic
compression elastography in real clinical practitieree endocrinologists performed
the elastography examinations and obtained the &®les on 196 FNA-bound
thyroid nodules, where a sensitivity of 81.0% apdcsficity of 64.3% were obtained.
On 104 nodules 1 cm, intrinsic compression elastography obtaiaeskensitivity of
93.8% and specificity of 69.3% in detecting malighaodules. With high sensitivity
and good specificity on nodules1 cm, elastography could be incorporated into the
current major guidelines in reducing the numberFdfAs performed on benign

nodules.
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Chapter 7 — Conclusion

7. 1 Introduction

Thyroid nodules are considered as an epidemic dua targe number of
imaging studies performed and the increasing imtadedetection of these nodules
(Mazzaferri 1993; Wang and Crapo 1997; Yeung anthedle2008). Since the
existing imaging modalities (CT, MR imaging and Wannot accurately differentiate
malignant from benign nodules (Youserm et al. 199&tes et al. 2005), an FNA
biopsy, which costs typically $1,500 in the U.S.,performed on nodules showing
suspicious features in US (e.g., shape, microdéedtibns and/or irregular margins).
However, the majority of FNA procedures (~70%) pegformed on benign nodules
(Gharib and Goellner 1993). Thus, by detecting yriaenign nodules and removing
them from an FNA biopsy altogether, the quality paftient care would improve.
Costs associated with FNA biopsies on patients vaémign nodules could be
substantially reduced. At the same time, althougim FNA biopsy is a
minimally-invasive procedure, it can take a tollthe patients emotionally, especially
those who are fearful of procedures requiring tle® wf needles. Thus, the
noninvasive screening of benign nodules with a Heglel of confidence can be of

significant benefit to the patients and health@qeenditures (Dighe et al. 2010).

While various studies have shown US elastograpmguexternal compression
has the potential being a pre-FNA screening togklichik et al. 2005; Rago et al.
2007; Asteria et al. 2008; Tranquart et al. 2008n¢i et al. 2009), there are some
limitations of this elastography method. One latidn is that the amount of
compression influences the elastography image amdeguently its score. The
optimum compression that should be used to genardigagnostic elastography image

is highly operator dependent. Another limitati@entihe subjective scoring method.
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In detecting malignant nodules by elastography, dtiffness of a thyroid nodule is
mostly inferred by visually inspecting the pseuddsc pattern in a thyroid
elastography image relative to the surroundingiissafter which a score is assigned.
The variability in scoring would be introduced digethe subjective nature of this
method. Because of the variability involved in tlastography data acquisition and
scoring, no interobserver agreement was observwed Soelastography using external

compression in evaluating malignant thyroid nodRark et al. 2009).

The research in this dissertation has focused erdédvelopment and clinical
evaluation of intrinsic compression elastographshteque, which would overcome
the limitations of previous methods with superitinical usability. The scope of this
dissertation includes developing new quantitativaring methods for thyroid
elastography using intrinsic compression, evalgatithe interobserver and
intraobserver agreement of the developed elasthgradpchnique, assessing the
influence of a nodule’s parameters on the diagongstiformance, and evaluating the
diagnostic performance of intrinsic compressiorstegraphy in differentiating benign

and malignant thyroid nodules in real clinical firee.

7. 2 Contributions

7.2.1 Quantitative scoring methods

To reduce the variability in scoring, we developgdantitative scoring
algorithms for thyroid elastography using intrinsepmpression. We found
distinctively different strain rate waveforms foerign and malignant thyroid nodules
as a result of the carotid artery pulsation dugh@r different stiffness values, which
was utilized for nodule classification (Luo et 2011). Another quantitative scoring
method (i.e., elasticity contrast index, ECI) wasveloped by utilizing the
co-occurrence matrix to analyze the local straintiast within a thyroid nodule (Luo

et al. 2012), where we do not have to use a classif
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7.2.2 Evaluation of the interobserver and intraobserer agreement of the
developed elastography technique

To perform clinical studies using the developedstelgraphy technique, we
implemented and integrated our algorithms in conomérUS machines. We
performed a clinical study to evaluate the inteesbaer and intraobserver agreement of
our elastography method including both data actjoisi and scoring, where
significant interobserver and intraobserver agregmas observed (Lim et al. 2012).
We identified the variability sources for elastqgmg using external and intrinsic
compression and demonstrated that our intrinsic pression elastography could
achieve more reproducible results compared to eatecompression elastography
because it reduces the variability in both dataussitipn and scoring. Compared to
external compression elastography, which would takieigh level of training and
experience for clinicians to use, the intrinsic oession thyroid elastography method

would be able to produce more reliable results vadis experience and training.

7.2.3 Assessment of the influence of a nodule’s pameters on the diagnostic
performance of elastography

We have evaluated the influence of a nodule'supaters on the diagnostic
performance of elastography using intrinsic comgoes (Kim et al. 2012). It was
found that a nodule’s distance to the carotid arggnificantly influences the ECI
value and the diagnostic performance of thyroidstelgraphy using intrinsic
compression. No significant correlation was folredween the diagnostic accuracy
of elastography and a nodule’s size and depth. fl@dang from this study is that US
elastography with intrinsic compression should tsdu cautiously in evaluating

thyroid nodules located close to the carotid arferg., less than 10 mm).

7.2.4 Evaluation of diagnostic performance of intmsic compression elastography
in real clinical practice

We performed a clinical study to evaluate thagdostic performance of
intrinsic compression elastography, where threeoenologists performed the

elastography examinations and obtained the EClescar a real clinical setting.
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Intrinsic compression elastography achieved a seitgiof 81.0% and specificity of
64.3% on 196 FNA-bound nodules. On 104 noduldscm, intrinsic compression
elastography obtained a sensitivity of 93.8% anec#iity of 69.3% in detecting
malignant nodules. With high sensitivity and gaskcificity on nodules 1 cm,

intrinsic compression elastography would increaséracian’s level of confidence in

deciding whether a thyroid nodule should go throaghH-NA or not.

7.3 Conclusions

To improve the clinical applicability of thyroid adtography, we have
developed quantitative scoring methods to redueevériability due to the subjective
assessment of elastography images in Chapters 23andiVe have evaluated the
clinical usability (i.e., interobserver agreememntdaintraobserver reproducibility,
influence of a nodule’s parameters on the diagogsrformance) of the developed
elastography technique in Chapters 4 and 5. Irpt&h®, we have demonstrated the
superior diagnostic performance of intrinsic conspien elastography in

differentiating benign and malignant thyroid noduie clinical practice.

Due to the increased use of various imaging madsjimany incidental and
subclinical thyroid nodules are being detected.| tA¢ current major guidelines for
managing thyroid nodules recommend an FNA biopsyaamdule> 1 cm with or
without suspicious US features. Due to the lowcHmity of nodule size and US
features in predicting malignancy, many benign heslgo through an FNA biopsy.
Thus, there exists a clinical need to noninvasiwdgyect benign nodules and reduce
the number of FNA biopsies performed on patients Wwenign nodules, which would
lead to improving the quality of patient care whileducing the healthcare
expenditures associated with managing thyroid rexiul As demonstrated in
Chapters 2, 3 and 6, ~60% of FNAs performed ondretiyroid nodules> 1 cm
could have been consistently avoided with the diseipelastography technique.
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We have demonstrated that intrinsic compressiost@i@aphy can effectively
differentiate benign and malignant thyroid nodulgth superior clinical usability in
this dissertation. Our research can be considasedn initial step in utilizing this
new technique in the management of thyroid nodulér the wide use of intrinsic
compression elastography in routine clinical p@gtimore clinical evaluation needs
to be performed. Currently, the elastography tepiendescribed in this dissertation
has been commercialized in ultrasound machines aailable to clinicians and
researchers all over the world. We believe that utility of intrinsic compression
elastography in thyroid nodules management can usther explored by other
clinicians and researchers, which would eventul@fd to improving the quality of
care for patients with thyroid nodules while redwrithe healthcare cost associated
with managing thyroid nodules.
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