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“The important thing is not to stop questioning. Curiosity has its own reason

for existence. One cannot help but be in awe when he contemplates the mysteries of
eternity, of life, of the marvelous structure of reality. It is enough if one tries

merely to comprehend a little of this mystery each day. *

Albert Einstein
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ABSTRACT

Magnetic resonance-guided high-intensity focused ultrasound (MRgHIFU)
treatment is an emerging non-invasive treatment method in which the targeted tissue
is heated by high-intensity ultrasound causing coagulative necrosis. Benign muscle
tumors of the uterus alias uterine fibroids can be treated with MRgHIFU though
treatment outcomes have been varying. Treatment outcomes are affected by different
properties of uterine fibroid tissue such as blood flow and histological structure. The
blood flow of uterine fibroids can be changed by oxytocin infusion even though
oxytocin’s mechanism of action on the blood flow of uterine fibroids is unknown.

The present magnetic resonance imaging (MRI) based evaluation methods of
uterine fibroids’ suitability for MRgHIFU treatment are not completely satisfactory.
Quantitative MRI techniques can be used for measuring the histological properties
of tissues in an indirect manner, which could be better for uterine fibroids’ suitability
evaluation. This study investigated the feasibility of applying quantitative MRI
techniques; diffusion-weighted imaging (DWI) and T2 relaxation time mapping, to
predict outcomes of the MRgHIFU treatment of uterine fibroids. Based on these
results, new quantitative evaluation methods were developed and compared with
currently used MRI-based evaluation methods. In addition, the effect of oxytocin on
the blood flow of the uterine fibroid and the myometrium was studied quantitatively
using dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI).

The results of this study indicate that DWI and T2 relaxation time mapping are
feasible for the evaluation of MRgHIFU treatment outcomes. Evaluation methods
based on these techniques also appear to be more reliable than current approaches.
When utilizing DCE-MRI, it was observed that oxytocin strongly reduced the blood
flow of uterine fibroids without affecting the blood flow in the myometrium,
indicating that oxytocin’s effect took place solely in the uterine fibroid. The results
of this work are directly applicable to the clinical practice of treating uterine fibroids
with MRgHIFU.

KEYWORDS: uterine fibroid, high-intensity focused ultrasound, magnetic
resonance imaging, diffusion-weighted imaging, T2 relaxation time mapping,
dynamic contrast-enhanced imaging
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TIVISTELMA

Magneettikuvausohjattu  korkeaintensiteettinen  kohdennettu  ultraddnihoito
(magnetic resonance-guided high-intensity focused ultrasound, MRgHIFU) on
uudenlainen kajoamaton hoitomenetelmi, jossa kohdekudosta ldmmitetddn
korkeaintensiteettisen ultraddnen avulla, mikd aiheuttaa koagulaationekroosia.
Kohdun hyvinlaatuisia lihaskasvaimia eli myoomia voidaan hoitaa MRgHIFU-
hoidolla, mutta hoitotulokset ovat kuitenkin vaihtelevia. Hoitotuloksiin vaikuttavat
myoomakudoksen erilaiset ominaisuudet kuten verenvirtaus ja histologinen rakenne.
Myoomien verenvirtausta voidaan muuttaa oksitosiini-infuusiolla, mutta oksito-
siinin vaikutusmekanismi myoomien verenvirtaukseen ei ole tunnettu.

Nykyiset magneettikuvaukseen perustuvat myoomien soveltuvuuden arviointi-
menetelmidt MRgHIFU-hoitoon eivéit ole tdysin tyydyttivid. Kvantitatiivisilla
magneettikuvaustekniikoilla voidaan mitata epédsuorasti kudosten histologisia
ominaisuuksia ja siten ndmé tekniikat voisivat olla parempia myoomien
soveltuvuuden arvioinnissa MRgHIFU-hoitoon. Téssd tutkimuksessa arvioitiin
kvantitatiivisten magneettikuvaustekniikoiden (diffuusiopainotettu kuvantaminen ja
T2-relaksaatioaikakartoitus) soveltuvuutta ennustaa myoomien MRgHIFU-hoito-
tuloksia. Niiden tulosten perusteella kehitettiin uudet kvantitatiiviset arviointi-
menetelmit ja verrattiin néditd menetelmid nykyisiin magneettikuvaukseen perus-
tuviin arviointimenetelmiin. Lisdksi oksitosiinin vaikutusta myooman ja kohdun
seindimdn verenvirtaukseen tutkittiin kvantitatiivisesti kdyttden dynaamista
kontrastiainetehosteista magneettikuvantamista.

Tutkimuksen tulokset osoittivat, ettd diffuusiopainotettu kuvantaminen ja T2-
relaksaatioaikakartoitus soveltuvat myoomien MRgHIFU-hoitotulosten arviointiin.
Néihin tekniikoihin perustuvat arviointimenetelmit vaikuttavat olevan myds
luotettavampia kuin nykyiset arviointimenetelmét. Dynaamisen kontrastitehosteisen
magneettikuvantamisen avulla havaittiin, ettd oksitosiini vdhentdd voimakkaasti
myooman verenvirtausta vaikuttamatta kohdun seindmin verenvirtaukseen viitaten
sithen, ettd oksitosiinin vaikutus tapahtuu vain myoomassa. Tdmén tyon tulokset
ovat suoraan sovellettavissa myoomien MRgHIFU-hoitojen kliinisiin kdyténtoihin.

AVAINSANAT: myooma, korkeaintensiteettinen kohdennettu ultradéni, magneetti-
kuvaus, diffuusiopainotettu kuvantaminen, T2-relaksaatioaikakartoitus, dynaaminen
kontrastitehosteinen kuvantaminen
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1 Introduction

Benign uterine smooth-muscle cell tumors also known as uterine fibroids
(leiomyomas or myomas) are the most common tumors encountered in women
affecting up to two out of every three women of premenopausal age (Cramer & Patel,
1990; Stewart, 2001). Up to 30% of fibroid cases may cause severe symptoms which
can include abnormal uterine bleeding, pelvic pressure and pain, and reproductive
dysfunction (Donnez & Dolmans, 2016; Havryliuk et al., 2017). Symptomatic
uterine fibroids can be treated with medical therapy, surgery, uterine artery
embolization (UAE), and imaging-guided high-intensity focused ultrasound (HIFU)
(Parker, 2007).

Magnetic resonance-guided high-intensity focused ultrasound (MRgHIFU)
treatment is an emerging non-invasive treatment method that is based on the heating
capability of high-intensity ultrasound that can evoke coagulative necrosis of the
targeted tissue which is combined with real-time magnetic resonance imaging (MRI)
to ensure temperature mapping and anatomical monitoring during the treatment
(Jolesz, 2009). MRgHIFU treatment has been shown to be a safe and effective
treatment method for symptomatic uterine fibroids (Funaki et al., 2009; Stewart et
al., 2007; Tempany et al., 2003). However, the extensive histological heterogeneity
has been observed within and between uterine fibroids which can cause suboptimal
MRgHIFU treatment results (Funaki et al., 2007; Holdsworth-Carson et al., 2016;
Jayes et al., 2019; Magalhaes Peregrino et al., 2017;Wei et al., 2006). To achieve the
most optimal treatment result, careful screening and selection of patients before
MRgHIFU treatment of uterine fibroids is usually performed using MRI (Duc &
Keserci, 2018; Sridhar & Kohi, 2018).

The most commonly used selection methods are based on relative signal
intensities in T2-weighted (T2W) images; the Funaki classification and scaled signal
intensity (SSI) method (Funaki et al., 2007; Park et al., 2015). However, T2W
imaging is a qualitative method in which signal intensity and image contrast are
influenced by several factors, e.g., the coil receiver sensitivity, gain effects, and
imaging parameters (Bojorquez et al., 2017; Hardy et al., 1992). On the other hand,
quantitative MRI methods are largely independent of these factors and could
therefore provide a more reliable and comparable assessment of tissue histology and
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a better prediction of the technical treatment outcome. Previous studies have shown
that quantitative texture and perfusion parameters correlate with ablation efficiency,
heating efficiency, and/or non-perfused volume ratio (NPVr) (Hocquelet et al., 2017;
Kim et al., 2011; Kim, et al., 2012, 2014;Wei et al., 2017).

In addition to the careful selection of patients before treatment, the MRgHIFU
treatment efficacy has been shown to improve with intravenous oxytocin infusion
(Lozinski et al., 2018). The improvement of the efficacy could be due to the
reduction of the blood flow related factors of the uterine fibroids (Wang et al., 2016).
However, the mechanism behind this phenomenon has not been thoroughly
investigated. A quantitative perfusion MRI method could provide a more reliable
assessment of blood flow changes evoked by oxytocin infusion in different types of
uterine fibroids and the surrounding tissues, and also help to clarify the effects of
oxytocin on the tissue level.

The present work aimed to assess the feasibility of quantitative MRI techniques
(diffusion-weighted imaging, T2 relaxation time mapping) in predicting the
technical outcome of MRgHIFU treatment of uterine fibroids and to compare these
new quantitative MRI evaluation methods to the currently most commonly utilized
methods. For this purpose, a multiparametric MRI was performed before MRgHIFU
treatment and the technical outcomes of MRgHIFU treatments were defined. In
addition, the effects of oxytocin infusion on the blood flow of uterine fibroids and
surrounding tissues were evaluated with a quantitative MRI technique (dynamic
contrast-enhanced magnetic resonance imaging) by performing two MRI scans
without and with oxytocin infusion during the MRI scan in healthy volunteers and
patients presenting with uterine fibroids.

12



2 Review of the Literature

2.1 Uterine fibroids

Uterine fibroids (also known as leiomyomas and myomas) are benign uterine tumors
which arise from the myometrium (Donnez & Dolmans, 2016; Stewart, 2001). In
histological terms, uterine fibroids consist of smooth muscle cells and
myofibroblasts which produce extracellular matrix (ECM) containing collagen,
fibronectin, and proteoglycans (Donnez & Dolmans, 2016; Parker, 2007). Uterine
fibroids can cause symptoms such as abnormal uterine bleeding, pelvic pressure and
pain, and reproductive dysfunction which can depend on the location, quantity, and
size of the uterine fibroid(s) (Havryliuk et al., 2017; Stewart, 2001). Uterine fibroids
can be in several possible locations e.g. in the submucosa (submucosal), within the
myometrium (intramural), outside the myometrium (subserosal), and
pedunculated(Stewart, 2001). However, uterine fibroids can be present in multiple
locations at the same time. The International Federation of Gynecology and
Obstetrics (FIGO) created a uterine fibroid classification that describes eight types
of uterine fibroids, denoted as types 0-8 (Figure 1) (Munro et al., 2011).

o Endometrium

Fundus . « . - i/
. Cavity

Myometrium .

Figure 1. The FIGO classification of uterine fibroids where types range from 0-8; 0 = submucosal
pedunculated intracavitary; 1 = submucosal, < 50% intramural; 2 = submucosal, = 50%
intramural; 3 = 100% intramural and endometrial contact, 4 = 100% intramural; 5 =
subserosal and = 50% intramural; 6 = subserosal and < 50% intramural; 7 = subserosal
pedunculated; 8 = other; and 2-5 = submucosal, subserosal and = 50% intramural.

13
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Symptomatic uterine fibroids can be treated with medical therapy, hysterectomy,
myomectomy, and minimally invasive techniques such as uterine artery
embolization (UAE) and imaging-guided high-intensity focused ultrasound (HIFU)
(Khan et al., 2014; Parker, 2007). Hysterectomy is the only definitive treatment for
uterine fibroids but minimally invasive treatment methods offer many advantages in
comparison with hysterectomy such as lower morbidity, shorter recovery time, and
sparing of uterus and fertility (Khan et al., 2014; Mindjuk et al., 2014). In addition,
magnetic resonance-guided high-intensity focused ultrasound (MRgHIFU) can be
more cost-effective when compared with UAE, hysterectomy, and myomectomy
(Zowall et al., 2008). In Turku University Hospital, the MRgHIFU treatment of
uterine fibroid(s) costs about 2300 euros, which is similar when compared to
hysterectomy (2400 euros), myomectomy (2100 euros), and UAE (1370 euros)
without taking into account the hospital stays.

2.2 High-intensity focused ultrasound (HIFU)

Sound is a mechanical disturbance of an equilibrium state which propagates through
the medium. Sound can be divided according to the frequency such that sound waves
below 20 Hz are known as infrasound and those above 20 kHz are known as
ultrasound both being inaudible to the human ear. The frequency of the ultrasound
that has been used in the diagnostics varies in a range of 1 to 20 MHz. (Samei et al.,
2019)

When an ultrasound wave propagates through tissue, the total loss (attenuation)
of ultrasound energy is caused by scattering, absorption, refraction, and reflection
(Hill et al., 2004). The absorption of the ultrasound causes an elevation in the tissue
temperature which is proportional to the local intensity of the ultrasound (Hill et al.,
2004; Samei et al., 2019). Tissues have specific attenuation coefficients due to their
different tissue properties e.g. attenuation coefficients of skeletal blood plasma,
skeletal muscle, and bone at 1 MHz are 0.28 dB/cm, 0.74 dB/cm, and 20.0 dB/cm,
respectively (Samei et al., 2019).

High-intensity focused ultrasound (HIFU) is generated by focusing ultrasound
waves in a small well-defined volume which creates a high-intensity focus into
targeted tissue (ter Haar, 1999; ter Haar & Coussios, 2007). Ultrasound waves can
be focused by using a spherically curved phased array ultrasound transducer which
consists of multiple transducer elements (ter Haar, 1999; ter Haar & Coussios, 2007).
A schematic illustration of a HIFU setup is presented in Figure 2. The high-intensity
of ultrasound in the focus can cause a rapid rise in temperature which can induce
coagulative necrosis of the targeted tissue while leaving the surrounding tissues
intact (ter Haar & Coussios, 2007).

14
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FOCUS

SKIN

ULTRASOUND WAV E sy,

Figure 2. An illustration of ultrasound waves focused by a spherical HIFU transducer propagating
through skin and intervening tissue to the targeted tumor tissue.

2.21 Thermal ablation

Thermal ablation is the local application of extremely elevated tissue temperatures
(hyperthermia) or depressed tissue temperatures (hypothermia), which can induce an
irreversible cell injury and ultimately tissue apoptosis and coagulative necrosis
(Brace, 2011; Chu & Dupuy, 2014).

The biological effect of temperature rise depends on the temperature and the
heating duration (Damianou et al., 1995). Thermal dose of any temperature profile
can be calculated by using a method proposed by Sapareto and Dewey (Sapareto &
Dewey, 1984). The method uses numerical integration to calculate equivalent
minutes which correspond to the thermal dose at a reference temperature which is
usually defined as 43 degrees of Celsius (Sapareto & Dewey, 1984). The relationship
between thermal dose and temperature profile is defined as follows:

t
TD43(t) = f R¥3°C-TM (¢ (1)
0

where 7D4; is thermal dose in equivalent minutes, i.e., cumulative equivalent
minutes at reference temperature of 43 °C (CEM43), ¢ duration of exposure in
minutes, 7 is the temperature, and R is a constant which depends on the temperature
(R=0.25, T<43 °Cand R=0.5, T> 43 °C) (Sapareto & Dewey, 1984). The threshold
of the thermal dose for necrosis has been shown to be 30-250 CEM43 depending on
the tissue type e.g. the threshold thermal dose for muscle tissue is between 120-240
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CEM43 (Damianou et al., 1995; Damianou & Hynynen, 1994). Usually, 240 CEM43
has been used as a general threshold of the thermal dose for all soft tissue types as it
has been shown to evoke a total necrosis in most tissue types (McDannold et al.,
2000; Venkatesan et al., 2012).

22.2 Imaging-guided HIFU

Imaging guidance refers to procedures in which imaging techniques, such as
ultrasound, fluoroscopy, and magnetic resonance imaging, are used during the
procedure (Goldberg et al., 2005). In the procedure, imaging is used for planning,
targeting, monitoring, controlling, and assessing the treatment response (Goldberg
et al., 2005). The HIFU treatment can be guided with ultrasound (US) or magnetic
resonance imaging (MRI) (Jenne et al., 2012; She et al., 2016; ter Haar & Coussios,
2007).

Ultrasound imaging is the most widespread method for the guidance of HIFU
treatment (USgHIFU) (Jenne et al., 2012). USgHIFU is cost-effective because the
therapeutic and imaging ultrasound transducers can be integrated into the same
system, nonetheless, ultrasound imaging has a relatively low spatial resolution which
limits the targeting accuracy of the HIFU treatment (Jolesz, 2009; She et al., 2016).
In USgHIFU treatment, the tissue ablation cannot be monitored with US
thermometry due to the inadequate accuracy above 50 °C, which is caused by non-
linear temperature dependencies of contrast parameters, tissue phase-transitions, and
cavitation bubbles (Raiko et al., 2020). Tissue ablation is usually monitored using a
visual assessment of hyperechoic (bright) regions on the ultrasound image (Jenne et
al., 2012; Rivens et al., 2009). In addition, USgHIFU does not require patient to be
in enclosed space and ultrasound imaging is quiet which improves patient comfort
(Zhang et al., 2015).

On the other hand, MRI offers excellent spatial resolution and sensitive real-
time thermometry for the guidance of the HIFU treatment (Jenne et al., 2012; Jolesz,
2009; She et al., 2016). The real-time thermometry allows the detection of thermal
changes before any irreversible tissue damage occurs and the calculation of
accumulated thermal dose which predicts the extent of the tissue damage (Jenne et
al., 2012; She et al., 2016). MR thermometry is based on temperature-sensitive MR
parameters of which the most commonly used is the proton resonance frequency
(PRF) due to its excellent linearity of temperature dependency (De Senneville et al.,
2005; Rieke & Pauly, 2008). However, MRI guidance is expensive and scanner noise
can be disturbing for patient when compared to ultrasound imaging (Jenne et al.,
2012; She et al., 2016). The MRI limits also the patient selection for the HIFU
treatment due to the possible MRI incompatible implants or foreign objects, or
claustrophobia (Rueff & Raman, 2013; Sammet, 2016).
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223 MRgHIFU treatment of uterine fibroids

Usually, the MRgHIFU treatment procedure of uterine fibroids consists of five
phases: screening, preparation, planning, therapy, and outcome assessment (Sridhar
& Kohi, 2018).

Screening

Generally, patient screening prior to the MRgHIFU treatment includes a clinical
assessment and an MRI examination in which anatomical and MRI properties of
uterine fibroids and adjacent tissues are assessed (Hesley et al., 2013; Keserci &
Duc, 2018). The clinical assessment may consist of a patient interview (e.g.
symptoms and prior treatments) and physical examination (Rueff & Raman, 2013).

From the MR images, uterine position, fibroid location, fibroid size, number of
fibroids, abdominal scars, the thickness of abdominal subcutaneous fat, and distance
between skin and fibroid(s) are assessed (Duc & Keserci, 2018; Hesley et al., 2008,
2013;Kim et al., 2014;Park et al., 2015; Yoon et al., 2008; Zaher et al., 2009). There
are many reasons why a patient is assessed as being unsuitable for MRgHIFU
treatment: 1) patients with a retroverted uterus (transducer target distance), 2)
pedunculated subserosal fibroid (risk of unattachement), 3) fibroid diameter larger
than 10 cm (cannot be treated in one session) or smaller than 2-3 cm (adjacenting
tissues restrict beam path), 4) five or more symptomatic fibroids (treatment efficacy
decreases), 5) extensive abdominal scarring which cannot be covered with an
acoustic patch (skin burn due to attenuation), 6) excessively thick abdominal
subcutaneous fat (increased attenuation), 7) the distance between the skin and
fibroids is over 10 cm (Sonalleve system) or 12 cm (ExAblate system) (transducer
focus distance), or 8) critical obstacles such as bowels or ovaries in the ultrasound
beam path that cannot be shifted or avoided (complication risk) (Duc & Keserci,
2018; Hesley et al., 2008, 2013;Kim et al., 2014;Park et al., 2015; Yoon et al., 2008;
Zaher et al., 2009).

The characteristics of uterine fibroid(s) in respect of adjacent tissues are defined
via the T1 and/or T2 signal intensities which are used for assessing the suitability of
uterine fibroids and predicting treatment outcome (Funaki et al., 2007; Mindjuk et
al., 2014;Park et al., 2015).

The signal intensity of the uterine fibroid relative to the myometrium on fat-
saturated T1-weighted (T1W) contrast-enhanced (CE) images enables classification
into four types: CE-type 1 (hypointense); CE-type 2 (hypo- to isointense); CE-type
3 (isointense); and CE-type 4 (hyperintense) (Mindjuk et al., 2014). Based on a
previous study, CE-type 4 fibroids are usually not suitable for MRgHIFU treatment
probably due to higher perfusion (Mindjuk et al., 2014).
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The Funaki classification is based on signal intensities of uterine fibroid,
abdominal muscle, and myometrium on T2W MR images in which uterine fibroids
are classified into three types: Funaki type I, hypointense (comparable to that of
skeletal muscle); Funaki type I, intermediate (lower than that of the myometrium
but higher than that of the skeletal muscle); and Funaki type 111, hyperintense (equal
to or higher than that of the myometrium) which are presented in Figure 3 (Funaki
et al., 2007). In the screening, usually type I and type II fibroids are considered as
most suitable for the MRgHIFU treatment, whereas type III fibroids are not
amenable (Funaki et al., 2007). High signal intensity in T2W images has been
correlated with high proliferative activity and high cellularity, which could explain
poor treatment outcomes in Funaki type III fibroids (Oguchi et al., 1995; Swe et al.,
1992). The imaging parameters of T2W sequence have been shown to influence in
the Funaki classification and therefore, special attention should be paid in the
imaging parameters of the screening T2W sequence (Verpalen et al., 2020).

Figure 3. A presentation of different Funaki type uterine fibroid appearances in sagittal T2-
weighted MR images: a) Funaki type | (hypointense), b) Funaki type Il (intermediate),
and c) Funaki type Ill (hyperintense) where structures uterine fibroid, myometrium, and
skeletal muscle are denoted with asterisk, white arrow and red arrow, respectively. The
imaging parameters were a) TE= 95 ms, TR=4844 ms, slice thickness=3mm, and field
of view=240x240 mm.

The scaled signal intensity (SSI) classification is a relatively new T2W-based

classification in which the signal intensity of uterine fibroid is compared to the signal

intensity of the abdominal muscle and abdominal fat on a scale of 0-100 (H. Park et

al., 2015). The SSI can be calculated according to Equation 2 (H. Park et al., 2015).
SI of the uterine fibroid — SI of the abdominal muscle

I=
5 SI of the abdominal fat — SI of the abdominal muscle )

Based on the previous study uterine fibroids with an SSI value less than 16.0 are
expected to be suitable for the MRgHIFU treatment (Park et al., 2015).

In addition, several other MRI-related factors have been shown to predict the
technical treatment outcome or the treatment efficiency parameters of the MRgHIFU
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of uterine fibroid therapy for example fibroid perfusion parameters, and texture
parameters (Hocquelet et al., 2017; Kim et al., 2011, 2012, 2016; Li et al., 2020; Wei
etal., 2017).

Patient preparation

Patient preparation for the MRgHIFU treatment of the uterine fibroids usually
consists of overnight fasting, depilation of the lower abdomen, insertion of the an
intravenous line for moderate sedation and possible oxytocin infusion during the
treatment, Foley catheter insertion for bladder manipulation during the treatment,
and assessment by the treating physician (Hesley et al., 2008, 2013;Kim et al., 2016;
Lozinski et al., 2018; Zhu et al., 2016). Patient monitoring for blood pressure, heart
rate, and oxygenation can also be undertaken during the MRgHIFU treatment
(Hesley et al., 2008; Lozinski et al., 2018). The patient is positioned on the HIFU
table in a prone position and acoustic coupling between the skin and the device can
be achieved with deionized and degassed water (Hesley et al., 2008, 2013; Sainio et
al., 2018). The acoustic coupling can be confirmed by acquiring gradient-echo TIW
images where air bubbles in the ultrasound beam path can be detected (Sainio et al.,
2018).

Planning

The planning of MRgHIFU treatment is performed immediately before the treatment
and a multiplane or a 3D T2W image is acquired to assure proper positioning of
uterine fibroid(s) and a safe ultrasound beam path to the uterine fibroid(s) (Hesley et
al., 2008, 2013; Rueff & Raman, 2013; Sainio et al., 2018; Zhu et al., 2016). The
T2W images are used to define the target volume and to place the therapy cells on
the images by taking into account safety margins from critical organs such as the
bowel and ovaries (Keserci & Duc, 2018; Liu et al., 2014; Zhu et al., 2016). The
therapy cell (see Figure 4) is an ellipsoidal volume of 0.08, 0.67, 2.26, 3.59, and 5.36
mL, corresponding to axial diameter of 4, 8, 12, 14, or 16 mm (Sonalleve system),
respectively (Zhu et al., 2016).

Treatment

The MRgHIFU treatment is delivered as a series of individually focused ultrasound
pulses also known as sonications (Hesley et al., 2013). At the beginning of the
treatment, therapy sonication power (e.g. 140-300 W) is determined by the heat
response from a test sonication which is performed with low power (e.g. 10-70 W)
(Hindley et al., 2004; Keserci & Duc, 2018; Liu et al., 2014; Stewart et al., 2003;
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Zhu et al., 2016). When proceeding to the therapy sonications, the power can be
adjusted according to the results of the previous sonications (Keserci & Duc, 2018).
The therapy sonication is a volumetric sonication in which the ablated volume (i.e.
therapy cell) is ellipsoidal (see Figure 4). During the therapy sonication, multiplane
real-time thermometry maps are acquired and overlaid on magnitude images to
monitor the heating of the target and adjacent tissues as presented in Figure 4
(Fennessy et al., 2007; Sridhar & Kohi, 2018; Zhu et al., 2016). From the
thermometry images, the system can estimate automatically the lethal thermal dose-
volume (240 CEM43 contours) which is demonstrated in Figure 4 (Kim et al., 2012).

—— 240 CEM43 — 240 CEM43

—— 30 CEM43 = 30 CEM43

Figure 4. A case presentation of the real-time thermometry maps (presented as a color scale)
overlaid on magnitude images (presented as grey scale) in a) sagittal and b) coronal
direction at 3 tesla during the therapy sonication using 12 mm cell with power of 350 W
resulting in maximum temperature of 73 °C and lethal thermal dose volume of 7.95 MI.
The imaging parameters were TE=19.5 ms, TR=37 ms, slice thickness= 7 mm, and field
of view=400x400 mm.

To avoid thermal injury of adjacent tissues, such as skin burns, a cooling time
between each therapy sonication is performed (Ellens & Hynynen, 2014; Rueff &
Raman, 2013; Sridhar & Kohi, 2018). The cooling time depends on the size of the
therapy cell i.e. the duration of the therapy sonication (Kim et al., 2015, 2012). The
goal is to deliver therapy sonications in the target volume in a repetitive manner to
achieve as large a non-perfused volume (NPV) as possible with respect to the uterine
fibroid (Fennessy et al., 2007; Keserci & Duc, 2018).

Outcome assessment

Immediately after the MRgHIFU treatment, the outcome can be assessed with fat-
saturated TIW CE images in which the ablated tissue can be seen as non-enhancing
regions also known as non-perfused volume (NPV) (Fennessy et al., 2007; Kroncke
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& David, 2019; Napoli et al., 2021; Sridhar & Kohi, 2018). The technical outcome
is usually assessed with the non-perfused volume ratio (NPVr) which is defined as
NPV divided by the total volume of the uterine fibroid that can be calculated from
CE T1W and T2W images, respectively (Keserci & Duc, 2018;Kim et al., 2012;
Rueff & Raman, 2013). Treatment outcome assessment from MR images is
presented in Figure 5.

Figure 5. A case presentation of the assesment of the MRgHIFU treatment outcome from the 3
tesla MR images: a) the total volume of the uterine fibroid was 103 mL which was
calculated from T2-weighted MR images (red dashed line), and b) non-perfused volume
of the uterine fibroid was 85 mL which was calculated from T1-weighted contrast
enhanced MR images, resulting in non-perfused volume ratio of 83% which is indicative
of a good technical treatment outcome. The imaging parameters were a) TE= 95 ms,
TR=4844 ms, slice thickness=3mm, and field of view=240x240 mm and b) TE=2.6 ms,
TR=5.2 ms, slice thickness=3 mm, and field of view=250x345 mm.

Larger NPV ratios have been shown to correlate with the clinical outcome such as
fibroid volume reduction and symptom improvements (Fennessy et al., 2007
Keserci & Duc, 2018; Mikami et al., 2008; Mindjuk et al., 2014;Park et al., 2014;
Stewart et al., 2003, 2007; Tempany et al., 2003). An NPVr of more than 80% has
been shown to result in clinical success in more than 80% of patients (Mindjuk et
al., 2014). Correspondingly, the odds of clinical success have been shown to be 2.8
in those with an NPV of 30% or greater compared with those with an NPV of less
than 30% (Fennessy et al., 2007).

Usually, the clinical outcome of the MRgHIFU treatment is assessed with
symptom severity and/or quality of life questionnaires at different time points e.g.
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before the treatment and at 3-months, 6-months, and 12 months after the treatment (Al
Hilli & Stewart, 2010; Jolesz & Hynynen, 2007; Magalhaes Peregrino et al., 2017).
Spies et al. have described a specific questionnaire for uterine fibroids which is called
the uterine fibroid symptoms quality of life (UFS-QOL) (Spies et al., 2002). The
questionnaire addresses both the severity and frequency of the symptoms that are
common in women suffering from uterine fibroids (Spies et al., 2002). The scale runs
from 0-100 points and usually, women with symptomatic uterine fibroids have a mean
score of 40 points (Jolesz & Hynynen, 2007; Spies et al., 2002). A common primary
endpoint of successful clinical outcome is at least a 10 point reduction in the symptom
severity score after the treatment (Al Hilli & Stewart, 2010; Stewart et al., 2006).

2.3 Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is a widely used diagnostic imaging modality
due to its superior soft-tissue contrast and the fact that it does not involve exposing
the patient to ionizing radiation. MRI is based on the nuclear magnetic resonance
(NMR) of the nuclei of the hydrogen atom ('H) which consists of protons. Hydrogen
atoms are present in water and fat molecules. Most soft tissues consist of up to 70-
90% of water. MRI employs three different magnetic fields: the main static field of
the scanner (By), spatial encoding gradients, and the oscillating magnetic field of the
radiofrequency (RF) pulses (B1). (Brown et al., 2014; McRobbie et al., 2017;
Weishaupt et al., 2008)

The NMR is a quantum mechanical phenomenon; however, it can be described
with classical mechanics. The main external magnetic field aligns the spins of
protons with the field either in parallel or anti-parallel directions. The sum of all
magnetic moments of the protons creates a net magnetization vector (M) parallel to
the main magnetic field. In the By —field, proton spins will undergo precession, like
spinning tops, at a characteristic speed that is called the Larmor frequency (®o) which
is directly proportional to the B, -field. To detect the MR signal, the net
magnetization vector needs to be tilted into the transverse plane with an RF pulse
which has the same frequency as the Larmor frequency (condition for NMR) which
allows the proton spins to absorb the energy, a process also known as excitation.
Immediately after the excitation, the net magnetization will start to return to the
stable state (parallel to the By -field) through two independent simultaneous
processes: spin-lattice interaction and spin-spin interaction which are called T1
relaxation (longitudinal relaxation) and T2 relaxation (transverse relaxation),
respectively. T1 relaxation time is the decay constant for the recovery of the
longitudinal magnetization and T2 relaxation is the decay constant for the recovery
of the transverse magnetization. (Brown et al., 2014; McRobbie et al., 2017;
Weishaupt et al., 2008)
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Different tissues have distinct T1 and T2 relaxation times, which allows contrast
between tissues; this will be seen as relative brightness of different tissues in the MR
images. The image contrast depends on the imaging parameters that enable the
adjustment of so-called image weighting. The image can be T1-, T2- or proton
density (PD) weighted. The contrast of T1W images is mainly determined by the T1
relaxation time of the tissues. In the TIW images, tissues with a short T, relaxation
time are bright while tissues with a long T1 relaxation time are dark. The contrast of
T2W images is primarily T2 relaxation time dependent so that tissues with a long T2
relaxation time are seen bright on T2W images while tissues with a short T2
relaxation time appear dark. The contrast of PD images is predominantly determined
by the proton density of the tissues that are imaged. Typically, all MR images have
contributions from all of these weightings; the primary weighting is determined by
the imaging parameters. (Brown et al., 2014; McRobbie et al., 2017; Weishaupt et
al., 2008)

The MR image formation is based on so called imaging sequences in which a
number of radiofrequency pulses and gradients are applied in a particular setting for
excitation, phase encoding, formation of the echo (i.e. MR signal), and collection of
the MR signal. The most commonly used sequences are spin-echo (SE) and gradient
echo (GRE). With these MRI sequences, desired image contrast can be scanned by
changing the sequence parameters, such as echo time (TE), repetition time (TR), and
flip angle. The TE refers to the time from the center of the RF pulse to the center of
the echo. The TE defines the T2-weighting of the image so that as TE increases also
the T2-weighting increases. The TR is the time between two RF pulses. The TR
determines the T1-weighting of the image such that as the TR increases, the T1-
weighting decreases. The PD-weighting can be achieved by minimizing the T1- and
T2-weightnings and therefore, TE is short and TR is long in PD-weighted sequences.
The SE sequence consists of a 90 degree RF pulse followed by a 180 degree RF pulse
at half of the echo which produces an echo. The 180 degree refocusing pulse
eliminates the effects of static magnetic field in homogeneities. In contrast, the GRE
sequence consists of an RF pulse (typically below 90 degrees) and the echo is
produced with dephasing and rephrasing gradients which are applied in the
frequency encoding direction. (Brown et al., 2014; McRobbie et al., 2017,
Weishaupt et al., 2008)

2.3.1 Quantitative MRI (QMRI)

The MRI scanner can be utilized not only for qualitative imaging but also to measure
various tissue parameters such as the T1 relaxation time, T2 relaxation time, blood
flow, and apparent diffusion coefficient (ADC) in a quantitative manner (McRobbie
et al., 2017; Seiler et al., 2021;Tofts & Parker, 2013). Conventional MRI is a
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qualitative imaging method because the signal intensity and image contrast are
influenced by several imaging-related factors such as echo time, inversion time,
repetition time, coil sensitivity, and gain effects (Bojorquez et al., 2017, 2019; Hardy
etal., 1992). On the other hand, the quantitative MRI (QMRI) is largely independent
on these factors and therefore, can provide more accurate and precise information
about the physical properties of tissues (Bojorquez et al., 2019). Already in the
earliest days of NMR and MRI, Raymond Damadian suggested that quantitative
NMR parameters (T1 and T2 relaxation times) could be used for tissue
characterization as normal tissue or cancerous tissue, as well as differentiating
between benign and malignant tumours (Damadian, 1971). For example, the benefits
of QMRI could be its more accurate and precise identification of biological changes
in diseases and assessment of treatment responses (Serai, 2021).

In comparison with the MRI used in clinical routine, most QMRI techniques
necessitate the acquisition of a series of weighted images with certain varying
imaging parameters such as echo or inversion time which allow fitting of a
mathematical model into the measured MR signal intensities voxel by voxel which
can be transformed into quantitative parameter maps (Seiler et al., 2021). However,
QMRI has not yet entered widespread clinical routine mostly due to the long
acquisition times and its lack of reproducibility (Gulani & Seiberlich, 2020; Matzat
et al., 2015). Nonetheless, a recent study demonstrated that the deviation of QMRI
data acquired with the same and different scanners is low (Gracien et al., 2020).
Novel acceleration techniques such as parallel imaging and sparse reconstruction
methods could achieve shorter acquisition times for QMRI (Gulani & Seiberlich,
2020).

2.3.1.1 Dynamic contrast-enhanced (DCE) imaging

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) technique can
provide quantitative information about tissue perfusion and permeability by using
pharmacokinetic modelling in the analysis (Jackson et al., 2005; McRobbie et al.,
2017;Tofts & Parker, 2013; Yankeelov & Gore, 2009). For example, DCE-MRI can
be used in the quantitative characterization of tumours and in the evaluation of
response to treatment (Khalifa et al., 2016;Tofts & Parker, 2013;Wei et al., 2017;
Yankeelov & Gore, 2009). The DCE-MRI can also be used for predicting the
MRgHIFU treatment outcomes of the uterine fibroids prior to the treatment because
higher blood flow leads to greater heat dissipation from the targeted volume which
can cause suboptimal treatment results (Kim et al., 2011, 2012, 2014; Li et al., 2020).
The DCE-MRI consists of two main concepts to produce quantitative parametric
maps: acquisition, and pharmacokinetic modelling (Jackson et al., 2005; McRobbie
et al., 2017;Tofts & Parker, 2013; Yankeelov & Gore, 2009).
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Acquisition

Determination of T1 relaxation time of the tissue prior to contrast agent (CA)
injection is required to perform quantitative pharmacokinetic modeling of the
DCE-MRI data in which the concentration of the CA is needed to be solved from
the MR signal (Nam et al., 2017; Tietze et al., 2015;Tofts & Parker, 2013;
Yankeelov & Gore, 2009). The T1 relaxation time of the tissue can be determined
with a pre-bolus measurement of T1 relaxation time which is preferred but also a
standard T1 relaxation time value from the literature can be used (Larsson et al.,
2015; Nam et al., 2017; Tietze et al., 2015;Tofts & Parker, 2013). An error in T1
relaxation time measurement or if an incorrect literature value of T1 relaxation
time is used, may well introduce gross errors in quantitative tissue parameters
(Tofts & Parker, 2013).

The T1 relaxation time can be measured e.g. with variable flip angle (VFA) or
inversion recovery (IR) techniques (Taylor et al., 2016; Tietze et al., 2015;Tofts &
Parker, 2013). IR methods can give more accurate measurements of the T1 relaxation
times compared to the VFA method, but usually IR methods are more time-
consuming (Taylor et al., 2016; Tietze et al., 2015;Tofts & Parker, 2013). Thus, the
VFA method is more commonly used in clinical setups due to its faster acquisition
(Tietze et al., 2015;Tofts & Parker, 2013). The T1 relaxation time can be measured
also with combined spin echo inversion recovery sequence consisting of a multiecho
spin echo sequence interleaved wih a a multiecho inversion recovery sequence in
which relaxation times can be calculated with ratios and least squares method
(RLSQ) (in den Kleef & Cuppen, 1987). The measured ratios depend purely on T1
and T2 relaxation times (in den Kleef & Cuppen, 1987). The relaxation times are
calculated from the measured ratios by an iterative technique (in den Kleef &
Cuppen, 1987).

In the VFA method, gradient echo sequences are acquired with several different
flip angles such as 5°, 10°, and 15° (Tietze et al., 2015;Tofts & Parker, 2013). The
T1 relaxation time can be solved by fitting the data to Equation 3 when the TE is
assumed to be much less than T2*:

sin(a) - [1 — eCCTR/TD)]

S(e) = So- 1 — cos(a) - e-TR/TD)

3)

where S(o) is the measured signal intensity, a is the flip angle, Sy is a constant
describing the scanner gain and proton density, and 7R is repetition time (Y ankeelov
& Gore, 2009). However, B; —field inhomogeneities may induce an offset to the
calculated T1 relaxation time values and therefore, B; mapping is recommended for
correcting for these possible offsets (Tietze et al., 2015;Tofts & Parker, 2013).
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In the inversion recovery method, spin-echo sequences are acquired with
different inversion times (TI) which refers to the time between the 180° inversion
pulse and 90° excitation pulse (McRobbie et al., 2017;Tofts & Parker, 2013). From
these images, the T1 relaxation time can be determined by using Equation (4) for the
fitting:

S(TI) = So - [1—2 - eCTUTD 4 o-TR/TD)] (4)

where S(T1) is the measured signal intensity, 77 is the inversion time, Sy is a constant,
and 7R is repetition time (McRobbie et al., 2017). In both methods, the data can be
fitted on a voxel-by-voxel basis which produces a T1 relaxation time map
(Yankeelov & Gore, 2009).

The DCE-MRI data is acquired with a time series of a TIW gradient-echo
sequence with high temporal resolution and optimal duration (Jackson et al.,
2005;Tofts & Parker, 2013). The temporal resolution is usually around 2-5 seconds
and the scanning duration is at least 5-10 minutes, both depending on the organ
system of interest (Jackson et al., 2005;Tofts & Parker, 2013). During the
acquisition, CA is injected into the bloodstream through a peripheral vein which is
followed by a saline flush (Jackson et al., 2005; Khalifa et al., 2016;Tofts & Parker,
2013; Yankeelov & Gore, 2009). The bolus injection should be performed in a
consistent manner with a power injector using flow rates around 2-4 mL/s, or the
overall period of contrast administration should be kept constant such as 4 seconds
followed by a saline flush of 20-30 mL with the same flow rate or at some time
constant to create a coherent bolus into the systemic circulation (Jackson et al., 2005;
Kim et al., 2011;Wei et al., 2017).

Pharmacokinetic modelling

To perform pharmacokinetic modelling, the CA concentration needs to be
determined from the MR signal (Tofts & Parker, 2013). First, the reduction in 7
from its native value (770 ) by the presence of a concentration of CA (c) can be found
by the following relation:

1 1 4 )

—=—_—+Tr1"C

Ty Ty
where 7; is the longitudinal relaxivity of the CA (McRobbie et al., 2017;Tofts &
Parker, 2013). Second, the signal increase by the 7; reduction can be derived from
Equation 3, when a spoiled gradient-echo sequence is used (Tofts & Parker, 2013).
The concentration of CA in arterial blood plasma (C,) is also required for
pharmacokinetic modelling which can be derived from the concentration of CA in

26



Review of the Literature

arterial blood (C,) which can be determined from the MR signal of blood (Tofts &
Parker, 2013). The concentration of CA in plasma (C,) is higher than the
concentration of CA in whole blood (C,) since the CA is only present in the plasma
and blood contains also red blood cells which occupy a certain volume also known
as the haematocrit (Hct), which can be measured (Tofts & Parker, 2013). Therefore,
the relation between the concentration of CA in plasma and whole blood can be
determined with Equation 6.

Ca(®)

1—Hct ©

Cp,(®) =
Nowadays, there are many different models that can be used to obtain a
quantitative pharmacokinetic analysis e.g. Tofts model, extended Tofts model,
Patlak model, and two-compartment exchange model which are based on modelling
of the human body into one or more compartments in which the CA flows between
these compartments (Patlak et al., 1983; S. Sourbron et al., 2009;Tofts & Kermode,
1989;Tofts, 1997). These models are based on different assumptions and therefore
defined parameters change depending on which model is being used. The
quantitative parameters that can be derived from the modelling are the transfer
constant, which characterizes the diffusive transport of the CA across the capillary
endothelium (K”"), the volume of the extracellular space (v.), and the rate constant,
which describes the leakage of the CA from the extracellular space to the vascular
compartment (k,, = K"/ v. ), and when using more sophisticated models, also the
blood flow (BF) and the vascular plasma volume (v,) can be estimated (Tofts, 1997,
1999). However, depending on the model, the meaning of the rate constant differs
because it can be affected by flow, permeability, endothelial surface area product,
and proportional blood volume by the voxel (Jackson et al., 2005;Sourbron &
Buckley, 2012,2011). One of the most commonly used models is the extended Tofts
model which is based on the bidirectional transfer of the CA between two-
compartments as illustrated in Figure 6 (Chen et al., 2011).
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Vp
® ve

Figure 6. An illustration of the bidirectional transfer of the contrast agent (CA) in the extended
Tofts model between the arterial plasma volume (vp) and the extracellular volume (ve)
with the transfer constant (K@) and the rate constant (kep).

In the extended Tofts model, the parameters K", ke, v., and v, are estimated by the
following formula:

t
C(®) = Cp() v, + KT - fo Cy(x) - e ™™/ v (-0 g ()

where C; and C, are the CA concentrations in the tissue and plasma, K™ is the
transfer constant, v., and v, are the fractional volumes of extracellular space and
plasma (Tofts, 1997).

It is possible to estimate tissue blood flow (BF) in two ways 1) the two-
compartment exchange model (2CM) or 2) bolus passage perfusion estimate
(Sourbron & Buckley, 2011;Tofts & Parker, 2013; van Osch, 2013). The bolus
passage perfusion analysis is restricted to early phase CA delivery to the tissue when
usually the effects of CA leakage can be ignored or assumed to be unidirectional
(Tofts & Parker, 2013). In the first passage of the bolus, the parametric blood flow
(BF) values can be obtained by deconvolution arithmetic with the first pass of the
measured CA concentration in the voxel (Cvoxel) and the arterial input function
(AIF) curve (Equation 7) (van Osch, 2013). The blood flow can be obtained from
Equation 8, as a scaling factor of the residue function (R(z)) by using a literature
value for the ratio of large and small vessel haematocrit, after noting that R(0)=1 (i.e.
all of the CA remains in the voxel at time zero) (van Osch, 2013).
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Determination of the arterial input function (AIF), which is also known as the
arterial plasma concentration (C,), is needed for the pharmacokinetic modelling on
a voxel by voxel basis or through individual regions of interest (ROIs) (Tofts &
Parker, 2013). The AIF describes the changes in the CA concentration in the
intravascular plasma as a function of time (Khalifa et al., 2016). The AIF can be
measured from the afferent artery to the tissue of interest in the DCE-MRI data but
also population-based AIF can be used (Cuenod & Balvay, 2013; Khalifa et al.,
2016; Tofts & Parker, 2013). From a small population of subjects, the AIF can be
measured individually by taking a series of arterial blood samples from which the
CA concentration can be determined and an average AIF of the subjects can be used
in future studies as a population-based AIF. Individually measured AIF takes into
account variations between and within-subjects. However, if it is not implemented
properly it can introduce variation into the analysis which can result in the production
of implausible v, values (>100%) (Cuenod & Balvay, 2013; Hadizadeh et al., 2017,
Khalifa et al., 2016; Tofts & Parker, 2013).

231.2 Diffusion-weighted imaging (DWI)

Diffusion-weighted imaging (DWI) is a widely exploited quantitative MR imaging
technique with several clinical applications also in visualizing brain and abdominal
pathology (Boto et al., 2018; Mannelli et al., 2015). DWI is based on measuring the
random Brownian motion of water molecules within a voxel of tissue and therefore,
the technique can provide information on the structures and processes at the tissue
level, such as cellularity and microcirculation (Feuerlein et al., 2009; Kele, 2010;
Morani, 2013). Therefore, DWI can be used in characterization of uterine fibroids
(Andrews et al., 2019; Shimada et al., 2004; Verpalen et al., 2020). DWI can be
exploited also to monitor ablated uterine fibroid tissue during the MRgHIFU
treatment because ablation evokes changes at the tissue level (Ikink et al., 2014;
Jacobs et al., 2010; Pilatou et al., 2009).

The DWI sequence consists of a conventional spin-echo sequence with two
strong gradients also known as diffusion gradients located between 90° and 180° RF
pulses and after 180° RF pulse before the signal readout at the echo time (TE) as
presented in Figure 7 (Sigmund & Jensen, 2011; Stejskal & Tanner, 1965).
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Figure 7. An illustration of the DWI sequence, where red columns represent the RF pulses and
blue columns represent the diffusion gradients at different time points in respect of the
echo time (TE). Parameters related to the diffusion gradients are also presented: § is
the pulse duration, g is the magnitude of the diffusion gradient, and A is the diffusion
time.

With these diffusion gradients, the signal can be sensitized to molecular
diffusion so that they do not affect the signal magnitude if the spins are stationary
but if the spins move due to molecular diffusion a measurable signal loss can be
detected in the direction of diffusion gradients (Sigmund & Jensen, 2011). Different
diffusion weightings also known as b-values can be defined by the strength and
timing of the diffusion gradients according to Equation 9 (Sigmund & Jensen, 2011;
Stejskal & Tanner, 1965).

b=(r 697 (d-3) ©)

In Equation 9, b is the so-called b-value, y is the gyromagnetic ratio, § is the pulse
duration, g is the magnitude of the diffusion gradient, and A is the diffusion time
which are also illustrated in Figure 7 (Sigmund & Jensen, 2011). In clinical practice,
usually b-values range between 0 and 1000 s/mm? but also larger b-values can be
utilized; in the detection of prostate cancer, the largest b-value used is 2000 s/mm?
(Jambor et al., 2019; Sigmund & Jensen, 2011).

The resulting signal attenuation of diffusion weighting can be calculated by the
following equation which applies with Gaussian diffusion:
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S(b)= Sp - e 2D (10)

where S is the signal intensity, Sp is the signal intensity without diffusion weighting
(diffusion gradients), b is the b-value, and D is the diffusion coefficient in the
direction of the diffusion gradients (Sigmund & Jensen, 2011; Srivastava et al.,
2008). However, in biological tissues diffusion may be significantly non-Gaussian
and the previous equation is not valid (Sigmund & Jensen, 2011; Srivastava et al.,
2008). The diffusion coefficient also depends to some extent on imaging parameters
such as the echo time and diffusion time. The diffusion measurements of biological
tissues are also affected by blood flow which can be misinterpreted as diffusion
(Sigmund & Jensen, 2011). For these reasons, the true diffusion coefficient cannot
be calculated in clinical DWI (using Equation 10), and the diffusion coefficient is
usually denoted as apparent diffusion coefficient (ADC) in clinical routine (Sigmund
& Jensen, 2011; Srivastava et al., 2008).

In the DWI sequence, a series of images are acquired with different b-values,
and from these b-value images, ADC maps can be reconstructed on a voxel-by-voxel
basis by using Equation 9 (Sigmund & Jensen, 2011). The ADC value can depend
on several factors e.g. cellularity, extracellular fluid quantity, and perfusion because
ADC values in biological tissues reflect diffusion in all its different compartments:
extracellular, intracellular, and intravascular space (Sbano & Padhani, 2011). The
decrease in the diffusion signal originating from the intravascular space attenuates
more rapidly, due to perfusion, than that from the intra- and extracellular spaces.
Therefore, in some cases, the ADC values can provide information about perfusion
when ADC maps are reconstructed from low b-value (0-200 s/mm?) DW images
(Babsky et al., 2011; Ikink et al., 2014; Le Bihan et al., 1988; Sigmund & Jensen,
2011; Thoeny et al., 2004). The choice of b-value images used for ADC map
calculation has been shown to influence the ADC values measured from the uterine
fibroid tissue, which suggests that the DWI of the uterine fibroids may reflect both
diffusion and perfusion effects (Ikink et al., 2014).

2313 T2 relaxation time mapping

T2 relaxation time mapping is a quantitative MRI technique in which the T2
relaxation time of the tissue is measured (Serai, 2021). T2 relaxation time mapping
can provide quantitative information about characteristics such as fiber content, iron
content, and water content in different tissues (Barrera et al., 2019; Hanninen et al.,
2017; Mosher & Dardzinski, 2004; Nissi et al., 2006; Swe et al., 1992; Verpalen et
al., 2020; Welsch et al., 2014). In the clinical routine, T2 relaxation time mapping
can be used for an assessment of the liver’s iron content (Serai, 2021). T2 relaxation
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time maps can be calculated using a spin echo sequence with different echo times by
the following equation:

S(TE) = S, - e"TE/T2) (11)

where S is the signal intensity, Sy is the signal intensity at TE=0, TE is the echo time,
and T2 is the transversal relaxation time (Papanikolaou et al., 2002; Serai, 2021;
Sharafi et al., 2018; Verpalen et al., 2020). In addition to the monoexponential T2
relaxation time method, also biexponential and multiexponential T2 time methods
have been used for separating different compartments of tissues, e.g. in the brain,
three water components can be detected: myelin water, intra- and extracellular water,
and cerebrospinal fluid (Nikiforaki et al., 2020; Papanikolaou et al., 2002; Reiter et
al., 2009; Sharafi et al., 2017, 2018; Whittall et al., 1997).

The acquisition of a spin echo sequence using only one refocusing pulse is too
time-consuming for clinical use and sensitive to the diffusion effects (No6th et al.,
2017). Faster methods, such as the Carr-Purcell-Meiboom-Gill (CPMG) sequence,
employ a series of refocusing pulses applied with a constant spacing (i.e. echo
spacing) so that spin echoes are sampled with increasing echo times which are
multiples of the echo spacing as illustrated in Figure 8 (Carr & Purcell, 1954;
McRobbie et al., 2017; Noth et al., 2017). The CPMG sequence compensates for
diffusion effects and the accumulation of imperfections in the 180° pulses over the
echo train (McRobbie et al., 2017). However, imperfections in the 180° pulse can
lead to variations in the pulse heights so that the first and every odd-numbered
pulse will be slightly too small, but the even-numbered echoes will be the correct
height (McRobbie et al., 2017). However, the acquisition time of a CPMG
sequence is approximately 15 minutes which is too long for routine clinical use
(Quaia et al., 2008). The acquisition time can be further decreased by using for
example a gradient echo and spin echo (GRASE) sequence, which combines turbo
spin echo (TSE) and echo-planar imaging (EPI) methods by using a train of
refocusing 180° pulses and additional gradient echoes for each spin echo of the
readout gradient (Oshio & Feinberg, 1991; Quaia et al., 2008). T2 relaxation times
measured with GRASE sequence have demonstrated good correlation with CPMG
and TSE sequences (Fernandez-Jiménez et al., 2015; Sprinkart et al., 2015).
However, T2 relaxation time values have been shown to depend on sequence type
of which CPMG is usually considered as a reference sequence (Mars et al., 2018;
Quaia et al., 2008).
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Figure 8. An illustration of the CPMG sequence, where red columns represent the RF pulses with
respect to increasing the echo times (TE) with constant echo spacing (ES).
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3 Aims

The aims of this doctoral thesis were to investigate the feasibility of applying
quantitative magnetic resonance imaging (QMRI) techniques in magnetic resonance-
guided high-intensity focused ultrasound (MRgHIFU) treatment of uterine fibroids,
with a special emphasis on the technical prediction of the treatment outcome as well
as examining the effects of oxytocin on the blood flow. The specific aims were:

L to exploit dynamic contrast-enhanced magnetic resonance imaging to study
the effects of oxytocin infusion on the blood flow of different types of uterine
fibroids and the surrounding tissues as compared to baseline.

II.  toinvestigate the feasibility of apparent diffusion coefficient in predicting the
technical outcome of MRgHIFU treatment of uterine fibroids, and to compare
it with the existing evaluation method: Funaki classification.

III.  to examine the feasibility of T2 relaxation time in predicting the technical
outcome of MRgHIFU treatment of uterine fibroids, and to compare it with
existing evaluation methods: Funaki and SSI classifications.
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4 Materials and Methods

4.1 Phantoms

In study III, the T2 relaxation time mapping sequence and fitting software of the
scanner (Philips) were validated using a set of aqueous paramagnetic relaxation
phantoms. Four solutions were prepared as described in a previous study (Thangavel
& Saritag, 2017). Solutions were prepared in centrifuge tubes of 50 millilitres by
dissolving copper sulfate pentahydrate (CuSO4 - 5 H20O, purity > 98%, Sigma-
Aldrich) in double distilled water with concentrations of 26.905 mM, 19.359 mM,
13.341 mM and 4.482 mM resulting in T2 relaxation times of 50 ms, 69 ms, 99 ms,
and 275 ms, which represent T2 relaxation times of skeletal muscle, white matter,
grey matter and blood at 3 Tesla, respectively. The concentrations and T2 relaxation
times were defined from a previous study (Thangavel & Saritag, 2017). Furthermore,
the influence of different coil set-ups on the measured T2 relaxation times was
assessed with the phantoms.

4.2 Patients

In study, 1, a total of 17 premenopausal women with one or several fibroids and 11
women without uterine fibroids, referred to here as healthy volunteers were enrolled
in this study. The inclusion criteria were symptoms caused by uterine fibroids,
mental and physical health appropriate for an MRI scan, and premenopausal status.
Exclusion criteria were an ischemic heart condition, high blood pressure, a known
allergy to Syntocinon medicine or any of its adjuvants, a long QT- syndrome, or any
medication that prolongs the QT interval.

In study II, a total of 42 patients were included from the 64 patients who
underwent the MRgHIFU treatment of uterine fibroid(s) between May 2016 and
December 2018 in the Turku University Hospital. The exclusion criteria were: 1)
oxytocin infusion was used during the MRgHIFU treatment (N=14), 2) patient had
not undergone DWI prior to the MRgHIFU treatment (N=4), 3) there were
significant artifacts on the ADC map which prevented to reliably measure the mean
ADC value from the uterine fibroid (N=1), 4) treatment efficiency parameters could
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not be identified for each treated fibroid (N=2), and 5) the MRgHIFU treatment
hadbeen interrupted (N=1).

In study 111, a total of 30 patients were examined from the 46 patients who had
undergone the MRgHIFU treatment of uterine fibroid(s) between April 2017 and
December 2018 in the Turku University Hospital. The exclusion criteria were: 1)
patient had not undergone T2 relaxation time mapping prior to the MRgHIFU
treatment (N=0), 2) oxytocin infusion was used during the MRgHIFU treatment
(n=13), and 3) the MRgHIFU treatment could not be conducted without interruptions
or obstacles (N=3).

Study I was performed in accordance with the ethical regulations of the Ethics
Committee of the Hospital District of Southwest Finland and the National
Committee of Medical Research Ethics (T366/2017 25.1.2018). Written informed
consent for the MRI and oxytocin administration was obtained from all patients and
healthy volunteers in study I. For studies II and III, approval by the Ethics Committee
of the Hospital District of Southwest Finland (ETMK: 95/1801/2015 16.6.2015) was
obtained. Written informed consent for the MRgHIFU procedure was obtained from
all patients in studies II and II1.

4.3 Equipment

In the study, 1, all participants were examined with the same MRI scanner (Ingenia
3.0 T, Philips, Best, The Netherlands) using a 32-channel dStream torso coil.

In studies II and III, the screening MRI was performed with different scanners
because patients were referred to the Turku University Hospital also from other
hospitals in Finland. Twenty-five patients in study II and 15 patients in study III had
their screening MRI performed with the same MRI scanner (Ingenia 3.0 T, Philips
Healthcare, Best, The Netherlands) using a 32-channel dStream torso coil in the
Turku University Hospital.

In studies II and III, all the MRgHIFU treatment procedures were performed
using the same extracorporeal, clinical tabletop MRgHIFU system (Sonalleve V2,
Profound Medical Inc., Mississauga, Canada) equipped with a direct skin cooling
device in combination with a 3.0T clinical MR scanner (Ingenia, Philips, Best, the
Netherlands).

4.4 Imaging protocols

In study I, an extensive MRI protocol was acquired for each woman in a prone position.
The MRI scan protocol was performed with and without continuous oxytocin infusion
at Turku University Hospital on different days. The imaging protocol included T2W,
T1W, spin echo inversion recovery for T1 relaxation time analysis, and contrast-
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enhanced T1W imaging, and dynamic contrast-enhanced (DCE) imaging for
quantitative perfusion analysis. The spin echo inversion recovery sequence parameters
were TE=11 ms, TR/SE=1133 ms, TR/IR=1733 slice thickness=3 mm, inversion
delay=600 ms, and field of view=270x349 mm. The DCE sequence included 70 time
frames (i.e. dynamics) acquired with a temporal resolution of 4.3 seconds. The imaging
parameters of DCE sequence were TE=1.3 ms, TR=2.9 ms, slice thickness=6 mm, flip
angle=10°, and field of view=270x349 mm. A single dose of contrast agent (Dotarem,
Guebert, Roissy, France) was injected at a constant rate after the acquisition of the first
five dynamic scans followed by a saline flush.

In study II, the screening MRI protocol in our hospital included T2W, T1W,
diffusion-weighted, and contrast-enhanced T1W imaging. The screening MRI
protocol applied in other hospitals usually included T2W, T1W, and contrast-
enhanced T1W imaging with slightly varying sequence parameters. The diffusion-
weighted imaging was performed during screening MRI using a torso coil setup with
32 channels or before the MRgHIFU treatment with a HIFU coil system,; this consists
of two coils with a total of 5 channels. The DW images were acquired with b-values
of 0, 100, 400, 600, and 800 s/mm?. The imaging parameters of DWI sequence were
TE=83 ms, TR=3733 ms, slice thickness=5 mm, and field of view=290x375 mm.

In study II1, the screening MRI protocol in our hospital included T2W, T1W, T2
relaxation time mapping, and contrast-enhanced T1W imaging. The screening MRI
protocol utilized in other hospitals usually included T2W, T1W, and contrast-
enhanced TIW imaging with slightly varying sequence parameters. The T2
relaxation time mapping was performed during screening MRI using a torso coil
setup with 32 channels or before the MRgHIFU treatment with a HIFU coil system
that consists of two coils with a total of 5 channels. T2 relaxation time mapping was
acquired with a multi-echo, turbo spin-echo (TSE), echo-planar imaging (EPI) based
technique by acquiring images with 16 echo times with constant echo spacing (12-
192 ms). The imaging parameters of T2 relaxation time mapping sequence were
TR=2800 ms, slice thickness=5 mm, and field of view=183x230 mm.

Detailed description of imaging parameters can be found in the original
publications.

4.5 Image analysis

In all studies, the Funaki classification was determined for all fibroids by drawing
ROIs on the screening MRI T2W image. A round ROI was placed so as to cover
most of the fibroid and elliptical ROIs were positioned on the myometrium and the
abdominal muscle while avoiding partial volume effects. Average signal intensity
values for all three ROIs were obtained and compared in order to determine the
Funaki type of each fibroid.
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In study II, relative T2W signal intensities (rT2) were determined for the
correlation analysis as continuous parameters of the Funaki classification. The
average signal intensity of the fibroid divided by the average signal intensity of
skeletal muscle was denoted as rT2(fibroid/muscle) and the average signal intensity
of fibroid divided by the average signal intensity of myometrium was denoted as
rT2(fibroid/myometrium).

In study III, the scaled signal intensity (SSI) was determined for all fibroids by
drawing ROIs on the screening MRI T2W image. A round ROI was placed to cover
most of the fibroid and elliptical ROIs were positioned on the abdominal
subcutaneous fat and the abdominal muscle while avoiding partial volume effects.
Average signal intensity values for all three ROIs were obtained and scaled between
0 and 100 in order to determine the SSI of each fibroid.

In study I, The T1 relaxation time maps were reconstructed using the MRI
scanner software (Philips). The ROIs were drawn in three middle slices of the fibroid
and an averaged quantitative T1 relaxation time values were obtained for each
fibroid.

In study I, the DCE-MRI data was analyzed with NordicICE software version
4.1.1 (NordicNeuroLab AS, Bergen, Norway). The arterial input function was
determined from the internal iliac artery by placing a circular ROI onto the artery
lumen. Parametric blood flow values were obtained by T1 perfusion deconvolution
arithmetic with the first pass of the AIF curve. Averaged blood flow values were
obtained from the ROIs of the fibroids, the myometrium, and the abdominal muscle.

In study II, the ADC maps were reconstructed from the diffusion-weighted
images acquired in three orthogonal directions for quantitative analysis using the
MRI scanner software (Philips). The ACD maps were calculated with different
combinations of b-values: 1) all b-values, 2) the lowest two b-values to emphasize
the perfusion effects (0 and 100 s/mm?2), and 3) the highest b-values to capture the
diffusion effects (400, 600, and 800 s/mm?2). ROIs were drawn in the three middle
slices of the fibroid to include most of the fibroid while avoiding the partial volume
effect. The ROIs were then copied to all ADC maps in the same three sequential
slices, and averaged quantitative ADC values were obtained from each ADC map.

In study III, The T2 relaxation time maps were reconstructed using the MRI
scanner software (Philips). The ROIs were drawn in three middle slices of the fibroid
and an averaged quantitative T2 relaxation time values were obtained for each
fibroid.

In studies II and III, the technical treatment outcome i.e. NPVr was determined
by computing volumes for the NPV and the uterine fibroid from the T1W contrast-
enhanced and the T2W images, respectively, using a manual segmentation tool
available in the image analysis software (AW- server 3.2, GE Healthcare).
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4.6 MRgHIFU treatment efficiency analysis

In study II, the heating and ablation efficiencies of the MRgHIFU treatment of the
uterine fibroids were investigated for each fibroid. The heating efficiency was
defined as the total volume of 240 CEM43 contours divided by the total volume of
treatment cells (%), and the ablation efficiency was defined as the non-perfused
volume divided by the total volume of treatment cells (%).

A novel way to define heating efficiency was devised in this study; in this
approach, the total volume of 240 CEM43 contours was divided by the total delivered
acoustic energy at the focus (mL/J) per treatment. The described heating efficiency
was not dependent on the cell type, the therapy power used, or the patient’s anatomy.
In order to determine the total delivered acoustic energy at the focus, an attenuation
correction was estimated by determining the ultrasound attenuation for each layer.

4.7 Statistical analysis

In all studies, statistical analysis was performed using JMP Pro statistical software
version 13.1.0 (SAS Institute Inc.). All datasets were analyzed for normal
distribution with the Shapiro-Wilk W test and a p-value less than 0.05 was
considered statistically significant in all studies.

In study I, the blood flow values of different tissues with and without oxytocin
infusion were compared with the Tukey—Kramer test for all pairs or with a
nonparametric Steel-Dwass method for all pairs depending on the distribution of the
datasets. In addition, a retrospective power analysis was performed using standard
least squares to ensure that there had been a sufficient number of patients in the
fibroid group.

In study II, correlations between the pretreatment values of the uterine fibroids
and the treatment parameters were assessed with nonparametric correlation analysis.
Optimal ADC cut-off values were determined for the classification with receiver-
operating-characteristic (ROC) curve analysis. The ADC classification was
compared to the Funaki classification using ROC curve analysis and statistical
significance was tested with the Chi-square test.

In study I1I, a correlation between the pretreatment values of the uterine fibroids
and the treatment outcomes was assessed with nonparametric statistical measures.
Optimal T2 relaxation time cut-off values were determined for classifications with
ROC curve analysis. The T2 relaxation time classifications were compared to the
Funaki classification and the SSI classification using ROC curve analysis and
statistical significance was tested with the Chi-square test.
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5 Results

5.1 Effect of oxytocin on the blood flow of the
uterine fibroids, myometrium, and skeletal
muscle (Study 1)

Oxytocin infusion decreased significantly the blood flow of all the uterine fibroids

analyzed. The measured blood flow values of the uterine fibroids without and with
oxytocin infusion are presented in Figure 9.
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Figure 9. Bar chart of the measured blood flow values of the uterine fibroids without and with
oxytocin infusion for each patient. Modified from study |I.

Oxytocin statistically significantly decreased the blood flow of the uterine fibroids.
Oxytocin exerted no statistically significant effect on the blood flow of the
myometrium in either the fibroid group or the control group. Oxytocin had a minor,
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although statistically significant effect on the skeletal muscle blood flow by
increasing it. The summary of median blood flow values in both groups without and
with oxytocin infusion is presented in Table 1.

Table 1. Summary of blood flow values for the fibroid group and the control group without and
with oxytocin infusion presented as median [interquartile range].

Fibroid blood
flow 39.9[21.9-134.5] 3.5[2.1-121]* NA NA
(mL/100g/min)

Myometrium
blood flow 61.1[26.4-165.2] 69.4 [21.5-101.4] 59.4 [43.6-109.2] 68.6 [30.8-101.4]
(mL/100g/min)

Muscle blood
flow 2.1[1.6-2.8] 3.7[2.7-5.3] * 2.0[1.6-4.4] 49[3.2-6.3] ¢
(mL/100g/min)

* p-value < 0.05, tested with nonparametric measures between blood flow values without and with
oxytocin.

All the women in the study tolerated the oxytocin infusion without any reported
symptoms and no side effects were observed. The oxytocin infusion had no marked
effect on the blood pressure or heart rate of the women.

5.2 The feasibility of ADC in predicting the
technical outcome of MRgHIFU treatment of
uterine fibroids (Study II)

The ADC maps were reconstructed with different combinations of b-values resulting
in median ADC value of 1103 x 10® mm?/s and interquartile range of 943-1188 x
10 mm?/s with all b-values, 977 x 10°® mm?/s and interquartile range of 848-1055
x 10 mm?/s with the highest b-values, and the mean ADC value of 2576 + 812 x
10"® mm?/s with the lowest b-values.

Correlation analysis between the five pretreatment MRI parameters and
treatment parameters showed that only ADC with the lowest b-values displayed a
significant correlation with heating efficiency (%) and only rT2(fibroid/muscle)
exhibited a significant correlation with the heating efficiency (mL/J). None of the
pretreatment parameters correlated with the ablation efficiency. Four pretreatment
parameters correlated significantly with the NPVr: ADC with all and the highest b-
values, rT2(fibroid/muscle) and rT2(fibroid/myometrium).
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Based on the correlation analysis the ADC with all b-values was chosen for the
classification analysis. The optimal cutoff values of the ADC with all b-values were
determined with ROC curve analysis resulting in cutoff values of 980x10® mm?*/s
and 1800x10® mm?/s which correspond to treatment results of NPVr > 80% and
NPVr < 30%, respectively. The resulted ADC classification was ADC I (NPVr >
80%), ADC II (NPVr 30-80%), and ADC III (NPVr < 30%).

A comparison of group means of NPVr with all pairs with Tukey—Kramer
honestly significant difference test revealed a statistically significant difference
between ADC classification groups whereas there were no significant differences
between Funaki classification groups (Figure 10).
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Figure 10. Box-Wisker plots presenting NPVr (%) for the Funaki classification and the ADC
classification groups where asterisk presents p-value < 0.05. Modified from study II.

The classifications were compared using ROC curve analysis (Figure 11). The ADC
classification resulted in the whole model area under the curve (AUC) value of 0.79
(p-value = 0.0007), whereas the AUC for the Funaki classification was 0.62 (p-value
=0.0527) in predicting the NPVr.

Linear regression analysis of the total volume of 240 CEM43 contours and the
total delivered acoustic energy at the focus for each classification group showed a
statistically significant regression effect for ADC I, ADC II, Funaki I, and Funaki II
classification groups.
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Figure 11. ROC curves by the NPVr (%) for the Funaki classification and the ADC classification
groups where the area under curve values for each classification group were ADC |
0.72, ADC Il 0.67, ADC Il 0.97, Funaki | 0.57, Funaki Il 0.45, and Funaki Il 0.84.
Modified from study 1.

5.3 The feasibility of T2 relaxation time in
predicting the technical outcome of MRgHIFU
treatment of uterine fibroids (Study Ill)

The T2 relaxation time phantoms were measured with the HIFU coil and the torso
coil setup to validate the T2 relaxation time mapping sequence and fitting software.
Validation measurement results for each relaxation time phantom are presented in
Table 2.

Table 2. T2 relaxation time validation measurement results for each relaxation time phantom with
both coil setups. Modified from study llI.

50 ms 51.039 ms +2.1 % 50.038 ms +0.1 %
69 ms 69.552 ms +0.8 % 68.051 ms -1.4 %
99 ms 100.575 ms +1.6 % 98.073 ms -0.9 %
275 ms 293.717 ms +6.8 % 285.210 ms +3.7 %

A correlation analysis between the pretreatment MRI parameters and treatment
parameters  showed that T2  relaxation time, rT2(fibroid/muscle),
rT2(fibroid/myometrium) and SSI had all statistically significant negative
correlation with NPVr resulting in the following correlation coefficients and p-
values: -0.54 (p-value 0.001%), -0.37 (p-value 0.035%), -0.47 (p-value 0.007%*), and -
0.37 (0.035%*), respectively.
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Two different classification analyses were performed for the T2 relaxation time
values, resulting in classification groups of T2 I (NPVr >80%), T2 II (NPVr 30—
80%), and T2 IIT (NPVr <30%) when comparing to the Funaki classification and T2
I (NPVr>45%), and T2 II (NPVr<45%) when compared to the SSI classification.
The optimal cut-off values T2 relaxation time values were determined with the ROC
curve analysis resulting in cutoff values of 57.6 ms for NPVr>80%, 78.3 ms for
NPVr <30%, and 68.0 ms for NPVr >45%.

The T2 classifications were compared to the Funaki classification and the SSI
classification with the Steel-Dwass method for all pairs and with the Tukey-Kramer
honestly significant difference test for all pairs, respectively. There was no statistical
difference between the Funaki classification groups or the SSI classification groups;
whereas there were statistically significant differences between the T2 classification
groups (Figure 12).

The classifications were compared using ROC curve analysis, which showed that
the T2 classifications had higher sensitivity, specificity, and AUC values for each
group compared to the Funaki classification and SSI classification groups in
predicting the NPVr. The Chi-square test of the T2 classifications resulted in the
whole model p-value of p-value = 0.0019* and p-value = 0.0024*, whereas the p-
value for the Funaki classification was 0.56 and for the SSI classification was 0.0749
in predicting the NPVr.
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Figure 12. Box-Wisker plots presenting the NPVr (%) for a) the Funaki classification and the T2
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6.1 The effect of oxytocin on the blood flow

In study I, the effects of oxytocin infusion on the blood flow of different types of
uterine fibroids and surrounding tissues were evaluated by comparing the blood flow
values to the baseline values using the quantitative DCE-MRI technique. The
oxytocin infusion decreased the blood flow of the uterine fibroids in a statistically
significant manner without affecting the blood flow of the myometrium which
supports the findings of a previous study in which oxytocin infusion decreased the
blood flow related parameter values in uterine fibroids while not affecting the values
of the uterine wall (Wang et al., 2016). These results seem to indicate that the
oxytocin effect takes place in the uterine fibroid, not in the myometrium. However,
the underlying mechanism of how the oxytocin infusion decreases the blood flow of
uterine fibroids at the histopathological level is still unknown. The mechanism may
be related to the amount and location of oxytocin receptors that have been found in
the uterine fibroids, the myometrium, and the blood vessels (Lee et al., 1998;
Rosseland et al., 2013; Sendemir et al., 2008). Therefore, further investigations of
oxytocin receptors are needed to clarify the underlying mechanism.

The skeletal muscle was chosen here as a negative control due to its constant
blood flow levels at rest. However, oxytocin infusion caused a statistically
significant increase in the blood flow of skeletal muscle which could be explained
by a systemic vasodilatative effect of oxytocin which has been reported previously
(Rosseland et al., 2013).

The oxytocin infusion decreased the blood flow of all uterine fibroids present in
the study regardless of the Funaki type. However, Funaki type I uterine fibroids were
not present in this study, and therefore, further studies are needed to investigate if
the effect of oxytocin infusion on the blood flow of the uterine fibroids is dependent
on the Funaki type.

One limitation of this study was possibly the biased study population due to the
selection of the uterine fibroid group; this consisted of patients screened for
MRgHIFU treatment which may not represent the general uterine fibroid population.
Secondly, the study population was small, and therefore, it was not possible to assess
the influence of the location, the classification, and the size of the uterine fibroid on
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the response of oxytocin. However, a retrospective power analysis revealed that a
sufficient number of patients had been included in the fibroid group to assess the
effect of oxytocin infusion on the uterine fibroids. Further studies with larger study
groups would be beneficial in evaluating the influence of these factors in the
response to oxytocin infusion. Furthermore, the effect of the dosage of oxytocin
remains to be investigated in future studies, i.e. whether an increase in the dosage of
oxytocin enhances the decrease of the blood flow of the uterine fibroid.

There are also limitations regarding the DCE-MRI technique utilized in this
study. The T1 relaxation time mapping method could not be validated due to
inaccuracies in the manufactured T1 relaxation time phantoms or in the T1 relaxation
time mapping techniques. In the phantom studies, variable flip angle (VFA) and spin
echo inversion recovery (RLSQ method) techniques were evaluated with the RLSQ
method produced more consistent and accurate measures than the VFA technique.
However, the measured T1 relaxation time values did not correspond to the expected
values of the manufactured T1 relaxation phantoms. Due to the lack of a literature
T1 relaxation value of uterine fibroids, the IR technique for T1 relaxation time
mapping was utilized in order to perform the DCE-MRI analysis. The same T1
relaxation time value was used in analyzing both baseline and oxytocin infusion
perfusion conditions for each fibroid. Therefore, the change in the blood flow values
should not be affected but in the terms of absolute blood flow values, there might be
some inaccuracies present. However, the blood flow values of the uterine fibroids in
this study were similar as compared to a previous study (Wei et al., 2017).

6.2 Developing quantitative prediction methods for
the technical outcome of the MRgHIFU
treatment

In study II, the feasibility of apparent diffusion coefficient in predicting the technical
outcome of the MRgHIFU treatment of the uterine fibroids was investigated and
compared with the existing evaluation method: Funaki classification. The results of
the median ADC values of uterine fibroids as calculated with different b-value
combinations may suggest that there is a non-mono-exponential dependence
between the signal intensity and the b-values. Our results seem to support the
hypothesis that DWI can reflect both perfusion and diffusion effects in uterine
fibroids as described in a previous study (Ikink et al., 2014).

All other pretreatment MRI parameters correlated with the NPVr except the
ADC values calculated with the lowest b-values, suggesting that these other
parameters could be good predictors of the MRgHIFU treatment outcomes.
However, the lack of statistically significant correlation between the ADC values
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calculated with the lowest b-values can be a consequence of the small sample size
and the small number of the lowest b-values used in this study. By acquiring larger
number of low b-values could have made it possible to determine ADC values with
greater accuracy. The ADC values with the lowest b-values could provide
information about perfusion without the need for a contrast agent or the rather
challenging analysis of quantitative dynamic contrast-enhanced imaging data and
therefore, further investigations may be needed.

A new definition of heating efficiency (the total volume of 240 CEM43 contours
divided by the total delivered acoustic energy at the focus) was presented in this
study which could hypothetically be a more accurate definition for heating efficiency
because it is not dependent on user-chosen treatment parameters or the patient’s
anatomy. However, in this study, the new heating efficiency parameter correlated
only with rT2(fibroid/muscle). This may be due to the study’s small sample size.
Nevertheless, it may warrant further investigation due to the theoretically more
accurate heating efficiency values compared to the currently used definition.

The linear regression analysis of the new heating efficiency (total volume of 240
CEM43 contours as a function of the total delivered acoustic energy at the focus) for
the Funaki classification and the ADC classification revealed a statistically
significant regression effect for Funaki I, Funaki I, ADC I and ADC II classification
groups. This may indicate that fibroids in different classification groups have
different heating efficiencies (mL/J); for example, ADC I type fibroids have a better
heating efficiency than ADC II type fibroids. However, this hypothesis needs to be
confirmed in further investigations due to the small sample size in the ADC III and
Funaki III classification groups.

The ROC curve analysis for the ADC classification and Funaki classification by
NPV ratios showed that the ADC classification had higher sensitivity, specificity,
and AUC values for each group. The classifications were then tested with the Chi-
square test which revealed that only the ADC classification was a statistically
significant predictor of the NPVr. This result supports our hypothesis that a
quantitative method could be more reliable in predicting the treatment outcome.
However, further research will be needed to confirm these results.

One important limitation of this study was the small total sample size and the
small number of Funaki type III and ADC type III fibroids since Funaki type III
fibroids are usually excluded in the patient selection process and are not treated with
MRgHIFU. The total number of subjects could not be increased due to the use of
oxytocin infusion during MRgHIFU treatment which has been shown to increase the
treatment efficacy and decrease the blood flow to the fibroid (Lozinski et al., 2018;
Wang et al., 2016). Therefore, oxytocin infusion during the MRgHIFU treatment
would therefore interfere with the interpretation of the results and patients treated
after the completion of this study could not be included. However, even with this

48



Discussion

small data set, the ADC classification was better in predicting the NPVr than its
Funaki counterpart, suggesting that the ADC classification can be useful in patient
selection for MRgHIFU treatment of uterine fibroids. A recently published study
also supports our findings; Verpalen et al. showed that a DWI-based quantitative
method could be more sensitive in discriminating different fibroid types than the
Funaki classification before the MRgHIFU treatment (Verpalen et al., 2020).
Another limitation was due to variations in the screening MRI which may have
affected the determination of the Funaki classification and the ROC curve results of
the Funaki classification. Previous studies have shown that fibroid volume correlates
with NPVr which may be an additional factor affecting the ADC classification and
the interpretation of the results (Mindjuk et al., 2014; Suomi et al., 2019).
Nonetheless, there were no statistically significant differences in the median fibroid
volumes between the classification groups suggesting that fibroid volume was not a
significant factor here.

Certain aspects need to be taken into account regarding the DWI technique
utilized in this study. Careful attention should be paid to diffusion-weighted imaging
parameters when the ADC cut-off values are used, because DWI sequence
parameters, for example, repetition time, echo time, and choice of b-values can exert
an impact on the calculated ADC values (Celik, 2016). On the other hand, ADC
values have been shown not to depend on the MR’s field strength under fixed
imaging parameters (Donati et al., 2013; Eghtedari et al., 2016; Merhemic et al.,
2018; Ogura et al., 2015).

In study III, the feasibility of utilizing T2 relaxation time in predicting the
technical outcome of MRgHIFU treatment of uterine fibroids was investigated and
compared with the existing evaluation methods: Funaki and SSI classifications. The
T2 relaxation time validation measurement results of this study indicated that T2
relaxation time maps can be reliably measured from uterine fibroids using a multi-
echo fast imaging-based sequence and calculated with the scanner’s software
(Philips) regardless of the coil setup.

The T2 relaxation time, the T2W signal intensity ratios and the scaled signal
intensity (SSI) values all showed statistically significant negative correlations with
the NPV ratios. The statistically significant negative correlation between the T2W
signal intensity ratios and NPV ratios as well as the correlation between the SSI
values and NPV ratios have been reported in previous studies which supports the
findings emerging from this study (Park et al., 2015; Sainio et al., 2021). These
results indicate that lower T2W signal intensity and the shorter T2 relaxation time of
the uterine fibroid before treatment could be good predictors of the technical
outcome of the MRgHIFU treatment.

The T2 relaxation time was compared to the Funaki classification and the SSI
classification by dividing the T2 relaxation time classification into three and two
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groups, respectively. In both cases, the ROC curve analysis showed that the T2
relaxation time classification had higher sensitivity and specificity as well as higher
AUC values for each group when compared to the Funaki and the SSI classification
groups. The Chi-square test of the classifications revealed that only the T2 relaxation
time classifications were statistically significant predictors of the NPVr. These
results support the working hypothesis of this study i.e. that a quantitative method
could be more reliable in predicting the treatment outcome, a conclusion reported in
a previous study using another quantitative method (Sainio et al., 2021).

The limitations of this study were the same as in study II. However, there are
also limitations regarding the T2 relaxation time mapping method. The T2 relaxation
time mapping is not yet commonly used in clinical routine due to the need for
substantial expertise in image acquisition and post-processing. However, we have
demonstrated that a multi-echo fast imaging-based technique could be used reliably
for T2 relaxation time image acquisition and scanner software can be exploited
reliably for calculating the T2 relaxation time maps, which significantly accelerates
the imaging and analysis processes. Careful attention should be paid to T2 relaxation
time mapping sequence parameters when the T2 relaxation time cut-off values are
used, because the sequence parameters, for example, repetition time, and choice of
echo times can exert an impact on the calculated T2 relaxation time values
(McRobbie et al., 2017).

6.3 Future considerations

Oxytocin infusion during the MRgHIFU treatment of the uterine fibroids is rapidly
becoming a part of the clinical routine due to the treatment’s increased efficacy.
Therefore, further research elucidating the effect of oxytocin infusion on the patient
selection process needs to be conducted in larger trials. The precise mechanisms
through which oxytocin alters blood flow are still unclear and therefore, further
investigations are needed e.g. to examine if there are oxytocin receptors in uterine
fibroids and myometrium.

Larger trials are also needed to validate the quantitative MRI classifications
created in this thesis. Further research is needed to clarify the feature selection
methods including quantitative MRI parameters and clinical patient data for the
MRgHIFU treatment outcome classification of the uterine fibroids, including the
effect of oxytocin infusion on these features and patient eligibility. Deep learning
algorithms could also be used for the MRgHIFU treatment outcome prediction of the
uterine fibroids. For example, these could be more accurate in the patient selection
process by taking into account the clinical patient data and the uterine fibroid
characteristics by incorporating information from the quantitative MRI data.
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Other quantitative MRI parameters of uterine fibroids such as intravoxel
incoherent motion-related parameters, biexponential modelling of the relaxation
times as well as other relaxation time methods (continuous-wave T, adiabatic Ti,,
adiabatic T»,, and relaxation along a fictitious field) could provide novel information
about the tissue characteristics of uterine fibroid. Therefore, further investigations
are still needed to enable a quantitative MRI of uterine fibroids.

The use of MRgHIFU treatment will become widespread as the technology
further improves and new research results are published on patient selection,
treatment efficacy, and long-term effects. Perhaps, ultimately, the MRgHIFU
treatment will become a major treatment option not only for the uterine fibroids but
also for other solid tumours such as bone metastasses. However, there are still major
limiting factors such as lack of consistent reimbursement and coverage provided by
the insurance companies for MRgHIFU treatment worldwide.

Quantitative MRI has the potential to become more commonly used in clinical
routine for tissue characterization, identification of biological changes in diseases,
and the assessment of treatment response as the MRI techniques improve and the
analysis programs become more user-friendly and automatized, for example by
incorporating artificial intelligence.
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V4 Conclusions

The following conclusions emerge from the results of the studies presented in this
thesis:

L. An oxytocin infusion significantly reduces the blood flow of different types
of uterine fibroids without an effect on the myometrial blood flow, indicating
that the oxytocin effect takes place in the uterine fibroid, not in the
myometrium.

II.  The apparent diffusion coefficient values are feasible in predicting the
technical outcome of MRgHIFU treatment of uterine fibroids and may even
outperform the Funaki classification.

III.  The T2 relaxation time values are feasible in predicting the technical outcome
of MRgHIFU treatment of uterine fibroids, and may well outperform the
Funaki and the SSI classifications.
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