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ABSTRACT 

Magnetic resonance imaging (MRI)-guided transurethral ultrasound ablation 
(TULSA) is an emerging therapy that has been used to treat prostate cancer (PCa). 
TULSA destroys prostate tissue with heat using therapeutic ultrasound. The heating 
is monitored in real-time using MRI thermometry. Despite TULSA’s promise, there 
are several challenges that have slowed its widespread adoption. Fortunately, MRI 
images and heating parameters from all TULSA treatments are stor ed. By 
conducting detailed retrospective analyses and applying deep learning on existing 
treatments, we can extract valuable information and then leverage this knowledge to 
optimize future TULSA treatments.  

One major challenge occurs for those patients who had PCa radiation therapy 
failure and are seeking salvage treatment with TULSA. Many of these patients have 
leftover metal markers in the prostate. These markers can hamper subsequent 
TULSA therapy because they introduce susceptibility artifacts in the MRI image and 
may also block the ultrasound, which may compromise treatment safety and efficacy. 
Through an extensive retrospective analysis, we have determined that gold markers 
tend not to affect the treatment outcome, except when located simultaneously close 
to the urethra and far from the target boundary, or when located directly on the target 
boundary itself. Clinically, gold markers had no apparent effect on treatment safety 
and efficacy compared to a control cohort without markers at the 12-month follow-
up. Conversely, nitinol markers are generally problematic for TULSA.  

A second major challenge applies to all TULSA treatment indications. 
Immediately after TULSA therapy, MRI contrast agents are used to visualize the 
non-perfused volume, an objective measure of the ablation outcome. Unfortunately, 
even if undertreatment is observed, retreatment is not possible, forcing an additional 
treatment several months later, and with it the associated risks of a second 
intervention. By training a deep learning model with existing TULSA treatment-day, 
contrast-free MRI image sets, we have predicted the non-perfused volume with an 
accuracy comparable to modern-day deep learning prostate segmentation methods.  

Overall, this work will help daily clinical practice and increase the odds of a 
successful TULSA therapy.  

KEYWORDS: prostate cancer, fiducial markers, deep learning, artificial 
intelligence, MRI thermometry, thermal ablation, contrast-enhanced MRI   
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TIIVISTELMÄ 

Magneettikuvaus(MRI)-ohjattu virtsaputken kautta annettu ultraääniablaatio 
(TULSA) on uusi primaarin ja sädehoidon jälkeen paikallisesti uusiutuneen 
eturauhassyövän (PCa) hoitomuoto. Menetelmässä eturauhaskudosta koaguloidaan 
korkean intensiteetin ultraäänellä reaaliaikaisessa MRI-ohjauksessa, mikä parantaa 
hoidon tarkkuutta. Lupaavista kliinisistä tuloksista huolimatta MRI-ohjaus altistaa 
teknisille ja kliinisille haasteille, mitkä ovat hidastaneet TULSA-hoidon laajempaa 
käyttöönottoa. TULSA-hoidossa jokainen vaihe rekisteröidään MRI-kuvin. Kone-
oppimista hyödyntämällä voidaan retrospektiivisesti analysoida näitä MRI-kuvia 
TULSA-hoitotulosten optimoimiseksi. 

Sädehoidon ohjauksessa käytetyt eturauhaseen asetetut merkkijyvät saattavat 
vaikuttaa TULSA-hoidon tehoon ja turvallisuuteen uusiutuneessa PCa:ssä, koska ne 
voivat aiheuttaa artefaktoja MRI-kuvaan ja estää ultraäänen etenemisen. Laajassa 
retrospektiivisessa analyysissä todettiin, että kultamerkkijyvät eivät yleensä vaikuta 
hoitotulokseen, elleivät ne sijaitse samanaikaisesti lähellä virtsaputkea ja kaukana 
hoitokohteesta tai suoraan kohteen edessä. Kultamerkkijyvillä ei ollut ilmeistä 
vaikutusta hoidon turvallisuuteen ja tehokkuuteen verrattuna kontrolliryhmään 
ilman merkkijyviä 12 kuukauden seurannassa.  

Välittömästi TULSA-hoidon jälkeen hoitotulos varmistetaan merkkiaine-
tehosteisilla MRI-kuvilla, joilla visualisoidaan verenkierroton alue, mikä korreloi 
akuuttiin kudosvaurioon eli onnistuneeseen hoitovasteeseen. Ongelmana on, että 
vaikka merkkiainetehosteisissa MRI-kuvissa todettaisiin riittämätön hoitovaste, 
uudelleenhoito ei ole samalla hoitokerralla mahdollista, koska eturauhaseen 
kerääntynyt merkkiaine estää hoidon. Tällöin tarvitaan uusi hoitokerta kuukausien 
kuluttua toimenpiteen sisältämineen riskeineen, mikä viivästyttää hoitoa ja 
kuormittaa potilasta. Tässä tutkimuksessa onnistuttiin tarkasti ennustamaan 
verenkierroton alue hoidonaikaisista merkkiainetehostamattomista MRI-kuvista 
hyödyntämällä syväoppimismallia. 

Näillä havainnoilla on tärkeä kliininen merkitys TULSA-hoitotulosten paran-
tamisessa. 

AVAINSANAT: eturauhassyöpä, merkkijyvät, syväoppiminen, tekoäly, MRI-
ohjaus, ultraääniablaatio, merkkiainetehosteinen MRI 
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Abbreviations 

AE Adverse event 
AS Active surveillance 
AX Axial 
CE Contrast-enhanced 
CEM43 Cumulative equivalent minutes at 43°C 
CT Computed tomography 
DSC Dice similarity coefficient 
EBRT External beam radiation therapy 
ECD Endorectal cooling device 
EPI Echo planar imaging 
EPIC-26 Expanded prostate cancer index composite 
GBCA Gadolinium-based contrast agents 
HIFU High intensity focused ultrasound 
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MRI Magnetic resonance imaging 
NVB Neurovascular bundle 
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PET Positron emission tomography 
PRFS Proton resonant frequency shift 
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PSMA Prostate specific membrane antigen 
PSNR Peak signal-to-noise ratio 
QoL Quality of life 
RF Radiofrequency 
RP Radical prostatectomy 
SAG Sagittal 
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sTULSA Salvage MRI-guided transurethral ultrasound therapy 
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T Tesla 
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1 Introduction 

Prostate cancer (PCa) is the second most common cancer and a leading cause of 
cancer deaths for men (Culp et al., 2020; Mottet et al., 2022). If the cancer develops 
to a point where it is deemed clinically significant, local treatment is recommended 
(Mottet et al., 2022; NCCN, 2022).  

Conventional first-line therapeutic options for PCa include radical prostatectomy 
(RP) and external beam radiation therapy (EBRT) (Mottet et al., 2022; NCCN, 
2022). These therapies have concentrated historically on eradicating the disease, but 
potentially at the expense of the patient’s quality-of-life (QoL) (Resnick et al., 2013; 
Sanda et al., 2008). Considering the favorable prognosis after PCa diagnosis, patients 
must live with these side effects, often for the remainder of their lives.  

Despite their focus on disease eradication, recurrence may still occur after 
conventional therapy. For example, up half of all patients may undergo biochemical 
recurrence at some point in their lifetimes after EBRT (Cornford et al., 2017; Mottet 
et al., 2022). Non-curative, systemic androgen deprivation therapy (ADT) for 
radiorecurrent PCa is the standard treatment option, but also carries debilitating long-
term side effects (Tran et al., 2014).  

To overcome the limitations of conventional therapies, a variety of alternative 
local treatment options have emerged in both the primary and salvage PCa setting, 
including laser ablation, cryoablation and high-intensity focused ultrasound (HIFU) 
ablation. These minimally invasive procedures have strived to offer comparable 
disease control, but with an improved safety profile. One of the newer and promising 
alternatives is magnetic resonance imaging (MRI)-guided transurethral ultrasound 
ablation (TULSA), which has been utilized for different indications with 
encouraging outcomes (Anttinen et al., 2020; Klotz et al., 2020; Lumiani et al., 
2021).  

Several factors differentiate the TULSA technology from other minimally 
invasive procedures. TULSA thermally coagulates the prostate “inside-out” by 
delivering high-intensity, spatially-directed ultrasound via a transurethral catheter. 
The heating source originates at the prostatic urethra and radiates outwards towards 
the prostate capsule. This provides inherent protection to the surrounding anatomy, 
in particular the rectum. MRI imaging is used to both plan and monitor the treatment 
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in real-time, a benefit which is leveraged to increase both the safety and efficacy of 
the treatment. Finally, conformal ablation is fully automated through the use of a 
closed-loop treatment controller, an effective technique to mitigate both over- and 
undertreatment.  

Nevertheless, despite these technological benefits, TULSA has many inherent 
challenges that can negatively affect treatment outcomes. In the context of 
radiorecurrent PCa, many patients have leftover fiducial markers. Theoretically, 
several fiducial marker properties could accumulate and result in poor safety and 
efficacy. For example, local susceptibility artifacts emanating from the markers 
could contaminate the MRI images, to such an extent that they obscure large parts 
of the anatomy (Mougenot & Moonen, 2017; Schenck, 1996). Another reason is that 
markers could block the ultrasound heating, leading to undertreatment behind the 
marker and with it the risk of undertreating the lesion (Bakaric et al., 2018; Georgiou 
et al., 2017; Suomi et al., 2018). Lastly, the ultrasound heating which does not 
penetrate beyond the marker could instead deposit directly in front of the marker, 
leading to local hotspots and increasing the safety risk, particularly near the urethra 
(Bakaric et al., 2018). There is a pressing need to understand the consequences of 
undergoing TULSA for the treatment of radiorecurrent PCa for those patients 
harboring fiducial markers. 

Real-time thermometry monitoring of TULSA, regardless of the treatment 
indication, also continues to be challenging. While thermometry is a powerful 
monitoring technique, it is a relative measurement technique, not absolute. It is 
sensitive to patient motion and air artifacts (Winter et al., 2016). To confirm the 
extent of ablation after treatment completion, gadolinium-based contrast agents 
(GBCA) are injected immediately post-treatment, and the non-perfused volume is 
measured on the contrast-enhanced (CE) MRI-image (Staruch et al., 2017). If 
undertreatment is suspected, the physician has no means to re-treat, due to specific 
GBCA properties (Hijnen, Elevelt, & Grüll, 2013; Hijnen, Elevelt, Pikkemaat, et al., 
2013). A second TULSA procedure is feasible, but must be rescheduled, increasing 
costs, patient stress (de Sousa et al., 2012), and re-introducing the risks of a second 
general anesthesia procedure. Physicians therefore need additional tools to help 
ensure that the prostate was fully ablated during the first treatment to avoid the 
consequences of undertreatment.  

Fortunately, we are well-positioned to tackle these challenges, due to the wealth 
of existing imaging, safety monitoring and biopsy data acquired before, during and 
after TULSA. A thorough review of these prior treatments and patient characteristics 
can reveal trends, insights, and guiding principles to optimize future treatments. 

Based on a comprehensive review and analysis of prior treatments, the first 
objective of this doctoral thesis was to assess both the technical implications and 
clinical safety and efficacy for patients who underwent TULSA treatment harboring 
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residual fiducial markers. These results should culminate in practical treatment 
planning guidelines for future patient treatments. The second objective was to 
establish the feasibility of an artificial intelligence (AI) model capable of predicting 
the immediate non-perfused volume based on contrast-free, treatment-day TULSA 
MRI imaging sequences. This was achieved by utilizing imaging databases already 
available from existing TULSA therapies. 
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2 Review of the Literature 

2.1 Prostate anatomy and function 
The prostate is a “walnut-sized” organ found deep in the male pelvis which has two 
main functions: its primary function is reproductive, responsible for components of 
seminal fluid that support male sperm. The second function relates to urinary control.  

The prostate is surrounded by critical anatomy (Figure 1), located directly 
inferior to the bladder, anterior to the rectum, and posterior to the pubis bone. The 
prostate gland is supported by pelvic floor muscles, including the levator ani and 
obturator. At both ends of the prostate, two small muscles at the urethra entry 
(bladder sphincter) and exit (urethral sphincter) surround the prostatic urethra The 
urethral sphincter in particular plays a key role in urinary continence. Seminal 
vesicles, which store seminal fluid and sit just outside the prostate, merge with the 
ductus deferens coming from the testes into ejaculatory ducts. These ejaculatory 
ducts penetrate the prostate until they reach the prostatic urethra.  

Various physiological systems interact with the prostate. First, the prostatic 
urethra provides a passage for urine to exit the body. Second, blood supply to the 
prostate is provided via the internal iliac artery, which then branches into the inferior 
vesical, middle rectal, and internal pudendal arteries. Blood drainage occurs via the 
prostate venous plexus, traveling onwards to the internal iliac vein. Third, the 
prostate is innervated with sympathetic and parasympathetic nerve fibers. The small 
vessels and nerve fibers intertwine at the neurovascular bundle (NVB) and surround 
the prostate. Located at the posterolateral corners, the NVB has been described as a 
complicated network of finely dispersed nerves and blood vessels (Takenaka et al., 
2005). Finally, lymphatic drainage of the prostate occurs via the external iliac, 
internal iliac, sacral, and common iliac lymph nodes.  

The prostate itself can be divided into zones, including the central, transitional, 
peripheral zones in addition to an anterior fibromuscular stroma layer (McNeal, 
1981). The peripheral zone accounts for roughly 70% of the prostate and is the only 
region that can be palpated during a digital rectal exam (McNeal, 1981). The prostate 
gland itself is a mixture of glandular and fibromuscular tissue. A pseudo-capsule 
encapsulates the prostate gland, with the inner layer composed of connective tissue 
and the outer layer composed of fascia. 
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Figure 1.  Prostate and surrounding anatomy (Courtesy of National Cancer Institute) 

2.2 Prostate cancer 
The majority of PCa begins with the uncontrolled growth of prostate cells 
(adenocarcinomas). Within the prostate itself, over two thirds of PCa lesions 
originate in the peripheral zone, while the others originate in the transitional zone 
(Epstein et al., 1994; McNeal et al., 1988). While some patients are diagnosed with 
unilateral disease, most PCa tends to be multifocal (Wise et al., 2002). Multifocal 
lesions may have different tumor sizes and grades. The lesion with the higher grade 
or volume is referred to as the index lesion. Scientific evidence indicates that the 
index lesion is the strongest predictor of disease progression (Ahmed et al., 2012; 
Algaba & Montironi, 2010; Arora et al., 2004; Karavitakis et al., 2011; Wise et al., 
2002). PCa can extend to surrounding organs or spread via the lymphatic or blood 
systems.  

Unlike other cancers in the body, the prognosis of PCa is favorable, due to its 
comparatively slow progression and low clinical burden. Patients diagnosed with 
PCa at a later life may never develop symptoms until their death (Mottet et al., 2022). 
Nevertheless, while many patients are diagnosed with low-risk disease with low 
metastatic potential, PCa can also manifest as intermediate- and high-risk disease, 
and these tumors can lead to PCa-related mortality.  
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Epidemiology and risk factors 

PCa is the second most diagnosed cancer in males (Culp et al., 2020). In 2020, it was 
estimated that there were 1.4 million PCa diagnoses worldwide (IARC, 2022). The 
likelihood of having PCa at an early age is low, but steadily increases with age. At 
ages greater than 79 years, the prevalence of PCa is 59% (Bell et al., 2015). PCa is a 
global phenomenon, but depending on testing methods and geographical location, 
rates of diagnosis are highly variable. The incidence and disease stage are related to 
biological, genetic and lifestyle factors. Death from PCa is comparable across the 
globe, except for men of African descent with slightly worse odds (Mottet et al., 
2022).  

Various risk factors for PCa have been researched including environmental 
factors, diet, weight, among many others, but often lack the quality data needed to 
draw firm correlations. For this reason, according to the European guidelines, no 
effective preventative steps can be recommended at this time (Mottet et al., 2022) to 
lower the risk of a PCa diagnosis.  

Classification and staging 

PCa classification is a function of how pervasive the tumor is within the prostate, 
whether the tumor has extended beyond the prostate capsule or to regional lymph 
nodes, and if any distant metastases are present. Current European guidelines utilize 
the Tumour, Node, Metastasis (TNM) classification system (Brierley et al., 2017). 
Higher values for T, N and M are indicative of more advanced disease. N and M 
assessment is done via imaging. Clinical T-stage classification has been routinely 
assessed via digital rectal exam, but radiological T-stage classification is becoming 
more prevalent. European guidelines also utilize the European risk group 
classification (Cooperberg et al., 2005), which reflects the risk of biochemical 
recurrence after conventional therapy like surgery or radiation therapy.  

Histological tumor grading  

If deemed suspicious, biopsy specimens from the prostate and surrounding anatomy 
are taken to establish the tumor grade. The Gleason score is a histopathological 
assessment from 1-5 of the tumor architecture (Gleason, 1966). It is used to rank the 
most extensive primary tumor pattern present in the prostate, plus the second most 
common pattern (Mottet et al., 2022). As tumors evolve, their gland formation gets 
increasingly disordered and chaotic, and glands are given progressively higher 
scores. In 2014, the International Society of Urological Pathology (ISUP) endorsed 
a modified version of the original Gleason grading system which limited 
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pathological grading to be capped from 1-5 which considers the tumor grading from 
both the primary and secondary lesions.  

The ISUP Gleason Grade Group (GG) score, along with the clinical TNM stage 
and the prostate specific antigen (PSA) measurement, constitute the European risk 
group assessment. Table 1 summarizes the different PCa risk groups (A.V. et al., 
1998).  

Table 1.  European risk group classification for prostate cancer (Modified from Mottet et al. 2022) 

Low-risk Intermediate-risk High-risk 

PSA < 10 ng/mL 
and ISUP GG 1  
and cT1-2a 

PSA 10-20 ng/mL 
or ISUP GG 2/3 
or cT2b  

PSA > 20 ng/mL 
or ISUP GG 4/5 
or cT2c 

any PSA 
any ISUP GG 
cT3-4 or cN+ 

Localized Locally advanced 

2.2.1 Diagnosis 
PCa is often suspected from either an elevated PSA measurement or abnormal digital 
rectal exam finding. If this is the case, the disease is definitively diagnosed with 
confirmation from imaging and a histopathological specimen acquired from prostate 
biopsy. However, the disease may also be incidentally confirmed after unrelated 
prostate surgery, such as for the treatment of benign prostatic hyperplasia (BPH). In 
today’s clinical practice, physicians use a combination of PSA, biopsies, and 
imaging to confirm and grade PCa.  

PSA 

PSA is a serum marker which is organ-specific but importantly not PCa-specific. For 
this reason, other prostate conditions can also cause elevated PSA, including BPH 
and prostatitis. Despite these limitations, PSA has revolutionized PCa diagnosis due 
to its simplicity and low cost (Stamey et al., 1987), and when considered as an 
independent variable, has been shown to be a strong predictor of PCa (Catalona et 
al., 1994). Nevertheless, due to its lack of specificity, other diagnosis methods are 
still needed for proper diagnosis. 

Imaging 

In the last decade, MRI has firmly entrenched itself as the imaging modality of 
choice for diagnosis of PCa. This is due to its comparatively high contrast and 
resolution, ability to map tumor perfusion and diffusion, among others. Moreover, 
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the clinical community has made enormous strides towards PCa MRI reading 
standardization, used for the detection and grading of lesions. These standards have 
gone through several iterations including the Likert score (Dickinson et al., 2011) 
and later the Prostate Imaging Reporting and Data System (PI-RADS, v2.1) 
(Turkbey et al., 2019). MRI has demonstrated good sensitivity for local PCa 
detection, particularly for those tumors with ISUP GG ≥ 2 (Borofsky et al., 2018; 
Bratan et al., 2013; Johnson et al., 2019), but less so for ISUP GG 1 (Bratan et al., 
2013). Perhaps counterintuitively, MRI’s lack of ISUP GG 1 sensitivity may be a 
positive for both patients and healthcare systems. This is because ISUP GG 1 is 
considered indolent low-risk disease and treatment of this disease type is 
questionable. By only highlighting clinically significant disease, MRI can help 
prevent overdiagnosis and unnecessary prostate biopsies. In modern clinical 
practice, a PI-RADS score ≥ 3 is often used as a benchmark before prostate biopsy 
is administered. Nevertheless, despite its utility, MRI is still vulnerable to intra- and 
inter-operator variability and is currently not established enough to entirely obviate 
the need for histopathological confirmation of the disease. Figure 2 is an example 
that highlights the sensitivity of multiparametric MRI for lesion detection.  

 
Figure 2.  Multiparametric MRI. The left image, despite higher resolution and contrast, does not 

show obvious signs of disease. The same prostate is imaged with a scan sensitive to 
diffusion, revealing the presence of a PI-RADS 4 lesion on the left posterolateral corner 
(Bomers et al., 2020).  

N-staging is typically performed with either computed tomography (CT) or 
abdomen/pelvic MRI, which have sensitivities near 40% (Harisinghani et al., 2003; 
Hövels et al., 2008). More recently, prostate specific membrane antigen (PSMA) 
positron emission tomography (PET) has been investigated for N-staging. PSMA is 
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an enzymatic trans-membrane protein located on the cell membrane, and it has been 
found that virtually all primary PCa tumors and metastases express this enzyme 
(Silver et al., 1997; Sweat et al., 1998). Reported sensitivity and specificity values 
for 68Ga-PSMA PET of 77% and 97% (Perera et al., 2020), the most widely used 
PSMA-tracer, have been reported. PSMA-PET/CT is the currently the most effective 
N-staging modality, but due to its comparatively low spatial resolution, smaller 
lymph node metastases may still be missed (Mottet et al., 2022). Widespread 
adoption is still dependent on more clinical data.  

For M-staging, bone scintigraphy has been the most common imaging modality 
for detection of bone metastases, with sensitivity and specificity rates of 79% and 
82% (Shen et al., 2014). More recently, whole-body MRI and PSMA-PET/CT have 
been increasingly utilized (Mottet et al., 2022), with encouraging outcomes. There 
is still a need for more clinical evidence available to fully endorse MRI and PSMA-
PET/CT as the N- and M-staging gold standards, but as this field of imaging 
develops, this may quickly change (Mottet et al., 2022).  

Biopsy 

Histopathological evidence of the PCa is the most definitive proof of tumor presence 
and grade currently available to clinicians. If deemed appropriate, the physician may 
ask the patient to undergo a prostate biopsy to confirm the digital rectal exam 
abnormalities, PSA and imaging findings. Current European guidelines recommend 
that if the MRI is positive with a PI-RADS score ≥ 3, all prostate biopsies should be 
systematic plus targeted (Mottet et al., 2022).  

Prostate biopsies may be administered using either the transrectal or 
transperineal approach, although the transperineal is preferred (Mottet et al., 2022). 
For systematic biopsies, a minimum of eight cores should be taken, and for larger 
prostates 10-12. If the physician elects for additional targeted biopsies, at least 3-5 
cores should be taken from each suspicious MRI area.  

2.2.2 Treatment 

Conventional therapies 

Depending on the TNM staging and tumor grading, several different treatment 
options may be offered to patients diagnosed with PCa. For the entirety of this 
doctoral thesis, only local treatment options will be examined. Conventional 
therapies have included active surveillance (AS), RP, and EBRT.  

AS is a common option for many patients. The underlying principle of AS is as 
follows: for patients with both a long-life expectancy (> 10 years) and lower-risk 
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disease, the risks of mortality and clinical burden of PCa are low. Moreover, curative 
treatments such as RP and EBRT have non-negligible morbidities. Therefore, 
avoidance of unnecessary curative treatment is preferred, until such a time that the 
disease progresses beyond a defined threshold, at which point curative treatment may 
become more appropriate (Bruinsma et al., 2017). To track disease progression, 
patients are monitored closely, undergoing a regimented protocol of digital rectal 
examinations, PSA testing, MRI scans, and prostate biopsies. Overall, AS offers 
good long-term overall- (85%-100%) and cancer-specific survival (98%-100%) 
(Adamy et al., 2011; Carter et al., 2007; Khatami et al., 2007; Klotz et al., 2015; 
Roemeling et al., 2007; Soloway et al., 2010; Tosoian et al., 2015; van As et al., 
2008). However, over one third of patients who initially opt for AS do eventually 
switch to curative treatment, due to a variety of factors including disease progression, 
disease volume, or patient preference (Mottet et al., 2022). As the disease progresses, 
the effectiveness of AS also decreases. Furthermore, the psychological burden of 
living with cancer is one of its pitfalls (Reeve et al., 2012; Taylor et al., 2018). 
Despite these limitations, AS has more recently gained prevalence as a treatment for 
intermediate-risk disease. This is driven primarily by the knowledge that in the 
absence of any active treatment, intermediate-risk disease still has overall good 
prognosis, with 10-year and 15-year PCa specific mortality rates of 13% and 20% 
(Walsh, 1997).  

If a decision to undergo curative treatment has been made, conventional curative 
local treatment options RP and EBRT are typically offered. RP is a surgical option 
whereby the entire prostate and seminal vesicles are removed, which is commonly 
performed today either laparoscopically or with robotic assistance. Depending on 
disease characteristics and patient preferences, variations in the technique may be 
used, such as nerve sparing (Walsh & Mostwin, 1984; Walz et al., 2016), seminal 
vesicle sparing (Gilbert et al., 2017), among others. The efficacy of RP remains 
difficult to elucidate, particularly for lower-risk disease. On the one hand, one long-
term randomized control study reported benefits of RP regarding overall and cancer-
specific survival compared to watchful waiting (Bill-Axelson et al., 2018) after 29 
years follow-up. On the other hand, other long-term large-scale randomized control 
trials have not (Hamdy et al., 2016; Neal et al., 2020; Wilt et al., 2017). The ProtecT 
trial also found lower rates of disease progression and metastases compared to AS at 
10-years post-surgery (Hamdy et al., 2016; Neal et al., 2020). However, RP also 
carries a non-negligible morbidity. Urinary incontinence and erectile dysfunction are 
the most common side effects after surgery, with rates of 21% and 70% reported, 
respectively (Haglind et al., 2015; Mottet et al., 2022). Unplanned post-operative 
visits are also common, with emergency visit rates of 12% and hospital re-admission 
rates of 4% (Mukkala et al., 2021). 
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Many patients may also be offered EBRT as curative, non-invasive local 
treatment for PCa. EBRT uses ionizing radiation to destroy tissue. The combination 
of a beam collimator, rotational control, and detailed treatment plans are used to 
optimize the radiation dose delivered to the prostate and to spare the surrounding 
anatomy. To improve visualization of the prostate, fiducial markers are typically 
implanted in the prostate prior to the therapy, which persist indefinitely afterwards 
(O’Neill et al., 2016). Current EBRT options, including intensity-modulated, 
volumetric arc or image-guided RT, are the most effective approaches. It is now 
recommended that patients receive 74-80 Gray to reduce the likelihood of 5-year 
biochemical recurrence (Mottet et al., 2022). For intermediate- and high-risk disease, 
androgen deprivation therapy is also recommended in combination with EBRT for 
4-6 months (Jones et al., 2011) and 2-3 years (Bolla et al., 2010), respectively. The 
risk of treatment-related toxicity after EBRT is also high, with urinary incontinence 
(3-9%), erectile dysfunction (61-94%) and bowel frequency/urgency/pain (16%) 
rates reported (Resnick et al., 2013). 

Selecting one of AS, RP or EBRT is not straightforward, and is a function of the 
PCa risk group, life expectancy and patient preferences. This is compounded by the 
relatively low risk of dying from PCa. For example, patients with intermediate-risk 
disease who undergo non-curative treatment can expect a 10- and 15-year and 
prostate-cancer specific mortality of 13% and 20%, respectively (Walsh, 1997). For 
high-risk disease, the rates are 29% and 36%, respectively (Donohue et al., 2006). 
For patients with > 10-year life expectancy, current American guidelines recommend 
AS for low-risk, any therapy option for favorable intermediate-risk, and either RP or 
EBRT for unfavorable intermediate-risk and high-risk disease (NCCN, 2022).  

Emerging ablative therapies 

Due to the tradeoffs between efficacy and safety for conventional therapies, many 
researchers have explored alternative minimally-invasive curative treatment options 
for localized PCa. Minimally invasive approaches have typically used ablation to 
induce cell death. The theoretical advantages of ablation compared to surgery 
include better preservation of surrounding tissues, reduced hospitalization, lower 
morbidity, and high-resolution intra-procedural monitoring (Chu & Dupuy, 2014). 
Figure 3 is an illustration of which risk groups stand to gain the most benefit from 
ablative therapy compared to AS, RP, and EBRT.  

Originally, minimally invasive techniques were used to treat the entire prostate 
gland. Both HIFU (Crouzet et al., 2014; Dickinson et al., 2016) and cryotherapy 
(Oishi et al., 2019) were explored, but due to long treatment times, prostate size 
limitations, or insufficient access to all regions of the gland, whole-gland ablation 
has become less common. However, these same therapies, as well as laser interstitial 
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thermotherapy, are also capable of performing partial ablation (L. et al., 2012; Shah 
et al., 2019; Valerio et al., 2017). The objective of partial ablation is to offer near-
equivalent oncological control compared to conventional curative therapies, but with 
an improved safety profile by minimizing damage to non-diseased prostate tissue 
and important surrounding structures.  

 
Figure 3.  PCa risk groups who stand to gain most benefit by minimally invasive curative ablative 

therapies (Modified from Profound Medical Inc.) 

Due to the lack of randomized control trials and relatively short follow-up, it is 
difficult to compare the efficacy of either whole-gland or partial ablation techniques 
to conventional therapeutic options. From a safety perspective, it is known that HIFU 
patients can expect rates of erectile dysfunction (23%), urinary incontinence (10%), 
rectal pain/bleeding (11%) and rectal-urethral fistula formation (0-5%) (Ramsay et 
al., 2015). For cryotherapy patients, they can expect the similar rates of 18%, 2-20%, 
3% and 0-6% (Ramsay et al., 2015), respectively.  

Salvage therapies 

Recurrence after primary EBRT can also occur. Up to half of all patients treated with 
EBRT will undergo biochemical recurrence at some point in their lifetimes 
(Cornford et al., 2017). Noteworthy is that residual tumors tend to reappear where 
the index lesion was originally located (Cellini et al., 2002; Jalloh et al., 2015; Patel 
& Oto, 2016; Pucar et al., 2007). Irradiated prostates undergo significant structural 
changes in the years after therapy (Koopman et al., 2020), including size decreases 
and fibrosis (Coakley et al., 2003), obscuration of the zonal anatomy (Coakley et al., 
2001), changes in the capsular patency (Koopman et al., 2020; Vargas et al., 2012) 
and decreased vascularity (Sugimura et al., 1990). The surrounding anatomy is also 
affected, with decreases in seminal vesicle size (Vargas et al., 2012) and the 
retropubic space occurring. These patients often have leftover fiducial markers 
(O’neill et al., 2016), which may obscure imaging and hamper future local 
treatments.  

Even if the recurrence is believed to be local, 98% of patients will still receive 
non-curative systemic ADT, which has harmful long-term side effects (Tran et al., 
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2014). Current alternatives include salvage prostatectomy (Chade et al., 2012), re-
irradiation (Jereczek-Fossa et al., 2019), brachytherapy (Maenhout et al., 2018), 
HIFU (Crouzet et al., 2017) and cryoablation (Siddiqui et al., 2016), but all have 
drawbacks regarding toxicity and efficacy (Chade et al., 2012; Ingrosso et al., 2020).  

MRI-guided transurethral ultrasound ablation 

TULSA is a newer, minimally invasive MRI-guided intervention which uses high 
intensity ultrasound to thermally coagulate prostate tissue. While TULSA also 
thermally coagulates tissue, it does so “inside-out”, with the energy emanating from 
the urethra outwards, instead of via the rectum or transperineally, which offers 
theoretical safety advantages for the rectum and surrounding tissues. TULSA has 
been used to treat several different prostate disease indications including whole-
gland (Klotz et al., 2020), partial (Anttinen et al., 2019; Lumiani et al., 2021) and 
salvage PCa (Anttinen et al., 2020), as well as BPH (Viitala et al., 2021). The 
TULSA procedure is performed entirely in the MRI suite with the patient under 
general anesthesia and lying in the supine position.  

Ablation is achieved via a transurethral catheter transducer (UA) which is 
inserted into the prostate shortly before the treatment begins. The catheter has ten 
individual elements (each element is 5 x 4.5 mm), which can be independently 
controlled for acoustic power and driving frequency. Each element can output up to 
four watts acoustic at low frequency operation and two watts acoustic at high 
frequency operation. TULSA transducers emit spatially directed but diffuse 
ultrasound, which allows the device to treat larger prostate volumes. In addition to 
the UA, an endorectal cooling device (ECD) is inserted into the rectum shortly before 
the ablation begins. Both the UA and ECD are connected to a water circuit, which 
continuously circulates room temperature water during the treatment, offering a 
protective cooling effect to both the prostatic urethra and the rectal wall. 

A robotic arm secures the UA during the treatment for immobilization. The 
robotic arm is capable of both manual adjustments (height/tilt/linear) as well as 
automated finer precision motion control (linear/rotational).  

An series of MRI treatment planning images are acquired after device insertion 
to first register the UA, adjust the linear position of the UA inside the prostate, and 
then finally help delineate the target volume. Once the physician has successfully 
demarcated the treatment zone, MRI thermometry is used to observe the ablation in 
real-time. MRI thermometry is a critical component of TULSA, because it allows 
the physician to observe the heat distribution in real-time, both inside the prostate 
but also to critical anatomy nearby. This includes: the pelvic floor muscles, the 
sphincter muscles, the rectal wall, the bladder neck, and the NVB.  
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The specific objective of the TULSA treatment is summarized below: all prostate 
tissue located two millimeters inside of the physician target boundary should achieve 
a temperature increase of 57°C. Figure 4 is a depiction of the TULSA treatment 
objective. 

 
Figure 4.  Objective of TULSA treatment. The entire prostate boundary is depicted in the small 

figure in the upper right square. The larger figure is a zoomed in view of a small segment 
of the prostate boundary. The black boundary (target boundary) is contoured by the 
physician during treatment planning. The objective is to ensure that all tissue two 
millimeters inside the target boundary reaches 57°C. The temperature gradients inside 
the prostate and the associated 240 cumulative equivalent minutes (CEM) are depicted 
for reference. (Courtesy of Profound Medical Inc.) 

 
Figure 5.  Description of TULSA workflow. UA and ECD are inserted into patient, and the patient 

is moved into the MRI bore. Imaging is used to localize the devices and plan the therapy. 
Once a plan is set, the ablation begins with thermometry temperature feedback. The 
controller monitors the temperature in real-time and adjusts power, frequency and 
rotation rotate to ensure conformal ablation. Contrast imaging is performed afterwards 
to monitor the non-perfused volume (From original publication III)   

To satisfy this treatment objective, TULSA utilizes a closed-loop controller, 
which actively monitors the temperature distribution inside the target boundary. As 
new thermometry images arrive every six seconds spanning the entire prostate, the 
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controller measures the updated temperatures inside the target boundary and 
optimizes the ultrasound frequency, power, and rotational rate until the target volume 
has been completely ablated.  

To confirm the extent of ablation, immediately after the therapy, GBCA are 
injected into bloodstream. The acute effects of the thermal ablation are determined 
by measuring the size of the non-perfused volume in relation to the contoured target 
boundary using a T1-weighted (T1w) CE-enhanced MRI sequence. An illustration 
of the TULSA workflow is shown in Figure 5.  

2.2.3 Follow-up 
Follow-up is a critical piece in the patient’s management after PCa therapy. It is used 
to monitor both the oncological status after the intervention, and establish any 
treatment-related impact on safety and function. Follow-up protocols vary depending 
on the treatment received as well as on the clinical setting (primary vs. salvage). For 
conventional, first-line local curative treatments including RP and EBRT, current 
guidelines recommend PSA testing as the sole metric used to assess disease 
progression (Mottet et al., 2022), which typically occurs bi-annually up to three years 
after treatment, and then annually thereafter. For newer ablative therapies, disease 
monitoring is more rigorous and may involve PSA testing, MRI imaging and prostate 
biopsies. For patients with recurrent disease undergoing local salvage therapies, the 
same follow-up but with more extensive N- and M-staging is typical.  

In addition to disease progression, treatment toxicity is also assessed. In the first 
months after therapy, any attributable adverse events (AE) are typically documented. 
Any changes in functional outcomes are also assessed. For clinical trials, physicians 
have attempted to quantify any loss in function through validated questionnaires 
which evaluate urinary incontinence, urinary bother/irritation, sexual/hormonal, and 
bowel function. Common validated questionnaires include the Expanded Prostate 
Cancer Index Composite (EPIC-26), International Prostate Symptom Score (IPSS) 
and International Index of Erectile Function (IIEF).  

2.3 Ultrasound 

Basic Principles 

Ultrasound is a non-ionizing, mechanical wave which is capable of propagating 
through tissue and other physical materials. As an acoustic wave passes through a 
given medium, the individual particles in the wave’s path displace about their resting 
position. Individual particles will first undergo compression, followed by 
rarefaction. During the compression phase, the material will experience positive 
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pressure, and during rarefaction phase, the pressure will be negative. Analogous to 
the electromagnetic spectrum, ultrasound constitutes the upper part of the sound 
spectrum: infrasound is defined as a frequency < 20 Hz, audible sound is from 20 
Hz to 20 kHz, and ultrasound is > 20 kHz.  

Ultrasound waves are characterized by several key parameters, including their 
driving frequency, pressure, intensity, and duration. Several factors dictate particle 
displacement, including various mechanical properties of the material and its 
temperature.  

Acoustic Impedance, Attenuation, and Absorption 

The ultrasound wave’s mechanical energy loss is a function of several factors 
including scattering, absorption, refraction, and reflection. (Bamber, 2004). The 
physical medium in which the ultrasound wave originates and subsequently travels 
into plays a dominant role in determining the amount of energy loss due to 
reflections. Two physical properties of the material are particularly relevant: its 
density, and speed of the ultrasound wave as it travels through that particular 
medium. These values are unique to all materials such as water, bone, metal, and air. 
The acoustic impedance can be defined in the equation below for all materials: 
 

𝒁𝒁 =  𝝆𝝆 ∗ 𝒗𝒗 (1) 

 
where 𝜡𝜡 is the acoustic impedance in kg‧s-1‧m2, 𝝆𝝆 is the tissue density in kg‧m-3 and 
𝒗𝒗 is the speed of sound in the medium in m‧s-1. Large differences in acoustic 
impedance will lead to large reflections. The fraction of reflected ultrasound energy 
between two surfaces is expressed using the following equation:  
 

𝑹𝑹 =  �
(𝒁𝒁𝟐𝟐 −  𝒁𝒁𝟏𝟏)
(𝒁𝒁𝟐𝟐 +  𝒁𝒁𝟏𝟏)�

𝟐𝟐

 (2) 

 
where 𝑹𝑹 is the fraction of reflected ultrasound energy, 𝒁𝒁𝟏𝟏 and 𝒁𝒁𝟐𝟐 the acoustic 
impedance of tissue 1 and 2. Table 2 highlights some representative acoustic 
impedances. It is readily apparent that as ultrasound travels from tissue into either 
air, bone, or gold, the vast majority will be reflected. For example, an ultrasound 
wave traveling from prostate tissue into gold will be ~90% reflected.  

In addition to reflections, the ultrasound wave also undergoes energy loss as it 
propagates deeper into the same material. The amount of loss is a function of 
physical properties of the material itself, the ultrasound wave frequency, and the 
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length of the material. The attenuation coefficient 𝜶𝜶 is expressed in units of dB ‧ 
MHz-1 ‧ cm-1.  

Table 2.  Acoustic impedance of different materials 

Material Acoustic Impedance (kg‧s-1‧m-2)     

Air 0.0004 * 106 

Fat 1.34 * 106 

Water 1.48 * 106 

Muscle 1.71 * 106  

Prostate 1.66 * 106 

Bone 7.81 * 106 

Gold 62.53 * 106 

Table 3.  Attenuation coefficients of different materials  

Material Attenuation Coefficient (dB‧cm-1) at 3.5 MHz  

Air 5.74 

Fat 1.68 

Water 0.0077 

Muscle 3.915 

Prostate 0.5-1.5 

Bone 34.79 

Iron 645*  

Copper 208* 

Nickel 318* 
* performed at 5 MHz instead of 3.5 MHz 

However, not all materials have an inverse relationship between attenuation and 
ultrasound frequency. For this reason, attenuation is often described in dB ‧ cm-1 for 
specific driving frequencies.  Table 3 below describes the attenuation coefficient for 
different materials at 3.5 MHz, a similar driving frequency to the TULSA device. 
There are significant attenuation differences in attenuation between air, water, 
prostate, muscle, bone, and metal.  

Attenuation is comprised of two main components including absorption and 
scattering. The higher the driving frequency, the higher the resulting attenuation. 
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Energy that is absorbed by the tissue is converted to heat (Carstensen et al., 1990; 
Nyborg, 1988).  

Ultrasound Generation 

Ultrasound energy is commonly generated by electrically stimulating a piezoelectric 
crystal at its natural resonant frequency, causing it to vibrate mechanically at that 
same frequency. The pressure distribution directly impacts the spatial distribution of 
heating. Figure 6 shows the longitudinal heating pattern produced by the TULSA 
transducer.  

 
Figure 6.  Spatial distribution of heating in the longitudinal direction produced by the TULSA device 

(Courtesy of Profound Medical Inc.) 

The spatial distribution of acoustic pressure emanating from the source is 
variable and depends heavily on the piezoelectric geometry. For example, HIFU 
transducers are concave which allows to them to generate a high focal gain at some 
depth away from the transducer surface, but minimal amounts between the 
transducer surface and the focus. Conversely, the TULSA transducer is a 4.5x5mm 
rectangle, and its pressure profile in space is more diffuse.  
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2.3.1 Thermal ablation 
Many newer, minimally invasive treatment modalities use thermal ablation to induce 
cell kill. Except for cryotherapy, therapies such as TULSA, HIFU and laser 
interstitial thermotherapy rapidly elevate the local tissue temperature. In a matter of 
seconds, modern ablative technologies can increase the local tissue temperature to 
55°C, and in many cases above 80°C. Compared to conventional “slower” 
hyperthermia therapies, rapid ablative techniques can more easily overcome the heat 
sink effects resulting from blood perfusion (Mouratidis et al., 2019), which has the 
added benefit of shorter treatment times.  

Ablation induces irreversible cell injury, leading to apoptosis and coagulative 
necrosis (Brace, 2011; Chu & Dupuy, 2014). In the prostate, after rapid exposure to 
elevated temperatures, the pattern of tissue damage has been classified into three 
distinct regions, including the coagulative necrosis zone, the apparently untreated 
zone, and a margin zone in between (Boyes et al., 2007). Cells in the coagulative 
necrosis zone are destroyed, with no coherent structure remaining. The untreated 
zone at the periphery is unaffected but can still show signs of edema and spontaneous 
cell necrosis. The margin in between is the most heterogenous, whereby tissues may 
retain their gland structures, but can undergo epithelium disorganization and may 
show signs of interspersed cell necrosis (Boyes et al., 2007). The size of the margin 
zone can be up to 5 mm (J. G. R. Bomers et al., 2017; Boyes et al., 2007; Chopra et 
al., 2012).  

The likelihood of ablated tissue undergoing irreversible thermal injury is a 
function of both the local temperature and the exposure time. Sapareto & Dewey 
(Sapareto & Dewey, 1984) formulated the concept of thermal dose, an attempt to 
mathematically harmonize the likelihood of biological injury according to a 
reference temperature of 43°C, known as cumulative equivalent minutes (CEM43). 
It was found that the relationship was exponential, and for every 1°C increase in 
temperature, the amount of time halves to achieve the same toxic effect. The equation 
is described below: 

 
 

𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓𝐓 𝐃𝐃𝐃𝐃𝐃𝐃𝐃𝐃 = � 𝑹𝑹𝑪𝑪𝑪𝑪𝑪𝑪(𝟒𝟒𝟒𝟒−𝑻𝑻(𝒕𝒕))
𝒕𝒕

𝟎𝟎
𝒅𝒅𝒅𝒅 (3) 

 
where 𝒕𝒕 is the exposure duration in minutes, 𝑻𝑻 is the achieved temperature in °C, and 
𝑹𝑹  is a constant whose value is 0.25 for temperatures < 43°C and 0.5 for temperatures 
> 43°C. To appreciate the exponential nature of thermal dose, Figure 7 shows the 
calculated thermal dose after 1s of exposure for temperatures ranging from 43°C to 
60°C.  
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Figure 7.  Calculated thermal dose for different temperatures thresholds after 1s of exposure to 

elevated temperatures. 

Researchers have sought to identify which CEM43 thresholds are necessary to 
induce permanent cell damage. Depending on the tissue type, ranges between 30-
250 CEM43 have been reported (C. A. Damianou et al., 1995; C. Damianou & 
Hynynen, 1994; N. J. McDannold et al., 2000; Venkatesan et al., 2012). For the 
prostate, in vivo evidence supports a value of 240 CEM43 (Hazle et al., 2002).  

Despite this evidence, some researchers have questioned the reliability of 240 
CEM43 threshold for rapid ablative therapies. The 240 CEM43 was developed for 
hyperthermia applications (40°C to 47°C) (Mouratidis et al., 2019) and may not 
apply to higher temperature thresholds. There is also conflicting in vitro evidence, 
where CEM43 thresholds of 150 000 were required to induce 99% necrosis of the 
sample (He et al., 2009). Establishing certainty is difficult due to the exponential 
dependency of temperature on thermal dose. To illustrate, for target temperatures of 
55°C, 56°C and 57°C with a duration of 1s, the respective thermal dose would be 68, 
136 and 273 CEM43, respectively, a factor of four increase with a temperature 
gradient of just 2°C. From a measurement perspective, achieving a 1°C accuracy 
with high temporal resolution is challenging.  

Due to the inherent challenges with thermal dose, other researchers performing 
ablation in the prostate with TULSA have migrated to more binary outcomes for 
determining thermal coagulation. Specifically, they have used a temperature increase 
of 55°C as the necessary threshold to achieve acute thermal coagulation. These 
assessments are based on in vivo evidence with the TULSA device, which has 
indicated that 55°C corresponds to the region of acute coagulation on histology 
(Chopra et al., 2009). This region can grow over the weeks after therapy, in certain 
cases up to several additional millimeters (Anttinen et al., 2019; Burtnyk et al., 
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2015). In the context of PCa and rapid ablation technologies, the thermal dose 
threshold requires more investigation.  

2.4 Magnetic resonance imaging 
Particularly in the last decade, MRI has firmly established itself as essential for both 
the PCa diagnosis and follow-up. Increasingly, MRI is also being utilized during 
image-guided therapies to both plan and monitor the treatment. The benefits of MRI 
are its soft-tissue contrast, high resolution in any spatial orientation, and lack of any 
ionizing radiation.  

The signal measured during MRI acquisition is fundamentally determined by the 
hydrogen atom, which consists of a proton and an electron. Most biological tissues 
have roughly 70-90% water (H2O) content, making it well-suited as a signal source 
(Brown RW et al., 2014; McRobbie et al., 2006; Weishaupt et al., 2006). In the 
absence of any external magnetic field, the proton spins, a fundamental property of 
protons, are randomly distributed in all directions, and their summation, expressed 
as the magnetization vector M0, is null. However, when placed in an external static 
magnetic field B0, slightly more proton spins align in the direction of B0 compared 
to opposite it, creating a spatially dependent and non-zero M0. These proton spins 
precess at a frequency determined by the Larmor frequency ω (Larmor, 1897). The 
precessional frequency is linearly proportional to B0 and 𝛾𝛾, the gyromagnetic ratio, 
a constant. However, even if one was equipped with a sensitive detector, a non-zero 
M0 with precessing spins is still insufficient to record any signal. 

To record signal, one must leverage the concept of nuclear magnetic resonance 
(NMR) (Rabi et al., 1938). When proton spins are excited with a radiofrequency 
(RF) pulse which is transmitted at the identical precessional frequency ω, the spins 
will absorb the RF energy, excite, and subsequently tilt their magnetization from the 
longitudinal direction (direction of static field) to the transverse plane, at which point 
it will precess about B0. The RF pulse is known as the B1 field, and the duration and 
power of the RF pulse determines what fraction of the longitudinal magnetization 
will tip into the transverse plane. Once the RF pulse is turned off, the magnetization 
will slowly recover to its preferred low-energy state, a state where the spins realign 
with B0. The recovery process occurs via two separate mechanisms: spin-spin 
interactions relate to the decay of the transverse magnetization while spin-lattice 
interactions relate to the regrowth of the longitudinal relaxation. It has been found 
that both the decay and regrowth of the magnetization are exponential and can be 
described by time constants: T2 is the time constant that describes the decay in 
transverse magnetization and T1 is the time constant that describes the regrowth in 
the longitudinal direction. Transverse magnetization decay is a faster process than 
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longitudinal magnetization recovery. The equations below describe the 
magnetization dynamics in the transverse (xy) and longitudinal (z) directions: 

 
 𝑺𝑺𝒙𝒙𝒙𝒙 = 𝒆𝒆−𝒕𝒕/𝑻𝑻𝑻𝑻 (4) 

 
 𝑺𝑺𝒛𝒛 = (𝟏𝟏 − 𝒆𝒆−𝒕𝒕/𝑻𝑻𝑻𝑻) (5) 

 
Each tissue type has unique T1 and T2 relaxation time constants, typically on the 

order of milliseconds, which forms the basis of tissue contrast in MRI imaging, seen 
as regions of either dark, grey, or bright pixels on the image. The precessing 
magnetization in the transverse plane is detected with a receive coil. Figure 8 shows 
how different time constants can affect the magnetization dynamics.  

 
Figure 8.  Effect of different T2 and T1 time constants on transverse and longitudinal 

magnetization. The smaller the time constant, the faster the transverse decay and the 
faster the longitudinal recovery.  

The tissue-dependent nature of these recovery times after RF excitation and 
when the transverse magnetization is recorded forms of the basis of NMR contrast. 
The interval at which the proton spins are excited is referred to as the repetition time 
(TR). The time at which the signal is sampled is referred to the echo time (TE). The 
interplay between the TR and TE times impacts which type of tissue contrast is being 
measured, known as image weighting. In general, images may be T1w, T2-weighted 
(T2w) or weighted by proton density. For example, during T1w imaging, tissues with 
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short T1 times are brighter than those with long T1 times. For T2w imaging the effect 
is reversed.  

To produce a T1w image, a short TR and TE is required. Conversely, to produce 
a T2w image, a long TR and TE is required. MRI sequences describe the interplay 
between TR, TE, and the flip angle. The most common sequences are spin echo and 
gradient echo (Elster, 1993). Spin echo sequences first excite the protons with a 90° 
RF pulse, and as the spin dephasing occurs, a second 180° refocusing pulse is 
applied, which leads to the formation of an echo. This refocusing has the added 
benefit that it reduces the effects of magnetic field inhomogeneities. Gradient echo 
sequences also use RF pulses, but then produce echoes using dephasing and 
rephasing gradients. The gradient dephasing and rephasing does not eliminate effects 
of magnetic field inhomogeneities, which explains why it is more sensitive. 
However, gradient echo sequences can be done more rapidly.  

If we excite all tissue in the main magnetic field with the same B1 pulse, we 
would not be able to spatially encode where in the tissue the signal originated from. 
For this reason, a third magnetic field is used, and is referred to as the spatially 
encoding gradients (Brown RW et al., 2014; McRobbie et al., 2006; Weishaupt et 
al., 2006). These gradients introduce a small, linear magnetic field which is slightly 
different than B0 in the xy, and z planes. By modifying the frequency of the B1 pulse 
we can achieve spatial encoding. The final sequence is a complicated interplay 
between B0, B1, TR, TE and the spatially encoding gradients.  

 

2.4.1 Thermometry 
MRI thermometry is an important aspect of ablative therapy as it allows physicians 
to non-invasively measure the temperature distribution inside the body in real-time. 
While many different approaches have been proposed, the most common is the 
proton resonance frequency shift (PRFS) technique (Ishihara et al., 1995). As tissues 
abundant with water molecules either heat up or cool down, the resulting temperature 
changes affect the hydrogen bonds, impacting the local magnetic field the nuclei 
experience, inducing a proton chemical shift (Mttixer & Reiter, 1965; Rieke & Pauly, 
2008). Interestingly, the chemical shift change due to temperature changes is linear 
across a wide range of temperatures, varying by α, which has been experimentally 
determined to be -0.01 parts per million (ppm)/°C (Hlndman, 1966; N. McDannold, 
2005; Rieke & Pauly, 2008). The temperature change is calculated by measuring the 
difference in phase between two images and is expressed below: 
 

 ∆𝑻𝑻 =
∅ − ∅𝟎𝟎
𝜸𝜸𝜶𝜶𝑩𝑩𝟎𝟎𝑻𝑻𝑻𝑻

 (6) 
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where ∆𝑻𝑻 is the temperature change in °C, ∅𝟎𝟎 is the reference phase in radians, ∅ is 
the phase at the same location collected at some arbitrary time after the reference 
phase in radians, γ is the proton gyromagnetic ratio in radians‧s-1‧T-1, 𝑩𝑩𝟎𝟎 is the main 
magnetic field in Tesla, and 𝑻𝑻𝑻𝑻 is the echo time in seconds (Rieke & Pauly, 2008).  

Practically, to perform PRFS thermometry, a reference phase image is acquired 
prior to heating at every voxel location in the imaging volume. Once the ablation 
begins, the resulting temperature change is evaluated by measuring the change in 
phase at all voxel locations in the image. For this reason, PRFS thermometry does 
not generate absolute temperature measurements, and instead only calculates relative 
changes (Rieke & Pauly, 2008). The body’s baseline temperature is typically 
measured shortly before the heating begins with an MRI-compatible temperature 
probe. To get as close to real-time monitoring as possible, thermometry is typically 
done with an echo-planar imaging (EPI) sequence (Stafford et al., 2004; 
Weidensteiner et al., 2003), which can acquire large scan volumes very rapidly. 
Based on the gradient echo imaging technique, the EPI sequence acquires multiple 
lines of k-space in a single RF excitation, using gradients to refocus the spins as it 
traverses through k-space. Figure 9 shows how thermometry can be used monitor the 
ablation in real-time.  

 
Figure 9.  The physician leverages real-time thermometry to monitor the temperature distribution 

inside the body. Monitoring can be performed either by examining the maximum 
temperature increase in relation to the target boundary, or by examination of the thermal 
dose.  

While thermometry is a powerful tool in the physician’s arsenal, it has several 
limitations. First, due to its dependency on a reference image, it is inherently 
sensitive to patient motion, particularly interscan motion (Rieke & Pauly, 2008). 
Second, thermometry is also vulnerable to magnetic drift (Hijnen, Elevelt, 
Pikkemaat, et al., 2013), which may be relevant if the scan time is long. Third, while 
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it has been demonstrated that α is largely tissue-independent (Kuroda et al., 1998; 
Peters et al., 1998), that is not true for fatty tissue, which does not have the same 
hydrogen bonds as tissue comprised mostly of water. For this reason, fatty tissues 
have low α, making it challenging to measure temperature changes there. Partial 
volume effects may also occur if a voxel is comprised of both fatty and normal 
biological tissue (Odéen & Parker, 2019), and for this reason, fat suppression is 
commonly used during thermometry. Finally, thermometry is a reference-based 
temperature technique so errors in the baseline temperature can influence the 
outcome. 

In addition to thermometry-specific limitations, thermometry may also 
exacerbate other well-established MRI artifact sources. One of the most prominent 
is the susceptibility artifact. Magnetic susceptibility is a feature of matter which 
characterizes how that material behaves when placed in a magnetic field. 
Susceptibility can be either diamagnetic or paramagnetic. Diamagnetic materials 
weaken the magnetic field, while paramagnetic materials strengthen it. Local regions 
of either strengthening or weakening of the magnetic field produce small local 
variations in B0. Almost all biological tissues are weakly diamagnetic, while ferrous 
materials such as nickel and iron are highly paramagnetic. Gold is slightly 
diamagnetic, while the magnetic susceptibility of air is close to zero. Local 
susceptibility changes can cause two primary image artifacts including geometric 
distortion and overall signal loss. The local changes in the field disturb the linearity 
of the frequency encoding magnet, causing regional distortion (Arena et al., 1995; 
Taber et al., 1998). Moreover, these field inhomogeneities also lead to more rapid 
spin de-phasing because they modify the Larmor frequency of the material. This 
often leads to signal dropout (Shellock & Morisoli, 1994; Shellock & Shellock, 
1996). Ferrous objects produce the most significant effects, but susceptibility 
differences between adjacent tissues, such as air interfaces, can also create these 
dropout zones. Since thermometry relies on EPI sequences, which uses gradient 
refocusing, these sequences are more vulnerable to susceptibility changes compared 
to spin-echo sequences (Port & Pomper, 2000). In the context of radiorecurrent PCa, 
susceptibility effects arising from fiducial markers can hinder the visualization of 
prostate tissue in the vicinity of fiducial markers (Jonsson et al., 2012; Maspero et 
al., 2018; Osman et al., 2019). 

2.4.2 Contrast-enhanced imaging 
Endogenous contrast differences are not always sufficient for highlighting specific 
pathologies or features of interest for the physician. Therefore, exogenous contrast 
agents are sometimes needed to enhance the signal intensity. There are numerous 
different MRI contrast agents on the market, but the most common are GBCA. 
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GBCA are injected into the veins and quickly perfuse to the rest of the body, 
followed by a rapid diffusion into the extracellular space (Mitchell, 1996), before 
eventually being filtered out by the kidneys. GBCA work in practice by shortening 
the T1 relaxation time of the hydrogen protons in their vicinity (Mitchell, 1996) and 
therefore are most effective when used in combination with T1w imaging.  

CE-imaging has a key role in the context of ablative therapy monitoring, 
particularly when one considers the limitations of thermometry. Due to the decreased 
blood supply in the necrosed tissue, thermally coagulated regions of tissue become 
considerably more hypointense than the neighboring unexposed tissue (Knopp et al., 
2001; Rivens et al., 2007). In addition to the hypointense core, known as the non-
perfused volume, a hyperintense rim surrounds the necrotic core, a result of 
inflammation and hyperemia (Hectors et al., 2016). To emphasize differences in 
perfusion, the final CE-image is obtained by subtracting the native T1w image from 
the T1w image with contrast agent (N. J. McDannold et al., 1999; Rowland et al., 
1997). Many researchers have demonstrated agreement between non-perfused 
volume and thermal dose (Hectors et al., 2016; Rowland et al., 1997). An example 
of CE-imaging after TULSA is shown in Figure 10.  

 
Figure 10. Example of CE-imaging after TULSA. The native T1w immediately after ablation does 

not discriminate either the non-perfused volume or the enhancing rim. The same 
sequence is repeated after the injection of GBCA into the veins. The CE-image 
highlights both effects. A subtraction of the two images further emphasizes these 
regions.  

While CE-imaging can be beneficial to monitor response to therapy, it also has 
several drawbacks. First, GBCA are typically administered once at the very end of 
the procedure and never during thermometry acquisition. The predominant reasons 
are that the GBCA concentration in the body is dynamic after bolus injection and 
will decrease as a function of time. Additionally, GBCA can get trapped inside tissue 
under elevated temperature exposures (Hijnen, Elevelt, & Grüll, 2013). These two 
effects have several negative consequences. First, GBCA are paramagnetic and can 
cause field inhomogeneities thereby causing a local signal loss which make it 
difficult to extract signals where previous ablations took place, and which vary over 
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time. Second, GBCA can influence the PRFS equation, and introduce temperature 
errors anywhere from -4°C to +3°C (Hijnen, Elevelt, Pikkemaat, et al., 2013). 
Finally, it has been shown that the immediate non-perfused volume is not always the 
predictor of the final treatment outcome (Wijlemans et al., 2013). This is a result of 
the fact that the complete cell kill mechanisms can take many weeks after the therapy 
completion, possibly due to latent cell death from ischemia (Anttinen et al., 2019; 
Chu & Dupuy, 2014; Hectors et al., 2016). Despite the limitations, immediate non-
perfused volume measurements are helpful for visualizing regions of undershoot or 
overshoot.  

2.5 Artificial intelligence 
The formal definition of AI was established in the 1950’s by John McCarthy 
(McCorduck & Cfe, 2004), who stated that AI was “the science and engineering of 
making intelligent machines”. A more concrete definition is that AI is a machine 
designed to solve problems that are typically reserved for humans, which is also 
capable of self-improvement. Particularly in the last decade, with the advent of faster 
computers and a global shift to digital infrastructure, AI has developed exponentially 
in the medical disciplines (Chan et al., 2020; Litjens et al., 2017). One remarkable 
attribute of AI that researchers have harnessed is its ability to interpret sensory 
information, which has led to numerous advances in applications including self-
driving cars, language processing and computer vision (Hosny et al., 2018). AI is a 
highly diverse field of research, and various subspecialties have emerged under the 
AI umbrella. 

2.5.1 Deep learning  
Deep learning is a subset of machine learning, which itself is a subset of AI (Figure 
11). Machine learning is defined as a machine’s capacity to make informed 
predictions based on existing data, and as that data evolves, the machine can adapt 
to refine its predictions. The differentiation between deep learning and machine 
learning is which features of the existing dataset the machine model uses to make its 
prediction. In standard machine learning, it is the responsibility of the human to 
define these features. This requires an inherent understanding of which features are 
necessary, which may not always be possible. Deep learning, on the other hand, 
identifies its own features from the training dataset to generate a prediction without 
any human intervention required.  
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Figure 11. Relationship between artificial intelligence, machine learning and deep learning.  

For radiology-based applications, deep learning models often employ supervised 
learning approaches. In its most basic form, this consists of a training dataset and 
labels. This is best illustrated with an example. Suppose a deep learning model is 
trying to predict cancerous lesions in the prostate based on screening MRI images. 
The training data is the screening MRI images, while the labeled data consists of 
radiologist-contours for each image. The deep learning model architecture is based 
on neural networks, illustrated in Figure 12. The model has an input layer (the 
inputs), an output layer (the prediction), and an indeterminate number of hidden 
layers. Hidden layers are used to synthesize the input data in various stages, typically 
from lower-level to higher-level features. At each new layer, a weight, bias, and non-
linear activation function is used to process the inputs. A non-linear activation is 
necessary otherwise the model would be executing logistic regression.  

For medical images, it is not practical nor meaningful to have each node 
connected to all other nodes during the stages of deep learning. For an input image 
with a height and width of 128x128 pixels, this would correspond to 16384 pixels. 
The number of nodes would exponentially increase with each layer making 
processing difficult. Perhaps more importantly, it is intuitive that the pixels on the 
upper left of the image share no relationship with the pixels on the bottom right of 
the image. To account for this complexity, it is customary practice to use 
convolutional neural networks (CNNs) to perform deep learning on medical images. 
CNNs have been around since the 1980’s (Fukushima, 1980) but have increased in 
popularity in the last decade. At various stages of the learning process, the image is 
slowly synthesized into progressively higher-level features. Low-level features 
include features such as edges, lines, or dots, while high-level features could be the 
outlines of larger shapes. CNNs achieve this via a series of convolution and pooling 
processes. A desirable feature of CNN’s is that they can accommodate multichannel 
data. An example CNN is illustrated in Figure 13.  
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Figure 12. Concept of neural network with input layers, hidden layers, and output layers. 

 
Figure 13. Illustration of CNN. An image of a cat is convolved with a 3x3 kernel to generate a new 

feature map. The process is repeated seven times with unique kernels, generating an 
image of the same pixel dimensions but with a depth of 8. Pooling is then performed to 
increase the signal-to-noise and simplify processing, which halves the image width and 
height. This process is repeated for as many times. Finally, the model makes a 
prediction if the image is a cat or dog with some associated probability.  

The most common CNN for medical image segmentation and classification is 
the UNet model (Ronneberger et al., 2015). The name derives from the shape of the 
model and is illustrated in Figure 14. The UNet has been used to perform prostate 
segmentation (Aldoj et al., 2020; Cuocolo et al., 2021; Q. Zhu et al., 2017), prostate 
lesion identification (Schelb et al., 2019) and prediction of contrast uptake in the 
brain (Chen et al., 2021; Gong et al., 2018; Kleesiek et al., 2019). They have also 
been used to predict treatment outcomes (Abajian et al., 2018; Luo et al., 2020; 
Suomi et al., 2019). With the UNet model after a prediction is made, the model 
parameters are updated via back propagation, and the process is repeated to optimize 
the outcome.  
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Figure 14. Schematic of the UNet architecture, proposed by Ronneberger et al. 

In practice, to validate a model’s performance, the available dataset is separated 
into three groups: train, validation, and test. The train dataset is what the deep 
learning algorithm will use to identify correlations. The validation dataset is used 
iteratively during the training process to assess the generalizability of the model. The 
final model accuracy is measured on the test dataset, a dataset the model has never 
encountered, and is therefore the best representation of model generalizability. 
Roughly 70%-80% of the data is used for training, and 10%-20% for both validation 
and testing.  

Determining how the model learns is a function of the learning rate, the optimizer 
function, and the loss function. The learning rate dictates how aggressively the model 
will re-weight its parameters based on iterative feedback after each training step. The 
optimizer function dictates the approach the model uses to converge on the global 
minimum. The loss function is the measure the model uses to assess its performance 
after each training run. Overall, the model’s objective is to evolve after each training 
iteration to find the lowest loss. Other terminology includes the epoch number 
(number of training iterations) and the batch size (the number of inputs processed in 
a single step). Once the model has been fully trained, it is the researcher’s 
responsibility to find the most suitable function to determine the overall accuracy, 
which may not necessarily be the same as the loss function. These factors can all 
influence model performance.  
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2.6 Ongoing challenges with ablative therapies 
While minimally invasive ablative therapies have considerable promise, their 
flexibility is also be one of their pitfalls. As discussed previously, researchers have 
investigated vastly different treatment plans to treat PCa, ranging from focal to 
whole-gland ablation. The decision how much prostate to ablate is a delicate 
interplay between i) the properties of the ablation device, such as depth of 
penetration and physical access ii) the individual disease characteristics, such as the 
grade and size of index lesion and if it is multi-focal iii) the tolerance for adverse 
events in case of overtreatment and iv) the patient wishes. This complexity is one 
reason why there is no established consensus which ablation coverage is optimal. 
Furthermore, the variable ablation coverages make it difficult to compare results 
between studies.   

Follow-up after ablative therapy is another challenge. As discussed previously, 
conventional therapies such as RP and EBRT use the well-accepted PSA value as a 
marker for recurrence (Mottet et al., 2022). Yet the definition of treatment success 
for ablative therapies is much less clear. Recent efforts have tried to formalize 
monitoring after ablative therapy, recommending a combination of post-treatment 
biopsies, PSA monitoring and imaging (Becher & Lepor, 2020; Lebastchi et al., 
2020). Nevertheless, this multi-faceted follow-up schedule does not standardize 
what is considered treatment success. This applies to both treatment-naïve and 
radiorecurrent PCa. The absence of any randomized control trials makes it difficult 
to assess the oncological efficacy of any given ablative therapy compared to 
conventional therapies (Mottet et al., 2022). 

Specifically in the context of radiorecurrent disease, current evidence from 
PSMA-PET/CT imaging indicates that only 18-40% of recurrences are purely local 
(Maitre et al., 2022). Ablative therapies are not well-suited to treating disease which 
has extended beyond the prostate, and distant metastases are generally untreatable. 
Furthermore, even if purely local recurrence is suspected on imaging, the prostate 
and surrounding tissues undergo considerable anatomical changes after radiation, 
making it harder to rule out presence of non-local lesions (Koopman et al., 2020; 
Vargas et al., 2012). When combined with the knowledge that radiorecurrent PCa is 
intrinsically more aggressive disease (Williams & Hu, 2013), this ultimately reduces 
the number of eligible patients for local ablative salvage therapies and further 
decreases the likelihood of complete disease eradication if treatment is offered.  

Beyond disease eradication, toxicity of local ablative salvage therapies must also 
be considered. Patients with radiorecurrent PCa are typically older, and inherently 
more prone to adverse events. The irradiated prostate and surrounding anatomy are 
also more sensitive than treatment-naïve tissues, which explains the high toxicity 
rates seen in other local ablative salvage series (Ingrosso et al., 2020). The benefit of 
any local salvage therapy must always be balanced against the safety risks.  
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3 Aims 

The aims of this doctoral thesis were three-fold: 

I. Using retrospective TULSA treatment MRI images, the first aim was to 
investigate the impact of residual fiducial markers on the immediate salvage 
TULSA ablation outcome. Investigate their local susceptibility artifact, their 
ability to block ultrasound heating, and their distribution in the prostate. 
Determine treatment planning guidelines based on these findings. When one 
considers the lower odds of purely localized radiorecurrent disease, the ability 
to successfully ablate all targeted prostate tissue, even in the presence of 
fiducial markers, is therefore of considerable importance for this selected 
patient group. 

 
II. Using retrospective TULSA clinical and imaging data from the same cohort, 

the second aim was to determine if gold fiducial markers had an impact on 
both safety and early-stage efficacy of salvage TULSA treatment. Depending 
on disease characteristics and patient wishes, perform focal to whole-gland 
ablation, with the key objective to target the disease while reducing toxicity, 
particularly in this more at-risk and elderly patient population. Monitor safety 
using functional questionnaires and adverse events. To monitor early-stage 
treatment success, use a combination of post-therapy biopsies, imaging, and 
PSA monitoring. While emerging devices for treatment of localized 
radiorecurrent disease may be promising, it is essential to rigorously 
investigate their safety and efficacy for this vulnerable patient group. 

 
III. The inability to predict the post-treatment non-perfused volume after ablative 

therapy is a significant limitation to any ablative therapy, as it prevents 
immediate re-treatment. The third aim was therefore to develop a deep 
learning model that uses contrast-free TULSA treatment-day MRI images as 
inputs and generates synthetic post-treatment CE-enhanced images of the 
ablation outcome, with an accuracy comparable to ground truth.  
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4 Materials and Methods 

4.1 Patients 
In Study I, nine patients with local radiorecurrent PCa who underwent salvage 
TULSA (sTULSA) between November 2018 and October 2020 were included in the 
study (NCT03350529). The same nine-patient cohort was included in Study II, save 
for one patient with locally advanced PCa, who was omitted. All nine patients had 
residual fiducial markers from previous radiation therapy and were composed of 
either gold or nitinol. A detailed summary of marker types and composition is 
provided in Table 4. In Study II, a control cohort of thirteen patients from the same 
trial but without fiducial markers who underwent sTULSA was also included. This 
control cohort was gathered to facilitate comparison of post-sTULSA safety for 
patients with and without fiducial markers. Table 5 provides a detailed summary of 
patient characteristics in Studies I and II. 

Table 4.  Summary of fiducial marker properties for nine patients studied (Modified from original 
publication I) 

Marker type, size Marker material Number of patients 

BeamMarks, 1.2x5mm Nitinol 1 

GoldLock, 1x3mm Gold 5 

GoldLock, 1x5mm Gold 2 

QLRAD, 1.2x3mm Gold 1 

 
Across the nine patients, twenty-two total markers were left inside the prostate 

after prior radiation therapy. Of these 22 total markers, 20/22 (91%) were located 
directly in the ultrasound line-of-sight and therefore could have theoretically 
impacted the ultrasound heating.  
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Table 5.  Patient characteristics and disease history before sTULSA: target group with markers 
vs. control group (Modified from original publication II) 

ID Year of 
diagnosis 

Gleason 
grade 
group 

PSA, 
ng/ml 

Primary 
treatment, Gy 

Age at time 
of sTULSA, 
years 

Time from 
primary therapy 
to sTULSA, 
years 

TARGET GROUP 

T1*    EBRT   

T2 2008 1 9.5 EBRT, 72 Gy 77 130 

T3 2008 2 14 EBRT, 76 Gy 70 129 

T4 2010 3 22 EBRT, 72 Gy 63 109 

T5 2016 5 65 EBRT, 76+24 Gy 67  33 

T6 2011 5 15 EBRT, 76 Gy 76 101 

T7 2014 1 10 EBRT, 76 Gy 73 68 

T8 2014 5 17.6 EBRT, 728 Gy 71 65 

T9 2012 2 7.5 EBRT, 76 Gy 72 96 

       

CONTROL GROUP 

C1 2005 1 8.5 EBRT 69 157 

C2 2007 1 21 EBRT 69 138 

C3 2009 5 9.8 EBRT 69 114 

C4 1999 1 13 EBRT 80 237 

C5 2015 1 9.4 Brachytherapy 66 48 

C6 2004 5 37 EBRT 67 175 

C7 2004 1 13 EBRT 81 144 

C8 2008 1 47 EBRT 72 132 

C9 2004 3 23 EBRT 76 186 

C10 2000 1 29 EBRT 74 225 

C11 2007 2 23 EBRT 64 155 

C12 2003 1 30 EBRT 73 210 

C13 2004 5 22 EBRT 72 199 
* This patient had locally advanced PCa and was not included in Study II 

In Study III, a total of ninety-five patients who underwent TULSA between 
September 2016 and January 2020 were used to train, validate, and test the deep 
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learning model. These ninety-five patients spanned three different clinical trials and 
four different treatment groups (NCT02766543, NCT03814252 and 
NCT03350529). For all treatment groups, TULSA was their first major prostate 
therapy. Treatment groups included: 

• primary localized PCa, whole-gland ablation (n = 64) 

• primary localized PCa, partial ablation (n = 20) 

• primary localized PCa, partial ablation with treat and resect intent (n = 5) 

• BPH (n = 6) 

A summary of the Study III patient characteristics is provided in Table 6.  

Table 6.  Summary of patient characteristics for those patients used in deep learning model, 
median (IQR) (Modified from original publication III) 

Treatment intent Age, years PSA, ng/ml Gleason score IPSS 

PCa 65 (58-69) 6.5 (5.0-9.1) 6 (n = 26) 
7 (n = 60) 
8 (n = 3) 

n.a.* 

BPH 71 (65-72) 3.4 (2.7-3.7) n.a.* 20 (16-27) 
* Not applicable 

For studies I, II and III, written informed consent from all participants was 
provided, local ethics permission was obtained, and all studies were conducted 
according to the declaration of Helsinki.  

4.2 Therapeutic device 
For all three studies described in this doctoral thesis, TULSA (TULSA-PRO, 
Mississauga, Canada) was used as the sole therapeutic device. All treatments were 
performed on 3 Tesla (T) MRI machines, spanning a range of models and vendors 
(Achieva/Ingenia, Best, Netherlands) (Skyra, Prisma, Erlangen, Germany). 

4.3 MRI protocol 
For every TULSA patient, a standardized treatment-day imaging protocol was used. 
Sequences included:  

1. Localizer (initial positioning assessment) 

2. Sagittal (SAG) T2 3D (device registration and fine positioning) 
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3. Axial (AX) T2 (target boundary delineation) 

4. AX EPI (basis of thermometry sequence and co-aligned to AXT2) 

5. AX CE-T1w (post-treatment assessment of non-perfused volume and co-
aligned to AXT2) 

To compute thermometry, both the magnitude (MAG) and phase components of 
the EPI sequence were sent to the TULSA computer. The MAG was used to visualize 
intensity changes, while the phase image was used to compute the PRFS phase 
differences throughout the ablation. Different processing techniques can be applied 
to the thermometry images, which can in turn generate three distinct types of image 
sets: 

• Current temperature (the current temperature at each pixel) 

• Maximum temperature (TMax), the maximum temperature at each pixel 
since treatment start 

• Thermal dose (TDose), the accumulated thermal dose at each pixel since 
treatment start 

Post-treatment CE-imaging was performed in two steps. First, a native T1w 
sequence without contrast was acquired. Thereafter, GBCA was injected into the 
bloodstream, followed by the same T1w sequence with contrast. A final subtraction 
(SUB) image was used to evaluate the non-perfused volume. A detailed summary of 
the TULSA sequence protocol is provided in Table 7.  

Table 7.  TULSA sequence protocol summary (Modified from original publication I) 

Name TR, 
ms 

TE, 
ms 

Flip 
angle, 
deg 

FOV†, 
mm 

Slice 
thickness, 
mm 

Resolution, 
mm 

Slice 
Spacing, 
mm 

EPI 
factor 

Update 
rate, s 

AX 
T2w 

7500 101 160 260x260 3 0.8 x 0.8 x 3 5 n.a.* n.a.* 

AX 
EPI 

25 7.6 12 256x256 4.6 0.8 x 0.8 x 3 5 11 6 

AX 
T1w 

704 14 120 260x260 3 0.8 x 0.8 x 3 5 n.a.* n.a.* 

* Not applicable  
† Field-of-view 
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4.4 Safety and early-stage efficacy monitoring 

Safety 

Safety was monitored for all patients included in Study II, both in the target (with 
fiducial markers) and control (without fiducial markers) cohort. Patients were 
followed up to one year. AEs were recorded according the Clavien-Dindo 
Classification of Surgical Complications. Functional outcomes were collected at 
baseline and at 3-month intervals, and included the EPIC-26, IIEF-5, IPSS and IPSS-
QoL questionnaires.  

Early-stage efficacy 

To assess the early-stage efficacy of TULSA treatment of the target group in Study 
II, three metrics were used and recorded up to one year after treatment, including: 
PSA, imaging, and histopathology. PSA measurements were performed at baseline 
and thereafter in 3-month intervals. Control MRI imaging was performed during 
screening, three months post-TULSA and at 12 months. At 12 months, PSMA-
PET/CT was also performed using the 18F-PSMA-1007 labeled marker. Tumor 
uptake was evaluated by monitoring the maximum standard uptake value. 

Once all imaging was completed at the 12-moth follow-up, ultrasound-guided 
transrectal cognitive-targeted biopsies were given to confirm the histopathological 
extent of disease. The number of cores taken depended on the size of the gland and 
if any regions of local recurrence from MRI or PSMA-PET/CT imaging were 
deemed suspicious by the radiologist, both in-/out-of-field.  

4.5 Image analysis 
A variety of analyses were performed on TULSA images. Prostate volume and non-
perfused volume contouring was performed on the AX T2 and CE-T1w sequences 
with contrast, respectively, using AW Server software (AW Server 3.2, GE 
Healthcare, Chicago, Illinois, United States). Since the position of the fiducial 
marker likely influenced its ability to distort ultrasound, the location of all fiducial 
markers inside the prostate was measured using two metrics including a) the distance 
from fiducial marker to prostatic urethra center and b) the distance from fiducial 
marker to prostate capsule.  

In Study I, susceptibility artifacts were contoured on the screening AX T2, native 
T1w, DWI, and thermometry sequences using Mango software (Mango/UTHSCSA, 
San Antonio, Texas, United States). Susceptibility artifacts were contoured where 
visible for each applicable slice. To avoid bias, manual segmentation was done 
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randomly and blinded across patient number, sequence, and implant type. 
Susceptibility artifact volume, length, width, and orientation were calculated for each 
marker. Susceptibility artifact segmentation is illustrated in Figure 15.  

 
Figure 15. Demonstration of susceptibility artifact segmentation for three different MRI sequences 

for a gold marker (From original publication I) 

Continuing with the methodology employed in Study I, two techniques were 
employed to quantify the disturbance of fiducial markers on ultrasound heating. The 
first technique measured the thermal dose accumulation directly behind the marker 
in the direct line-of-sight of the ultrasound beam. The difference between the 240 
CEM isodose line measured in relation to the target boundary in millimeters was 
measured for all markers. If the value was negative, this indicated undertreatment. 
All thermal analysis was performed using MATLAB (MathWorks, Natick, 
Massachusetts, United States). This measurement technique is demonstrated in 
Figure 16.  

 
Figure 16. Demonstration of marker-induced thermal undershoot (From original publication I). 
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Due to the inherent challenges of MRI thermometry, a second objective 
technique was used to assess marker-induced undertreatment. Post-treatment CE-
T1w imaging with GBCA was acquired at various time points, including 
immediately after treatment, and then repeated at 3- and 12-months. The amount of 
enhancing tissue behind each marker was recorded. This is illustrated in Figure 17.  

 
Figure 17. Measurement of residual enhancing tissue behind fiducial marker (Modified from original 

publication II).  

4.6 Deep learning model 

Data preparation 

All methods referring to deep learning refer to Study III. Five unique TULSA 
treatment-day sequence types were passed as inputs to the model (T2w, MAG, 
TMax, TDose, and native T1w). Ground truth consisted of a CE SUB image. Model 
output was a synthetic SUB CE image.  

All treatment-day imaging data that was passed to the deep learning model were 
resampled to an in-plane resolution of 1x1mm, and then center-cropped to 
128x128mm. The T2w, MAG and T1w images (both native and SUB) were clipped 
to remove outliers, adjusted to have zero mean and a variance of one, and then 
rescaled from 0 to 1. For the temperature images, the TMax and TDose images were 
clipped from 35 to 85°C and 0 to 10000 CEM43, respectively, and then rescaled 
from 0 to 1. Any imaging slice that did not include ablated prostate was discarded. 
For each included slice, a corresponding physician-drawn prostate mask was also 
included. No data augmentation was applied.  



Cameron Wright 

 50 

Model description 

The deep learning model used was based on the 2D UNet architecture. Training and 
validation were done on a graphics processing unit with the Tensorflow package 
implemented in Python. The ratio of train, validation and test was 80%, 10% and 
10%, respectively. Within each group, a ratio of 2:1 whole-gland to partial ablation 
was kept. Descriptions of the 2D UNet model architecture, inputs, outputs, and 
ground truth are summarized in Figure 18. In total, there were:  

• Train dataset: 75 total patients with 2505 inputs and 501 outputs 

• Validation dataset: 10 total patients with 325 inputs and 65 outputs 

• Test dataset: 10 total patients with 360 inputs and 72 outputs 

 
Figure 18. 2D UNet model summary (From original publication III) 

Custom loss function 

During training and validation, a custom loss function was created that was used to 
minimize the loss between ground truth and synthetic SUB images after every epoch. 
It was a composite of three different loss functions including the mean absolute error 
(MAE), structural similarity index (SSIM) and prostate mask loss P1, whereby P1 
was unique to each slice in the dataset. The prostate mask loss was identical to the 
MAE, except that those pixels outside the prostate were set to 0. The custom loss 
function is described below: 
 
 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 =  𝝀𝝀𝟏𝟏 ∗ 𝑴𝑴𝑴𝑴𝑴𝑴 + (𝝀𝝀𝟐𝟐 ∗ (𝟏𝟏 − 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺)) + (𝝀𝝀𝟑𝟑 ∗ 𝑷𝑷𝑷𝑷) (5) 

 
The coefficients λ1, λ2 and λ3 were set to 1 for the first 40 epochs of training. To 

optimize the model inside the prostate, the coefficients were updated to λ1 and λ2 to 
0.1 and λ3 to 10 for another 40-epoch run. The run with the lowest validation loss 
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and the corresponding weights was used. All training was done with the Adam 
optimizer, a learning rate of 1e-4 and a batch size of 12.  

Model evaluation metrics 

Accuracy of entire synthetic SUB image compared to ground truth SUB was 
evaluated on all test slices using four different quantitative measures including MAE, 
SSIM, mean squared error (MSE) and peak signal-to-noise ratio (PSNR). This 
analysis was repeated, but with emphasis on the prostate, by setting all values outside 
the prostate mask to zero.  

In addition to the global quantitative metrics, the accuracy of the non-perfused 
volume between the synthetic SUB and ground truth SUB images was calculated 
using the Dice-Similarity Coefficient (DSC). To compute this, the non-perfused 
volume for all test synthetic and ground truth slices were contoured and then 
compared head-to-head (Figure 19). 

 
Figure 19. The non-perfused volume was contoured for all ground truth and synthetic subtraction 

CE-images in the test dataset. Accuracy of the predicted non-perfused volume was then 
assessed by computing the DSC for both contours. (From original publication III) 

Sensitivity analysis 

To determine which sequence, if any, was the strongest predictor of the non-perfused 
volume, a sensitivity analysis was performed. The deep learning model was retrained 
but inputs were systematically omitted and changes in the resulting DSC were 
monitored. 
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Qualitative analysis of prediction 

In addition to quantitative assessment of model performance, a radiologist also 
assessed the overall synthetic image quality. The radiologist was also asked about 
image quality in the prostate and its surrounding anatomy, such as the rectum and 
pelvic floor muscles. Finally, they were asked to comment if the predicted non-
perfused volume was indistinguishable from ground truth.  

4.7 Statistical analysis 
For Study II, the statistical software JMP was used. Normality assumptions were 
confirmed using a quantile plot, kurtosis/skewness evaluation and the Shapiro-Wilk 
test. A two-tailed t-test was used for significance testing.  

For Study III, the 95% confidence intervals were calculated according to 
Conover (Conover, 1980), while significance testing was done using the non-
parametric Wilcoxon rank-sum test.  
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5 Results 

5.1 Technical outcomes for patients with fiducial 
markers (Study I) 

Susceptibility artifact  

Independent of marker material, the susceptibility artifact was most pronounced on 
the thermometry and DWI, followed by the T1w and then finally the T2w. Nitinol 
markers produced volumetric artifacts that were an order of magnitude larger than 
the gold markers on the same corresponding MRI sequences. For example, nitinol 
and gold markers generated volumetric artifacts of 1400 mm3 and 250 mm3. For the 
nitinol markers, the artifact length and width on thermometry increased by factors of 
2.6 and 10, respectively, in relation to its actual size.  

For gold markers the effect was less pronounced, increasing by average factors 
of 1.5 and 3.9, respectively, compared to its actual size. As most markers were 
located perpendicular to B0, it was not possible to evaluate the impact of marker 
orientation on artifact size. However, one patient did have two gold markers situated 
both parallel and perpendicular to B0. It was found that the marker located 
perpendicular produced a larger artifact, with a 20% larger length and 86% larger 
width, compared to the same marker located parallel to B0. Figure 20 shows the 
difference in artifact size between nitinol and gold markers. 

Distribution inside the prostate 

Most fiducial markers were situated: at least 10 mm away from the prostatic urethra 
center (17/20, 85%), within 10 mm of the prostate capsule (17/20, 85%), and 
posterior to the prostatic urethra (19/20, 95%). Figure 21 shows the distribution of 
markers inside the prostate.  

Effect on ablation outcome 

For regions of prostate that were ablated but did not have any markers in the 
ultrasound line-of-sight, it was found that the 240 CEM isodose line tended to extend 
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beyond the target boundary. Across all nine patients studied, this mean (std) value 
was 2.1 ± 1.6 mm outside the target boundary.  

 
Figure 20. Difference in susceptibility artifact size for nitinol and gold fiducial markers (From original 

publication I) 

 
Figure 21. Distribution of fiducial markers inside the prostate (From original publication I) 

It was found that 6/20 (30%) markers negatively impacted the treatment 
outcome, with confirmation from the thermal dose accumulation, acute and 3-month 
CE-imaging findings. 

Four of the six markers caused undertreatment due to their local susceptibility 
artifact. Both nitinol markers created large artifacts which corrupted a sizable portion 
of the thermometry image. These large artifacts forced the physician to inwardly 
adjust their boundary until the target boundary was beyond the reach of the artifact, 
leading to expected but undesired undertreatment. This was confirmed on both 
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immediate and 3-month CE-imaging. Two gold markers were also responsible for 
undertreatment, resulting from their positioning inside the prostate. Both gold 
markers were situated less than four millimeters from the target boundary. The small 
but detectable artifacts resulted in false positive temperature readings, and the 
TULSA controller mistakenly shut off power during these angular sectors, due to a 
belief that the target boundary had been sufficiently treated. However, the immediate 
and 3-month CE-imaging findings revelated persistent enhancing tissue behind the 
marker. Otherwise, there was a strong correlation between the thermal dose 
accumulation and the 3-month control CE-imaging. Figure 22 highlights a successful 
and unsuccessful case.  

 
Figure 22. Good thermal dose accumulation behind gold marker (a), confirmed on CE-imaging 

acute (b) and 3-month follow-up (c). Poor thermal dose accumulation behind a nitinol 
marker (d), confirmed with CE-imaging immediately (e) and at the next follow-up (f), 
confirmed by significant residual enhancing tissue behind the marker. (From original 
publication I) 

Two additional gold markers caused undertreatment by blocking the ultrasound 
heating, which was observed on both the temperature and CE-imaging findings. 
These two markers were uniquely situated, located simultaneously close to the 
prostatic urethra (<12 mm) and far from the target boundary (<13mm). Figure 23 
highlights two cases where markers caused large undertreatment visible on thermal 
dose image.  
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Figure 23. Two different examples where unique location of marker inside prostate contributed to 

significant undertreatment, which could be seen on the thermal dose map during the 
ablation. (Modified from original publication I) 

5.2 Effect of fiducial markers on safety and early-
stage efficacy (Study II) 

Adverse events and functional outcomes 

From the eight-patient marker group, one grade 3 (whole-gland), three grade 2 (2 
whole-gland and 1 partial) and one grade 3 (whole-gland) AE was reported. Three 
patients had urinary tract infections which resolved with oral antibiotics. One patient 
had both urinary infection and retention, which required prolonged suprapubic 
catheterization. The most significant grade 3 event was a fistula formation extending 
to the symphytic joint with osteitis, which required long-term peroral antibiotic 
treatment and prolonged catheterization. From the 13-patient control group, two 
grade 3 (all whole-gland) and four grade 2 (3 whole-gland, 1 partial) AEs were 
found. Grade 2 events included urinary tract infections and prolonged 
catheterization. Grade 3 events included J-stent insertion and a urethral stricture.  

By 12 months, the marker group reported an average 116%, 14%, and 45% 
deterioration in EPIC-26 urinary incontinence, EPIC-26 irritation/bother and IPSS, 
respectively. All other domains were largely unaffected. When accounting for 
ablation type, no statistical differences between cohorts for either AE or functional 
outcomes was found, since most patients with markers (6/8, 75%) underwent whole-
gland treatment, while only 6/13 (46%) patients without markers underwent whole-
gland therapy.  
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PSA, imaging, and histopathology 

In the target cohort, the average PSA decreased by 97% at 12 months compared to 
baseline. One of eight patients (13%) had rising PSA at three months post-TULSA. 

Suspicion of local recurrence after TULSA varied according to imaging 
modality. For one patient, the 12-month MRI imaging suggested local recurrence on 
DWI, despite negative PSMA-PET/CT and biopsy findings afterwards. Three 
recurrences outside the prostate were suspected using PSMA-PET/CT after TULSA. 
This included positive findings for one patient outside the prostate, with uptake 
observed in the seminal vesicle, parailiacal lymph nodes and bone. For the other two 
patients, uptake in the seminal vesicle was observed.  

Only six patients underwent targeted biopsies, and all were negative. Figure 24 
highlights a successful case.  

 
Figure 24. Baseline MRI imaging revealed two index lesions, seen by early enhancement (a), hypo-

intensity (b) and diffusion restriction (c), while PSMA-PET/CT revealed concordant 
uptake (d). CE-imaging immediately after TULSA (e) revealed non-perfused volume 
extending to prostate capsule. MRI imaging at 12 months revealed a fluid-filled cavity 
(f) and the absence of any diffusion restriction (g). PSMA-PET/CT imaging at 12 months 
showed no regional uptakes and the disappearance of the markers inside the prostate. 
(From original publication II) 

Prostate volume, non-perfused volume, and marker disappearance 

Considerable changes in prostate volume were observed at 3- and 12-months post-
TULSA compared to baseline, with average decreases of 22% and 78%, 
respectively. Based on CE-imaging, the amount of enhancing tissue behind markers 
decreased over time. There was leftover enhancing tissue for 13/18 (72%), 3/18 
(17%) and 2/18 (11%) of markers immediately, at 3- and 12-months post-TULSA, 
respectively. Over half of the fiducial markers had disappeared by 12 months (11/18, 
61%). Three markers were attached to periprostatic fibrous tissue, three were 
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encapsulated within the non-perfused volume and two were still located within 
viable prostate tissue.  

5.3 Accuracy of deep learning CNN model 
(Study III) 

Quantitative outcomes 

The similarity between ground truth and synthetic CE SUB images for the test 
dataset according to different metrics is described in Table 8. For the whole image 
comparison, the average MSE (0.04), yet the SSIM and MAE did not score high 
(0.34 and 0.14, respectively). Restricting the analysis to the prostate itself, the 
metrics improved considerably, with average SSIM and MAE scores of 0.93 and 
0.02, respectively. The mean (std) DSC between synthetic and ground truth non-
perfused volume was 85% ± 8.1%, with 95% confidence intervals of 84% and 88%.  

Accuracy of the predicted non-perfused volume was correlated to the size of the 
prostate radius being treated, with significantly better non-perfused volume 
predictions occurring when the prostate radius was greater than 24 mm (p < 0.001). 
non-perfused volume prediction was significantly better on whole-gland vs. partial 
ablation slices (p < 0.001).  

Table 8.  Image similarity for test dataset, ground truth vs. synthetic CE-images, mean (std) 
(Modified from original publication III) 

 SSIM (0 to 1) PSNR (dB) MAE (0 to inf) MSE (0 to inf) 

Whole image 0.34 ± 0.13 14.45 ± 2.18 0.14 ± 0.05 0.04 ± 0.02 

Prostate only 0.93 ± 0.04 22.23 ± 2.51 0.02 ± 0.01 0.01 ± 0.004 

Sensitivity analysis 

The best performance was observed when the model trained with all five image 
inputs. However, the model performance did not significantly deteriorate when 
trained without the T1w, TMax and TDose inputs. Performance was affected 
however when the model was trained with only the T2w and MAG inputs.  

Qualitative outcomes 

The radiologist found that synthetic CE-images tended to be blurrier than their 
ground truth counterparts, and image quality was sub-optimal near the apex and 
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bladder. Inside the prostate itself, the predicted non-perfused volume was 
consistently smoother and less jagged. Overall, the predicted non-perfused volume 
was indistinguishable from ground truth in 22/72 (31%) of test slices. The predicted 
non-perfused volume had a bias towards underestimation (36/72, 50%) compared to 
overestimation (14/72, 19%). Figure 25 is a depiction of model performance for three 
different test slices. 

 
Figure 25. Model performance for three different test slices. (From original publication III) 

The model correctly predicted overshoot into the pelvic floor muscles in just 
under half of all cases where it occurred (6/15, 40%), despite being optimized to 
minimize the loss inside the prostate. The model also incorrectly predicted overshoot 
into rectal wall for one patient, which occurred because the model was unable to 
recognize the difference between non-enhancing tissue and an air bubble, which 
appeared mid-treatment.  
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6 Discussion 

6.1 Effect of fiducial markers on TULSA therapy 
In Studies I and II, both the technical and clinical impact of fiducial markers on 
sTULSA therapy for radiorecurrent PCa was investigated. Several key findings 
warrant further discussion.  

Technical outcomes 

In Study I, it was observed that the marker composition played a significant role on 
the induced MRI susceptibility artifact. Particularly on thermometry, nitinol markers 
produced large blooming artifacts that were an order of magnitude larger than gold 
makers. Nitinol markers are nickel titanium alloys, and these alloys are strongly 
paramagnetic, and induce sharp local field inhomogeneities. Nitinol artifacts 
obscured a considerable extent of the nearby anatomy, making accurate thermometry 
unfeasible. The physician had to adjust the intended target boundary inwards before 
treatment began, leading to substantial undesired but expected undertreatment. 
Patients with nitinol markers undergoing sTULSA should be thoroughly screened 
before being enrolled.  

Conversely, TULSA treatment was generally not hampered by gold fiducial 
markers. Nevertheless, of the 18 gold markers studied, four lead either indirectly or 
directly to undershoot. While the artifact was less pronounced for gold markers, they 
still produced detectable susceptibility artifacts, consistent with other studies 
(Mougenot & Moonen, 2017). Two markers indirectly causing undertreatment were 
situated close to the target boundary. In these regions, thermal dose measurements 
suggested sufficient thermal dose had accumulated behind the marker. Upon detailed 
review, it was observed that the TULSA treatment controller was perturbed, and no 
acoustic power was delivered in the line-of-sight of the marker. This was later 
confirmed on CE-imaging with enhancing tissue observed behind the markers. These 
findings indicate that physicians should be wary of markers near the target boundary 
and should consider making small millimeter outward adjustments to avoid this 
artifact. Two other markers located simultaneously close to the urethra (<12mm) and 
far from the target boundary (>13mm) directly caused undershoot due to an 
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ultrasound shadowing effect, which was observed directly on thermometry. These 
were the only markers positioned in this manner, and this undesirable location may 
have arisen from marker misplacement or migration (O’neill et al., 2016). These 
results of undershoot are consistent with work done by (Bakaric et al., 2018), who 
reported that markers located in front of natural transducer focus can result in 100% 
decrease in lesion size at the intended focus location.  

Despite these effects, successful ablation behind the markers was achieved for 
14/18 (78%) gold markers. Most markers were located posterior to the urethra and a 
considerable distance away, likely to prevent voiding (O’neill et al., 2016). The lack 
of active heating directly behind the marker was compensated by heat dissipation 
around the marker and thermal diffusion from neighboring unaffected tissue. These 
results are consistent with other studies which concluded that larger ablation 
volumes, such as generated during TULSA, can more effectively overcome any 
ultrasound heating losses from markers (Bakaric et al., 2018; Mougenot & Moonen, 
2017).  

Finally, these results indicated that 240 CEM43 strongly correlates with the 3-
month CE-imaging findings for patients undergoing radiorecurrent PCa treatment 
with TULSA. This result is consistent with other findings that the full extent of cell 
kill can take several weeks (Anttinen et al., 2019; Burtnyk et al., 2015). These results 
can be generalized to many other applications, including MRI-guided biopsy 
procedures (Fütterer et al., 2016), MRI-guided therapies for radiorecurrent PCa (M. 
Zhu et al., 2017), and those who receive urological clips for treatment of BPH 
(Persaud et al., 2019; Roehrborn et al., 2017).  

Clinical outcomes 

There are several reasons to suspect that fiducial markers could negatively impact 
TULSA therapy. First, markers can block ultrasound from reaching tissues behind it 
(Bakaric et al., 2018; Georgiou et al., 2017), leading to undertreatment. Second, the 
blocked ultrasound energy can accumulate in front of the marker, leading to localized 
hot spots (Bakaric et al., 2018) and increased risk of unwanted thermal injury.  

For all eight patients studied in Study II, at 12 months post-TULSA therapy, 
systematic undertreatment caused by gold markers was not observed. By 12 months, 
the tissues behind 16/18 markers were fully ablated, confirmed by CE-imaging. The 
exception was in one patient where two markers situated close to the urethra and far 
from the target boundary showed signs of vital tissue behind these markers. 
Fortunately, the markers were not located in the tumor location and did not worsen 
oncological outcome.  

The CE-imaging findings after sTULSA were confirmed on imaging and biopsy. 
Early local control was achieved for all eight patients, except for one patient who 
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had positive MRI but negative PSMA-PET/CT and biopsy. Confirmed histological 
recurrences were found outside the prostate, either in the seminal vesicles, lymph 
nodes or bone. These results highlight the challenge of staging high-risk 
radiorecurrent PCa. In addition to the imaging and biopsy findings, it was observed 
that the PSA decreased by 97% and prostate volume decreased by 94% at 12 months 
for patients undergoing whole-gland ablation, in agreement with other studies 
(Bonekamp et al., 2019).  

In terms of safety and functional outcomes after TULSA, no negative correlation 
was found between outcomes and patients harboring fiducial markers. One patient 
with markers did have a serious grade 3 AE, which included a urinary fistula 
extending to pubic symphysis ultimately inducing osteitis. Subsequent treatment was 
long-term antibiotics, which spontaneously resolved after 12 months. However, the 
marker did not contribute to this AE, because it was not situated in the line-of-sight 
of the symphytic joint. Instead, the suspected cause of the fistula is the ultrasound 
driving frequency. For this patient, the driving frequency was 4 MHz, which does 
not attenuate as strongly as high frequency, and likely caused regional hot spots near 
the pubic bone, compounded by the small retropubic space, ultimately leading to the 
fistula. In general, the safety profile of TULSA was similar to other local salvage 
therapies (Ingrosso et al., 2020; Valle et al., 2021). It is expected that as the TULSA 
technology improves, the toxicity should also improve. Comparisons between 
cohorts underscored that ablation extent (whole-gland vs. partial gland) is a stronger 
predictor of toxicity outcome, with whole-gland ablation being considerably more 
toxic.  

It was also observed that by 12 months, 11/18 (61%) of markers had disappeared. 
For patients that may require a second sTULSA therapy due to persistent local 
recurrence, this could simplify screening due to increased probability of any 
ultrasound obstructing objects or local artifacts in the prostate.  

6.2 Accuracy of synthetic CE-images generated by 
AI 

Study III established clear feasibility of synthetic CE-image generation based on 
unenhanced treatment-day TULSA images using deep learning. This is a challenging 
problem due to the complicated physiological reaction occurring after elevated 
temperature ablation (Anttinen et al., 2019; Boyes et al., 2007; Staruch et al., 2017), 
which can lead to irregular shapes of the non-perfused volume. Generally, the model 
was able to overcome these complexities, recording a mean DSC of 85% between 
prediction and ground truth. This result is similar to prostate capsule segmentation 
with newer deep learning techniques (Aldoj et al., 2020; Q. Zhu et al., 2017). Overall, 
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it was found that the predicted non-perfused volume was indistinguishable from 
ground truth for one third of all test slices, with a slight bias towards underestimation. 

Model performance was significantly better in larger prostates, consistent with 
other studies (Aldoj et al., 2020; Montagne et al., 2021; Shahedi et al., 2014; Q. Zhu 
et al., 2017). This is likely a consequence of the higher SNR. Specifically, higher 
delivered acoustic power translates to increased signal on thermometry and CE-
images. The analysis also revealed that no individual image produces statistically 
significant better non-perfused volume predictions, which has implications for 
TULSA therapy monitoring. During TULSA therapy, there may be disagreement 
between the thermal dose and max temperature readings, but these results indicate 
neither image type is a better predictor of the final non-perfused volume in isolation.  

According to radiological review, deep learning synthetic images were blurrier 
compared to ground truth. Important anatomical structures surrounding the prostate 
were also less visible, such as the prostate apex and bladder neck. This may have 
been caused due to variability in the urinary catheterization method employed. The 
model could predict non-perfused volume outside the prostate but missed 
approximately 60% of cases where it occurred. An improved loss function that 
accommodates heating outside the prostate could potentially address this if there is 
sufficient clinical need.  

A deep learning model that can generate accurate non-perfused volume 
predictions could optimize patient outcomes, a positive result for both patients and 
physicians. The combination of data augmentation and more patient data is necessary 
to establish this and requires further exploration.  

6.3 Limitations 
There were several limitations in this doctoral thesis. In all studies, there was a small 
patient sample size and patient cohorts were heterogenous. Furthermore, the 
treatment plans were highly variable, including focal, hemi-. and whole-gland 
ablation. Importantly, there is also a lack of well-established oncological endpoints 
for radiorecurrent PCa. There is no clear consensus whether biochemical recurrence, 
imaging, or biopsies are the gold standard for treatment efficacy. The combination 
of all these points makes it challenging to assess the efficacy of salvage TULSA 
treatment, both acutely with respect to the non-perfused volume and longer-term 
with respect to PSA, imaging, and biopsy endpoints.  

Another limitation is that only one deep learning model was used to predict the 
treatment-day non-perfused volume. While the UNet model is well-established, it is 
prone to poor performance, especially at sharp edges. Newer state-of-the-art deep 
learning models could have significantly improved prediction of the non-perfused 
volume, particularly for partial ablation cases and regions near the urethral and 
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bladder sphincters. Small sample sizes, variable ablation plans, and patient group 
heterogeneity likely all contributed to a decrease in overall model performance. 

6.4 Future considerations 
Another aspect that is challenging for physicians is the assessment of patient 
eligibility for TULSA. Several factors including prostate size, heterogeneity, 
density, perfusion, and diffusion could all impact the ablation outcome. One 
recurring theme for TULSA treatments is the difficulty to heat near the posterolateral 
corners, which can lead to undertreatment and ultimately recurrence. For certain 
patients, there is often no obvious rationale why the heating was sub-optimal in this 
region.  

To address this limitation, an approach built on the existing supervised learning 
AI work could be investigated. For previous TULSA treatments, one could label 
each treatment slice as well-treated or undertreated. To generate the input layer, one 
could apply radiomics to those same treatment-day images, which mathematically 
decomposes images into quantifiable metrics. The various metrics could be passed 
to an AI model, which then attempts to find correlations between image metrics and 
undertreatment. If a correlation was found, this would greatly benefit physicians 
because they could have a higher confidence of TULSA treatment success.  
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7 Summary/Conclusions 

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

I. Study I demonstrated that fiducial marker composition strongly influences the 
associated thermometry artifact. Patients with nitinol markers should be 
carefully screened to ensure that the marker does not corrupt thermometry. 
Although an order of magnitude smaller, the susceptibility artifact generated by 
gold markers is non-negligible. Gold markers can lead to misinterpretations in 
the accumulated thermal dose when they are located near the target boundary. 
Study I also demonstrated that marker location inside the prostate strongly 
determines its effect on ultrasound shadowing, which can cause undertreatment. 
Gold markers located simultaneously near the prostatic urethra and far from the 
target boundary are the most likely to induce undershoot. We also confirmed 
that for ablated fibrotic tissue from prior EBRT, the thermal dose strongly 
correlates with 3-month CE-imaging findings. 

 
II. Study II demonstrated that radiorecurrent PCa patients with residual gold 

markers are not at higher risk of incurring AEs or functional outcome 
degradation compared to those without markers. Nor are these patients likely 
to experience a decrease in treatment efficacy, as all patients had good local 
cancer control at their 12-month follow-up. Study II also indicated that by one-
year post-TULSA a considerable majority of these markers will be voided by 
the patient. Finally, this study suggests that a whole-gland ablation of 
radiorecurrent prostate tissue can negatively impact toxicity compared to 
partial-gland ablation, warranting further investigation. 

 
III. The findings from Study III indicate that AI can produce realistic synthetic 

CE-images based on unenhanced image inputs during TULSA therapy, and 
that this technique has the possibility to improve treatment outcomes. With 
the combination of a larger training dataset supplemented with data 
augmentation, this technique has considerable potential. Modern state-of-the-
art deep learning models also have the potential to drastically improve model 
performance. 
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