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Abstract
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Esophageal (EC) and colorectal cancers (CRC) are among the most aggressive gastrointestinal
cancers, ranking eighth and third worldwide in incidence. This thesis aims to investigate
how novel imaging techniques and computational tools can improve cancer staging, increase
reproducibility, and potentially guide clinical decision-making, ultimately leading to more
accurate and personalized cancer care.

In Paper 1, patients with EC were studied using both the traditional imaging modality
employed for preoperative staging, whole-body positron emission tomography/computed
tomography (PET/CT), and the newly introduced modality, whole-body positron emission
tomography/magnetic resonance imaging (PET/MRI). The comparison of tumor measurements
between modalities was well harmonized, concluding that the new modality can be an alternative
for preoperative assessment of EC.

In Paper II, patients with rectal cancer (RC) were analyzed using preoperative MRI images
and two segmentation methods with radiomics to investigate the predictive value of imaging
features for therapy response. The results showed that the features derived from segmentation,
including the tumor periphery, do not improve the prediction of response to preoperative therapy
in these patients.

In Paper III, a technical analysis of PET/MRI in EC was conducted, comparing
reconstruction algorithms (BSREM vs. TOF-OSEM) and evaluating the effect of quiescent
phase respiratory (QPR) gating on quantification and repeatability—both TOF-OSEM and
BSREM reconstruction methods provided stable and repeatable quantitative metrics. QPR
gating, however, affected SUVmax and noise levels, with a lesser impact on tumor volume and
signal-to-noise ratio (SNR).

In Paper 1V, colon cancer (CC) patients underwent preoperative CECT followed by PET/
MRI. The study assessed the impact of PET/MRI on preoperative clinical decisions and reviewer
consistency. Results indicated that in 17% of cases, the treatment plan was changed after
PET/MRI. Significant differences were observed between reviewers with different levels of
experience.
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Popular Science Summary

Radiology has long strived to approach the truth as closely as possible, aiming
to identify, measure, and track diseases. Cancer remains one of our greatest
challenges, and we combat it with all available resources. Through medical
imaging, radiology enables detection, guides treatment planning, and facili-
tates monitoring of therapeutic response in cancer. Advances in radiology as
a field go hand in hand with progress in technical equipment, hardware, and
ongoing professional education.

This thesis focuses on assessing the novel hybrid imaging modality positron
emission tomography (PET) - magnetic resonance imaging (MRI), known as
PET/MRI, which integrates positron emission tomography (PET) with mag-
netic resonance imaging (MRI), in two cancer types, esophageal and colon
cancer. For rectal cancer, our goal was to explore emerging computational
techniques, such as radiomics, in predicting therapy response from preopera-
tive MRI images.

Esophageal (EC) and colorectal (CRC) cancers are aggressive malignan-
cies, ranked eighth and third, respectively, among the most common cancers
worldwide. Preoperative assessment of these cancers is crucial, as it provides
the foundation for selecting appropriate treatment options.

In paper I, patients with EC were studied using both the traditional imaging
modality employed for preoperative metastasis detection, positron emission
tomography (PET) combined with computed tomography (CT) - PET-CT, and
the newly introduced modality, PET/MRI. The tumors were characterized by
their length, width, thickness, and metabolic status in both modalities, and
comparisons were made. Our results demonstrated that the new modality was
safe and well-tolerated by patients. The comparison of tumor measurements
was well harmonized across modalities, except for T stage, concluding that
the new modality can be an alternative for use in the preoperative assessment
of EC.

In paper II, patients with rectal cancer (RC) were examined using MRI be-
fore treatment. We aimed to predict their response to preoperative therapy by
combining images taken prior to treatment. The images were used to outline
the tumors in two ways: one segmentation of the entire tumor and another of
the tumor’s central part. The segmentations were processed computationally,
and multiple features were extracted from the images. Our results showed that
the features extracted from the segmentation, including the tumor periphery,



do not improve the prediction of the response to preoperative therapy in these
patients.

In paper III, the PET component of the PET/MRI examination in EC pa-
tients was examined. The images were reconstructed using different algo-
rithms, specifically the block-sequential regularized expectation maximiza-
tion (BSREM) and the time-of-flight ordered-subsets expectation maximiza-
tion (TOF-OSEM). The two algorithms were compared regarding quantifica-
tion and repeatability. The effect of quiescent phase respiratory (QPR) gating
on both reconstruction methods was also examined. Our results showed that
both TOF-OSEM and BSREM reconstruction methods provided stable and re-
peatable quantitative metrics, while QPR gating affected SUVmax and noise
levels, with less impact on tumor volume and signal-to-noise ratio (SNR).

In paper IV, patients with colon cancer (CC) were examined using
contrast-enhanced computed tomography (CECT) of the chest and abdomen as
part of routine clinical care, followed by the addition of PET/MRI. The study
analyzed the effect of PET/MRI on preoperative clinical decision-making and
evaluated the consistency between assessments conducted by reviewers with
different levels of experience. The results indicated that in 17% of patients,
the treatment plan was altered after the PET/MRI evaluation. Notable dispar-
ities were found in PET/MRI assessments between reviewers with different
experience levels.



Populérvetenskaplig Sammanfattning

Radiologin har ldnge strivat efter att komma s& nira sanningen som mojligt,
med malséttningen att identifiera, méta och f6lja sjukdomar. Cancer forblir en
av vara storsta utmaningar, och vi bekdmpar den med alla tillgdngliga medel.
Genom medicinsk bildgivning mojliggor radiologin upptickt, vigleder be-
handlingsplanering och underlittar uppfoljning av behandlingssvar vid can-
cer. Framsteg inom radiologi gér hand i hand med utvecklingen av teknisk
utrustning, hardvara och kontinuerlig professionell utbildning.

Denna avhandling fokuserar pa att utvirdera den nya hybridmeto-
den positronemissionstomografi (PET) — magnetresonanstomografi (MRI),
bendmnd PET/MR, som kombinerar PET med MR, vid tva cancerformer:
esofaguscancer och koloncancer. 1 rektalcancer var malet att utforska
framvixande berdkningsmetoder, sdésom radiomics, for att forutsiga terapis-
var utifran preoperativa MR-bilder.

Esofagus- (EC) och kolorektala (CRC) cancerformer dr aggressiva malig-
niteter som globalt rankas som den attonde respektive tredje vanligaste cancer-
diagnosen. Den preoperativa utvirderingen av dessa sjukdomar dr avgorande
eftersom den utgor grunden for beslut om ldmpliga behandlingsstrategier.

I delarbete I, studerades patienter med EC bade med den traditionella
metoden for preoperativ metastasutredning, positronemissionstomografi kom-
binerad med datortomografi (PET/DT), och den nyintroducerade metoden
PET/MR. Tumoérerna karakteriserades avseende ldngd, bredd, tjocklek och
metabol status i bada modaliteterna, och dérefeter gjordes jamforelser. Re-
sultaten visade att den nya metoden var séker och vil tolererad av patienterna.
Jamforelsen av tumormatt overensstimde vil mellan modaliteterna, forutom
for T-stadium, vilket ledde till slutsatsen att PET/MR kan utgora ett alternativ
for preoperativ bedomning av EC.

I delarbete II, undersoktes patienter med rektalcancer (RC) med MRI fore
behandling. Malet var att forutsdga deras svar pa preoperativ behandling
genom att kombinera bilder tagna innan terapistart. Tumérerna avgriansades pa
tva olika sitt: en segmentering av hela tumoren och en av tumdrens centrala
delar. Segmenteringarna bearbetades berdkningsmassigt och flera bildbaser-
ade parametrar extraherades. Resultaten visade att de extraherade parame-
trarna fran segmenteringar som inkluderade tumorens periferi inte forbéttrade
mojligheten att forutsidga behandlingssvar hos dessa patienter.

I delarbete III, analyserades PET-komponenten i PET/MR-
undersokningen hos patienter med EC. Bilderna rekonstruerades med
tva olika algoritmer, block-sequential regularized expectation maximization
(BSREM) och time-of-flight ordered-subsets expectation maximization



(TOF-OSEM). De tva algoritmerna jamfordes med focus pa kvantifiering
och reproducerbarhet.  Effekten av quiescent phase respiratory (QPR)
gating pa bada rekonstruktionsmetoderna undersoktes ocksa. Vara resul-
tat visade att bade TOF-OSEM- och BSREM-rekonstruktion gav stabila
och reproducerbara kvantitativa parametrar, medan QPR-gating paverkade
SUVmax och brusnivder, men hade mindre inverkan pa tumoérvolym och
signal-brus-forhallande (SNR).

I delarbete IV, undersoktes patienter med koloncancer (CC) med kon-
trastforstdrkt datortomografi av thorax och buk som del av klinisk rutin, foljt
av tilligg av PET/MR. Studien analyserade effekten av PET/MR baserat pa
preoperativ klinisk beslutsfattning samt utvirderade dverensstimmelsen mel-
lan bedomningar utférda av granskare med olika erfarenhetsnivaer. Resul-
taten visade att behandlingsplanen dndrades hos 17% av patienterna efter
PET/MR-utvirderingen. Betydande skillnader noterades ocksa i PET/MR-
bedomningarna mellan granskare med sklilda erfarenhetsnivaer.
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1. Introduction to esophageal cancer

1.1 Epidemiology

Esophageal and gastroesophageal junctional (GEJ) cancer represents en ag-
gressive cancer type of the gastrointestinal tract, henceforth referred to as
esophageal cancer (EC). In 2020, nearly 53.000 new cases were diagnosed
in Europe, including 589 in Sweden. Data from the National Board of Health
and Welfare in Sweden shows that new cases of EC in 2025 slightly exceeded
600 patients as shown in Figure 1.1.

According to the World Health Organization (WHO), EC constitutes the
sixth most prevalent cause of cancer-related mortality globally, with nearly
544.000 deaths worldwide in 2020 [1]. It represents the eighth cause of can-
cer worldwide, with about 600.000 new cases. The incidence between sexes
varies as men are represented three to four times more than women [1]. His-
tologically, cancer in the esophagus develops through two distinct pathways,
corresponding to the two main types of EC, which are the squamous cell car-
cinoma (SCC) and the adenocarcinoma (AC). Since the 1970s, most Western
countries have experienced a rising incidence of esophageal AC, accompanied
by a decline in SCC [2]. In China, the prevalence of esophageal cancer is
expected to increase up to 64.5 cases per 100.000 people by 2030, with an
increase in annual cases of up to 11% [3]. In Europe, AC constitutes the type
with the most significant amount of cases, while SCC has the highest preva-
lence worldwide [4]. In Sweden, according to the Swedish Cancer Registry,
there is a stabilizing tendency in new cases of EC in the period 2015-2020,
whereas a decreasing tendency is recognized in SCC [5].

As seen globally, the prevalence of the disease in Sweden is higher in men
than in women. The 5-year survival rate for EC varies markedly depending
on geographic region, histologic subtype, stage at diagnosis, and therapeutic
strategy. In the United States, the overall 5-year survival rate is approximately
17% for AC, with a slightly lower rate for SCC. Survival heavily depends on
the stage: for localized disease, the 5-year survival rate can reach 39% , but it
drops to 4% when distant metastasis is present [6].

1.2 Pathogenesis and Etiology

EC evolves via a complex interplay of environmental exposures and genetic
factors. An emerging theory concerning EC suggests that chronic inflamma-
tion contributes to tumor development. In chronic inflammatory states, tissues
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Figure 1.1. Number of new cancer cases, ages 0 -85+, Diagnosis: Esophagus, all
tumor types, 2023. Statistical database, Socialstyrelsen 2025

release cytokines (interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-
alpha)). These cytokines are involved in anti-apoptotic pathways, including
the transcription of oncogenes, which are thought to be implicated in EC [7, 8].
Furthermore, changes in leptin and adiponectin signaling pathways have
been linked to gastrointestinal cancers [9]. Numerous risk factors that trig-
ger inflammation have been linked to various histological subtypes. Alco-
hol consumption combined with smoking, various carcinogens in meat, al-
kaloids and mycotoxins in vegetables, as well as nitrites, nitrates, and ni-
trosamines ingested with water, along with deficiencies in riboflavin, vitamin
A, zinc, and selenium, are established risk factors for SCC [10]. In Asia and
South America, thermal injury from drinking very hot beverages (> 70°C)
may promote carcinogenesis [11]. Interestingly, recent studies suggest a pos-
sible causal link between SCC and certain viral infections such as Epstein-
Barr, cytomegalovirus, and Herpes simplex virus [12]. The association with
AC remains unknown [12, 13]. In the pathogenesis of AC, long-term gas-
troesophageal reflux leading to the metaplastic change characteristic of Bar-
rett’s esophagus, along with obesity, is essential in the progression from a
pre-malignant to a malignant lesion [14]. Obesity and tobacco use are also
recognized as risk factors involved in the development of AC [15].

1.3 Anatomy

The esophagus is a muscular tube situated in the posterior mediastinum. It
measures approximately 25 cm in length, extending from the pharynx to the
cardiac orifice of the stomach as shown in Figure 1.2. The esophagus has four
linings. Towards the lumen, the epithelial lining consists of stratified squa-
mous mucosa. The muscular coat also called tunica muscularis is comprised
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of the different muscle layers, the external longitudinal layer and the internal
circular layer. This layer is also called muscularis mucosae. The larger vas-
cular and lymphatic channels, along with innervation and mucous glands, are
located within the connective tissue layer known as the submucosa. Notably,
esophagus lacks a serosal covering, with the exception of its outermost distal
portion [16].

Figure 1.2. Morgan M, Oesophageal adenocarcinoma (T3N1). Case study, Radiopae-
dia.org (Accessed on 03 Aug 2025) https://doi.org/10.53347/rID-42133. Reprint with

permission

1.4 Histopathology
1.4.1 General

The SCC originates from the squamous epithelium of the inner lining of the
esophagus wall and is typically found in the first and second thirds of the
esophagus. It is also classified into well, moderately, and poorly differentiated
cancer [17]. AC mainly occurs in the lower third of the esophagus, often in
cases of Barrett’s esophagus, originating from the glandular epithelium. It also
exhibits varying levels of differentiation, from well-differentiated to poorly
differentiated forms.

For AC, three categories are defined based on the tumor’s epicenter relative
to the gastroesophageal junction (GEJ) [18]. Siewert type I has the tumor’s
epicenter located 1-5 cm above the GEJ. Siewert type II has the epicenter
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within 1 cm above or 2 cm below the GEJ, and can be considered carcinoma
of the cardia. Lastly, Siewert type III has the tumor’s epicenter located 2-5
cm below the GEJ. This classification is crucial in preoperative planning of
the surgical approach, taking into account not only the primary tumor but the
lymph nodes as well. For example, type I tumors often metastasize to the
lower posterior mediastinal and upper abdominal lymph nodes, highlighting
the need for surgical intervention not only in the mediastinum but also in the
upper abdomen [19].

In an extensive study involving approximately 1.000 patients with EC, well-
differentiated SCC was linked to a better prognosis compared to AC [20]. The
overall survival rates between AC and SCC are generally similar when ad-
justed for stage and treatment. Prognostic differences mainly reflect variations
in tumor biology, location, treatment response, and stage at diagnosis, rather
than the histological subtype alone. In the CROSS Trial, both AC and SCC
benefited from neoadjuvant chemo-radiotherapy plus surgery; however, SCC
patients experienced higher pathological complete response (pCR) rates and
showed numerically better survival, though not statistically significant [21].
Tis (HGD) Epithelium

Basement membrane
Lamina propria

Muscularis mucosae
= Submucosa

Muscularis propria

Perioesophagea
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Figure 1.3. Oesophageal carcinoma with tumor invasion according to the TNM clas-
sification. Pennathur, et al. The Lancet, Volume 381, Issue 9864, 400 - 412, Reprint
with permission

1.4.2 TNM staging

The interpretation of tumor growth in the esophagus wall and surrounding
tissues is based on the tumor-node-metastasis (TNM) classification system es-
tablished by the International Union Against Cancer (UICC). The EC (TNM)

24



staging system, introduced in the 7th edition in 2009, is listed in Table 1.1
[22]. In paper I, the 7th edition was used. The TNM classification is applied
to categorize the extent of the depth of the primary tumor in the esophagus wall
locally (T), the involvement of the regional lymph nodes (N) and the presence
of distant metastases (M) as shown in Figure 1.3. This system serves to cate-
gorize patients in different clinical stages, thereby supporting the therapeutic
planning.

Tumor stage (T)

The tumor can grow through the layers of the esophagus wall as seen in
Figure 1.3. If the tumor invades muscularis mucosa or/and submucosa is
classified as T1(T1a,b). If the tumor is limited to the wall of the esophagus
(muscularis propria), it is classified as T2. If the tumor extends outside the
muscularis propria and invades the adventitia, it is classified as a T3. Tumors
that extend and invade nearby structures can be categorized as T4 resectable
or non-resectable. The invasion of the pleura, pericardium, and diaphragm de-
fines tumors as resectable (T4a), whereas invasion of the aorta, vertebral body,
and trachea classifies tumors as non-resectable (T4b).

Nodal stage (N)

The lymphatic drainage of the esophagus is organized by region, match-
ing its anatomical thirds. The upper third of the esophagus mainly drains
lymph into the deep cervical lymph nodes. The lymphatic vessels in the
mid-esophagus mainly drain into the superior and posterior mediastinal lymph
nodes. The distal esophagus mainly drains lymph to the left gastric and celiac
nodal stations. However, important anastomoses between the lymphatic path-
ways of different esophageal regions allow lymphatic flow in multiple direc-
tions. The number of affected lymph nodes that are considered metastasized
determines the nodal stage, as shown in Table 1.1.

Metastatic stage (M)

EC spread through known pathways via blood vessels, lymphatic vessels, or
perineural tissues. Additionally, tumors can directly invade other organs in the
thorax or peritoneal cavity. The most common sites of metastasis are the liver,
distant lymph nodes (such as cervical and celiac axis lymph nodes), adrenal
glands, kidneys, brain, lungs, as well as the peritoneum and bones [23].
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Table 1.1. TNM Classification for Esophageal Cancer (UICC TNM 7)

Primary Tumor (T) Description

Tis High-grade dysplasia (carcinoma in situ)

T1 Tumor invades lamina propria, muscularis mucosae, or
submucosa

Tla Tumor invades lamina propria or muscularis mucosae

T1b Tumor invades submucosa

T2 Tumor invades muscularis propria

T3 Tumor invades adventitia

T4 Tumor invades adjacent structures

T4a Resectable: pleura, pericardium, diaphragm

T4b Unresectable: aorta, vertebral body, trachea

Regional Lymph Nodes (N) | Description

NO No regional lymph node metastasis

N1 Metastasis in 1-2 regional lymph nodes

N2 Metastasis in 3—6 regional lymph nodes

N3 Metastasis in 7 or more regional lymph nodes

Distant Metastases (M) Description

MO No distant metastasis

M1 Distant metastasis present

1.5 Medical Imaging

1.5.1 Endoscopy

Patients diagnosed with EC typically complain of dysphagia. This is a signifi-
cant symptom of the disease, but unfortunately, when it appears, the prognosis
is poor because the disease has advanced to a clinically severe stage [24].
Other symptoms of the disease may include vomiting, retrosternal pain, and
unexplained weight loss. In cases of clinical suspicion of malignancy, en-
doscopy is considered the gold standard for diagnosing EC [25, 26]. The abil-
ity to obtain biopsies offers both the diagnosis and details about the tumor’s
histological type.
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1.5.2 Imaging modalities

Imaging is a vital part of the diagnostic process in EC. When there is clini-
cal suspicion or strong evidence of malignancy, whether before or after en-
doscopic findings, the European Society for Medical Oncology (ESMO) has
provided guidelines on managing EC regarding diagnosis, staging, risk assess-
ment, treatment, and follow-up [26]. These assessments performed on imag-
ing studies are essential for stratifying patients with EC. Interpreting imag-
ing results is key in deciding whether the patient will undergo surgical treat-
ment with curative intent or be directed primarily toward oncological therapy
with possible subsequent surgery. Contrast-enhanced computed tomography
(CECT) of the thorax and abdomen is the standard imaging modality used in
all cancer diagnostics. It is used to evaluate the extent of the local disease and
detect potential metastatic disease.

In addition to CECT, other imaging methods are also important for staging
EC. These can serve as additional tools to help in problem-solving situations
when there is a need to clarify the suspicion of metastatic lymph nodes or
metastasis. They include endoscopic ultrasound (EUS), whole-body positron
emission tomography (PET), computed tomography (CT) (PET-CT), magnetic
resonance imaging (MRI), and, more recently, positron emission tomogra-
phy/magnetic resonance imaging (PET-MRI).

Endoscopic ultrasound

The Endoscopic ultrasound (EUS) is a combined, operator-dependent medical
procedure in which a long, thin tube is inserted through the mouth into the
esophagus. The standard endoscope used for macroscopic evaluation of the
esophagus is integrated with a miniaturized ultrasound transducer to assess
tumor infiltration into the esophageal wall, nearby structures, and regional
Iymph nodes. EUS has shown high sensitivity in accurately evaluating the
depth of tumor invasion and in detecting regional lymph node metastases [27].
Compared to CECT, EUS was found to be more accurate in evaluating the
T stage in numerous studies [28, 29, 30]. The modality offers the advantage
of enabling tissue biopsies; however, it is operator-dependent, and in cases of
high-grade strictures, accurate assessment of local invasion can be difficult.

CT
As previously noted, computed tomography (CT) is the primary imaging
modality used in the initial assessment of this cancer. In EC, scanning of the
thorax and abdomen is performed to stage the tumor locally, considering the
depth of tumor invasion in the esophageal wall, and to rule out unresectable
disease. The characterization of local metastatic lymph nodes is crucial, as is
the presence of distant metastatic disease, which would lead to a neoadjuvant
therapy strategy.

The examination is usually performed with a multi-detector CT scanner that
has at least 64 slices. These scanners produce images that can be 0.625 mm
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thick. These imaging slices are later reconstructed into thicker slices ranging
from 2 to 5 mm in multiple planes. The use of intravenous contrast media is
essential in evaluating the esophagus. The images of these tumors are usually
obtained during a late arterial phase over the thorax (40-45 seconds after in-
jection). Abdominal imaging is performed in a native (over the liver) and a
venous phase, scanning the entire abdomen (60-70 seconds after injection).

CT in esophageal malignancies faces similar limitations in assessing local
tumor invasion as seen in other hollow organs like the colon. The normal
esophageal wall is generally less than 3 mm thick. An increase in thickness
above 5 mm, wall irregularities, and focal increased contrast media enhance-
ment are considered significant findings of abnormality.

Unfortunately, CT has shown limitations in accurately measuring the depth
of wall engagement, making it a tool with low sensitivity and specificity
compared to EUS and histopathology. An accuracy for (T) staging between
42-60% compared to an accuracy between 71-92% was presented by EUS
[31, 32]. For nodal (N) staging, EUS was found to be slightly more effec-
tive, though with minor differences compared to CT (64-88% for EUS versus
51-82% for CT) [31, 32].

A recent review examined the impact of EUS compared to traditionally used
cross-sectional imaging methods; however, the clinical benefit remains uncer-
tain [33]. Ultimately, both modalities seem to play a crucial role in staging
esophageal cancer. A notable advantage of CT over EUS is its ability to detect
metastases (M stage), but its drawback is the use of ionizing radiation.

PET-CT

PET/CT has played a significant role in evaluating oncologic patients over the
past two decades. [34]. This whole-body imaging technique combines func-
tional and anatomical information, allowing for improved detection, charac-
terization, and staging of malignancies compared to traditional imaging meth-
ods alone. Using labeled tracers, especially '®F-deoxyglucose (FDG), which
is one of the most commonly used tracers, the modality has become widely
adopted in clinical oncology. PET/CT detects functional information through
increased focal radioactivity in areas of the body where cancer cells form le-
sions.

In EC, the modality appears to add information through detection of
metabolically active primary lesions combined with the anatomical data ob-
tained from the CT. The modality can be used to characterize local lym-
phadenopathy and identify distant metastases, such as lymph nodes or occult
metastases in other organs, which may lead to changes in therapeutic decision-
making [35, 36, 37, 38]. Its pooled sensitivity and specificity for metastatic
lymph nodes are reported to be 62% and 96% in a meta-analysis [39]. The
modality can also be used to better visualize the extent of the tumor in pa-
tients who cannot tolerate EUS or when the stricture is too advanced to pass.
It can also be employed to monitor the effects of therapies. The functional
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information derived from differences in the standard uptake value (SUV) after
radio-chemotherapy (CRT), expressed in the tumor or lymph nodes, has served
as a quantitative, reproducible parameter for adjusting therapeutic strategies
[40, 41, 42]. A systematic review evaluating the role of FDG-PET/CT in
EC demonstrated that the modality has the potential to distinguish between
responders and non-responders after the initial cycles of treatment [43]. In-
terestingly, in another review, the FDG uptake, the residual post-neoadjuvant
FDG uptake, and the early FDG decrease could be considered as prognostic
factors for response and survival in most of the studies [44]. However, a late
FDG decrease after neoadjuvant therapy was not proven to be a strong marker
for survival and response in most of the included studies. Besides changes in
SUV values, the total glycolytic activity (TGA) and the metabolic tumor vol-
ume (MTV) were shown in some studies to predict clinical response [45, 46].

The modality provides the benefit of characterizing nodal involvement and
detecting hidden metastatic disease, thus aiding in proper patient stratification
and guiding treatment choices. However, the risk of false-positive results due
to inflammation or other benign conditions should always be kept in mind.
Limitations include decreased sensitivity in identifying small or nearby lymph
node metastases, especially those close to the primary tumor [47]. Lastly, a
key limitation is the cumulative radiation dose caused by the combined ioniz-
ing radiation from CT and the radioactive tracer attached to the glucose analog.

MRI

MRI is known for its ability to produce images with excellent soft tissue con-
trast. In the case of the esophagus, mainly T2-weighted images are considered
valuable in distinguishing the esophagus wall layers and thereby accurately as-
sessing the depth of tumor invasion. In the late 1990s, an in vitro study showed
that MRI enables accurate assessment of mural invasion in EC, providing the
potential for preoperative staging [48]. Later, various studies described the
range of imaging features of EC [49, 50]. The modality was compared to CT
and EUS regarding image quality and diagnostic accuracy for staging local tu-
mor invasion [51]. Significantly higher accuracy was demonstrated compared
to CT (96% vs 82%), as well as higher specificity for MRI compared to EUS
(93% vs 66%) and overall accuracy (96% vs 81%) respectively. In a system-
atic review and meta-analysis of 20 studies involving 984 patients published in
2021, it was demonstrated that MRI has high sensitivity but low specificity for
detecting EC. This can still be useful in identifying locally advanced disease.
The modality showed lower sensitivity in staging TO or T1 (92%) but higher
specificity (67%), compared to staging T2 versus T3 or higher, which had a
sensitivity of 86% and specificity of 86%, respectively.

Regarding the assessment of lymph node status, MRI showed a sensitiv-
ity of 71% and a specificity of 72%. In another review, CT and PET/CT had
lower sensitivity values (50% and 57%) respectively, but higher specificities
(83% and 85%) [52]. In a third review, MRI showed a pooled sensitivity of
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71% and a pooled specificity of 72% [53]. This advantage allows MRI to help
classify patients with nodal involvement, potentially guiding patients avoid un-
dergoing surgery. A drawback for the modality is the susceptibility to motion
artifacts from respiration, cardiac pulsation, and peristalsis, which can degrade
image quality. MRI protocols for esophageal cancer are not yet standardized
across institutions and the low availability in routine clinical practice can be a
challenge.

PET-MRI

The modality combines metabolic information from PET with the detailed
high-resolution anatomy from MRI. Like PET/CT, it relies on a radioactive
tracer. It was compared against PET/CT and shown to be safe and feasible
for patients with EC [54]. Compared to EUS, PET/MRI showed only mod-
erate accuracy of 67% in primary tumor staging, versus 87% for EUS. For
Iymph node staging, PET/MRI demonstrated higher accuracy than EUS, CT,
and PET/CT. Recently, a meta-analysis was published showing that the modal-
ity is superior to PET/CT in detecting EC [55].

The modality was also used to evaluate the potential link between imag-
ing biomarkers and the clinical stage and prognosis in EC patients, showing
promising results for MTV, TLG, and ADC values [56]. Finally, PET/MRI
has become a practical alternative to PET/CT for evaluating tumor response
and resectability in patients receiving neoadjuvant therapy [57].

The key benefit of the modality is the lower radiation exposure, especially
in pediatric patients, compared to PET/CT. Its limitations include the longer
scan times, difficulty in detecting small pulmonary nodules, and the inability to
measure attenuation coefficients directly from MRI. However, new attenuation
correction techniques are evolving, though they are limited in availability and
more costly than the other modalities discussed.
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2. Introduction to colorectal cancer

2.1 Epidemiology

Colorectal cancer (CRC) is the third most common cancer worldwide. Ac-
cording to the Global Cancer Observatory (GCO), there were nearly 2 million
CRC cases in 2024, representing about 10% of new cancer diagnoses. In Eu-
rope, it ranks as the second most common cancer, with approximately 250.000
new cases [58]. In Sweden, CRC is the third most common cancer, with ap-
proximately 7.000 new cases in 2020, and about 2.800 deaths in 2021[59].

The disease is affected by gender. In data from Europe, men made up about
57% of all new CRC cases, while women accounted for approximately 44%
in 2019 [60]. CRC is often diagnosed in people over 50 years old. According
to the American Cancer Society, 37% of new CRC cases in 2023 that occur in
the rectum are in individuals younger than 50 years, while 24% are in those
over 65 [61]. By 2030, early-onset CRC is expected to become the leading
cause of cancer-related death among adults aged 30 to 50 in the United States
States [62, 63]. Between 2008 and 2017, CRC death rates in the US declined
annually by 3% among individuals aged 65 and older, and by 0.6% in those
aged 50 to 64, while increasing by 1.3% each year in individuals under 50
years old [64]. Overall, in the EU, CRC mortality decreases for both sexes
across all age groups [65].

Survival rates vary depending on the clinical stage. In the US, the 5-year
relative survival rate for stage I colon cancer (CC) is approximately 92%, de-
creasing with higher stages and reaching only 12% in stage 4 or metastatic
disease. The 5-year survival rate for rectal cancer (RC) is slightly below 90%
for stage I, then successively declining to 13% in stage 4 [66]. Sporadic CRC
accounts for about 70% of all cases. About 5% is linked to hereditary condi-
tions such as Lynch syndrome and Familial Adenomatous Polyposis (FAP).

2.2 Pathogenesis and etiology

Cancer in the bowel wall begins in the normal epithelium after various ge-
netic and epigenetic factors influence the cells in the epithelial lining of the
bowel, Figure 2.1. These factors transform the epithelium into cancer. Most
cases originate from precursor lesions, usually adenomas and polyps, Figure
2.2. These develop into cancer through the adenoma-carcinoma sequence via
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two molecular pathways: the chromosomal instability (CIN) pathway (85% of
cases) and the microsatellite instability (MSI) pathway (15% of cases) [67].
Both pathways explain tumor pathogenesis through either the inactivation
of tumor suppressor genes (APC and TP53) or the activation of oncogenes
[67, 68]. A third, epigenetic pathway involves widespread DNA hypermethy-
lation at CpG islands, which are regions of DNA with a high frequency of
cytosine and guanine bases. This hypermethylation can silence tumor sup-
pressor genes, leading to tumor development and progression. The pathway
associated with BRAF mutations, which causes cancer from sessile serrated
polyps, particularly in the proximal colon. One tumor can display features of
one or more pathways [69].

The list of risk factors for CRC includes age over 50, ethnicity (African
Americans), family history, high intake of red or processed meat, low intake of
fiber, fruits, and vegetables, obesity, alcohol overconsumption, smoking, and
type 2 diabetes mellitus. Additionally, inflammatory bowel diseases such as
ulcerative colitis and Crohn’s disease increase the risk for the disease. Finally,
hereditary syndromes like Lynch syndrome (HNPCC) and (FAP) also raise the
risk [70, 71, 72, 73].

Figure 2.1. Caecal tumour found at colonoscopy. MacLeod, C., Oliphant, R.,
Docherty, J.G. et al. A colorectal cancer missed by colon capsule endoscopy: a
case report. BMC Gastroenterol 22, 258 (2022). https://doi.org/10.1186/s12876-022-
02332-8. Reproduced with permission.
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2.3 Anatomy

The colon is the main part of the large intestine, stretching from the cecum
to the sigmoid colon. It is divided into four main sections: ascending colon,
transverse colon, descending colon, and sigmoid colon. The wall of the colon
consists of four layers: mucosa, submucosa, muscularis propria (with inner
circular and outer longitudinal muscle layers), and serosa (present on intraperi-
toneal portions) or adventitia (found in retroperitoneal segments). The mucosa
contains numerous crypts lined by absorptive and goblet cells but lacks villi.
The muscularis externa has three longitudinal muscle bands called taeniae coli,
which form sacculations known as haustra. The mucosa is the site of origin
for adenomas and adenocarcinomas. The submucosa contains blood vessels,
Iymphatics, nerves, and lymphoid follicles.

The rectum is the final part of the large intestine, extending from the sig-
moid colon at the level of the sigmoid take-off (as defined by international
expert consensus using cross-sectional imaging) to the anal canal. It is usually
12—15 cm long in adults and lies within the pelvis, following the curve of the
sacrum and coccyx [74, 75]. The rectal wall is made up of four layers: mu-
cosa, submucosa, muscularis propria (which includes inner circular and outer
longitudinal muscle layers), and an outer adventitia (lacking a true serosa ex-
cept on its anterior upper third). The rectum is enclosed by the mesorectum, a
fatty envelope that contains blood vessels, lymphatics, and nerves, and is itself
covered by the mesorectal (proper rectal) fascia (MRF) [76].
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Figure 2.2. Developmet of CRC. Adenomatous polyps are responsible for the majority
of CRC. Chemico-Biological Interactions. Islam et al. 2022 Reprint with CC BY 4.0
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2.4 Histopathology
2.4.1 Genereal

The histopathological features of CRC indicate its origin from the mucosal
epithelium of the large intestine, including the rectum, and its growth through
the different layers of the bowel wall and into nearby structures. Most CRCs,
around 90%, are adenocarcinomas. They are characterized by malignant glan-
dular structures, varying levels of differentiation, and often a desmoplastic
stromal response. A subset of cases may show mucinous differentiation with
extracellular mucin pools and signet-ring cell features [77, 78]. Less common
types include neuroendocrine, squamous cell, adenosquamous, spindle cell,
and undifferentiated carcinomas. Invasion through the muscularis mucosae
into the submucosa indicates the transition from in situ to invasive carcinoma.

As the tumor progresses, it may invade the muscularis propria, perirectal
fat (mesorectum), and beyond, with the invasion depth being a crucial prog-
nostic factor [79]. The tumor microenvironment features desmoplastic stroma,
inflammatory infiltrates, and sometimes perineural and lymphovascular inva-
sion, all of which are vital for staging and prognosis [80].

2.4.2 TNM staging

The interpretation of tumor growth in CRC and adjacent tissues is based on the
tumor-node-metastasis (TNM) classification system established by the Inter-
national Union Against Cancer (UICC) [81]. The CRC (TNM) staging system,
introduced in the 8th edition of 2017, is listed in Table 2.1. In paper IV, both
the 7th [22] and 8th edition were used. The classification is used to determine
the extent of the primary tumor’s depth in the colonic or rectal wall locally
(T), the involvement of regional lymph nodes (N), and the presence of distant
metastases (M). This system helps categorize patients into different clinical
stages, supporting treatment planning.

Tumor stage (T)

The tumor can grow through the layers of the bowel wall, as shown in
Figure 3.2. If the tumor invades the muscularis mucosa or submucosa, it is
classified as T1 (T1la, b). If the tumor remains confined to the wall of the
bowel (muscularis propria), it is classified as T2. If the tumor extends through
the muscularis propria into the subserosa or into non-peritonealized pericolic
or perirectal tissues, it is classified as T3. Tumors penetrating the surface of
the visceral peritoneum (serosa) are classified as T4a. Tumors that directly
invade or adhere to other organs or structures are classified as T4b.
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Table 2.1. TNM classification of colorectal tumors (UICC TNM 8)

Primary Tumour (pT) Description

pTX Primary tumour cannot be assessed

pTO No evidence of primary tumour

pT1 Tumour invades submucosa

pT2 Tumour invades muscularis propria

pT3 Tumour invades into subserosa or into non-peritonealised
pericolic or perirectal tissues

pT3a Tumour extends beyond the bowel wall into the mesorec-
tal fat < 1 mm extension of infiltration

pT3b Tumour extends beyond the bowel wall into the mesorec-
tal fat 1-5 mm extension of infiltration

pT3c Tumour extends beyond the bowel wall into the mesorec-
tal fat 5-15 mm extension of infiltration

pT3d Tumour extends beyond the bowel wall into the mesorec-
tal fat < 15 mm extension of infiltration

pT4a Tumour perforates visceral peritoneum

pT4b Tumour directly invades other organs or structures

Regional Lymph Nodes (pN) | Description

pNX Regional lymph nodes cannot be assessed

pNO No regional lymph node metastatic disease

pN1 Metastatic disease in 1-3 regional lymph nodes

pNla Metastasis in 1 regional lymph node

pNI1b Metastases in 2—-3 regional lymph nodes

pNlc Tumour deposit(s) in subserosa or non-peritonealised
pericolic or perirectal tissue without nodal metastases

pN2 Metastatic disease in 4 or more regional lymph nodes

pN2a Metastases in 4-6 regional lymph nodes

pN2b Metastases in 7 or more regional lymph nodes

Distant Metastases (pM) Description

pM1 Distant metastatic disease

pMla Metastasis confined to one organ without peritoneal
metastases

pM1b Metastases in more than one organ

pMlc Metastases to the peritoneum with or without other organ
involvement
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Nodal stage (N)

The lymphatic drainage of the colon is extensive and organized by region,
corresponding to its anatomical segments. The cecum and ascending colon
drain through the ileocolic and right colic lymph nodes as well as the su-
perior mesenteric nodes. The transverse colon drains via the middle colic
lymph nodes into the superior mesenteric nodes. The descending colon drains
through the left colic nodes to the inferior mesenteric nodes. The sigmoid
colon drains through the sigmoid nodes to the inferior mesenteric nodes. The
rectosigmoid junction drains via the sigmoid lymph nodes into the inferior
mesenteric nodes. These nodes are associated with the respective arteries,
ileocolic and right colic, middle colic, left colic, sigmoid, and superior rectal
arteries. The lymphatic drainage of the rectum is similarly regionally orga-
nized. The upper rectum drains to the inferior mesenteric nodes along the
superior rectal vessels. The middle rectum drains into the internal iliac nodes
along the middle rectal vessels. The lower rectum and anal canal (above the
pectinate line) drain into the internal pudendal and internal iliac nodes along
the inferior rectal vessels. Lastly, the anal canal (below the pectinate line)
drains into the superficial inguinal lymph nodes.

Metastatic stage (M)

The most common sites of metastasis in colorectal cancer are the liver, lung,
and peritoneum. The liver is the most frequent site because of direct drainage
of the colorectal venous system through the portal vein. Meanwhile, lung
metastases are more common in rectal cancer due to systemic venous drainage.
Peritoneal metastases occur via transcoelomic spread, especially in mucinous
and signet ring subtypes. Less frequently, metastases can also occur in the
bone and brain.

2.4.3 Therapy response and recurrence

Achieving pathological complete response (pCR) in patients with RC follow-
ing neoadjuvant chemoradiotherapy is clinically significant. pCR is the com-
plete eradication of viable cancer cells detected in the tumor or lymph nodes
on histopathological examination after treatment with neoadjuvant chemora-
diotherapy. Patients may qualify for organ-preserving options like local exci-
sion or a nonoperative "watch-and-wait" strategy, which could help avoid the
risks associated with radical surgery while maintaining oncological safety. In
this case one can discuss if the patient has achieved complete clinical response
(cCR) which is the absence of detectable tumor on clinical, endoscopic, and
radiological examination after treatment. pCR is associated with improved
disease-free survival (DFS) and, in many studies, better overall survival com-
pared to non-pCR patients [82, 83, 84]. The percentage of patients with RC
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who achieve pathological complete response (pCR) following neoadjuvant
chemoradiotherapy ranges from approximately 10% to 30%, with most large
contemporary cohorts and population-based studies reporting rates between
13% and 24 % for standard long-course chemoradiotherapy [85]. The pCR rate
is influenced by factors such as tumor stage, nodal status, histology, pretreat-
ment carcinoembryonic antigen (CEA) levels, and the interval between com-
pletion of chemoradiotherapy and surgery. Total neoadjuvant therapy (TNT)
regimens can increase pCR rates to around 28% in selected high-risk popula-
tions [85]. pCR can be used as a clinical outcome in clinical studies.

The neoadjuvant rectal score (NAR) has become an important early re-
sponse indicator that combines both the end-result, pathological tumor (T) and
nodal (N) stages (ypTN), with the initial clinical tumor (cT) stage, in assessing
long-term outcomes after various treatments [86]. It was designed as a com-
posite short-term endpoint using neoadjuvant therapy in RC and is calculated
using routinely collected variables that are accessible to clinical investigators
in the context of prospective studies.

(5% pN =3 x (¢T — pT) +12)?
9.61

NAR =

The score ranges from 0 to 100 and lower NAR scores indicate better re-
sponse and prognosis. Clinically, the NAR score categorizes patients into
low, intermediate, and high-risk groups for recurrence and survival. Lower
NAR scores are generally linked to improved disease free survival and over-
all survival. This risk stratification can help predict outcomes, determine the
intensity of postoperative monitoring, and aid shared decision-making about
adjuvant therapy [84, 87].

Risk factors for recurrence in RC after neoadjuvant chemoradiotherapy and
surgery include advanced pathological T and N stage (ypT4, ypN2), high
clinical T stage, poor tumor regression grade (TRG), incomplete response
to neoadjuvant therapy, close or involved circumferential resection margin
(CRM), and proximity of the tumor to the anal verge (<8 cm) [88, 89]. Ad-
ditional factors such as perineural invasion, elevated post-treatment CEA, and
IMA (inferior mesenteric artery) nodal metastasis also increase recurrence risk
[90, 91]. After standard treatment, 5-year DFS rates vary from about 47% in
high-risk groups to over 85% in low-risk groups. Distant metastasis occurs
more frequently than locoregional recurrence (LRR). High-risk patients (e.g.,
NAR score > 16) experience 5-year metastasis rates up to 35%, whereas low-
risk patients (NAR < 16) show metastasis rates around 7% [84, 89]. Loco-
regional recurrence rates are generally lower, around 5-8%.
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2.5 Medical Imaging

2.5.1 Endoscopy-Colonoscopy

Colonoscopy is recommended for patients showing alarm symptoms (e.g., rec-
tal bleeding, iron deficiency anemia, unexplained weight loss, or changes in
bowel habits). Patients at higher risk for colorectal cancer, those with signs
suggesting malignancy, and individuals with positive noninvasive screening
tests, gain the most benefit from colonoscopy. It is the primary diagnostic tool
for colon cancer, allowing direct visualization of the tumor, determination of
its location, and collection of tissue samples for histopathologic confirmation
via biopsy. The American Society of Colon and Rectal Surgeons (ASCRS)
recommends colonoscopy as essential for diagnosis [92]. Starting at age 45,
colonoscopy is recommended every 10 years for individuals at average risk.
Those with a first-degree relative diagnosed with CRC or advanced adenoma
before age 60, or with two or more first-degree relatives at any age, should
begin colonoscopy at age 40 or 10 years earlier and undergo it every 5 years
[92, 70]. In Europe, both the European Society of Medical Oncology (ESMO)
and the European Society of Gastrointestinal Endoscopy (ESGE) recommend
starting screening in average-risk adults at age 50, primarily using fecal im-
munochemical testing (FIT) every 1-2 years as the preferred population-based
screening method, with colonoscopy every 10 years as an alternative [93]. For
high-risk populations, both ESMO and American societies recommend earlier
and more frequent colonoscopy.

In conclusion, colonoscopy with histological confirmation and CECT for
staging are the universally endorsed gold standards for the diagnostic workup
of CRC across both US and European guidelines.

2.5.2 Imaging modalities

Imaging is a crucial part of the diagnostic process in CRC. When there is
clinical suspicion or a strong indication of cancer, a thorax and abdomen
contrast-enhanced computed tomography is performed either before or after
endoscopic findings. The main imaging method for staging CRC patients is
CECT. Other options, such as CT-colonoscopy, PET/CT, MRI, and in the last
decade, PET/MRI, have been used with varying success. These imaging tech-
niques can also serve as supplementary tools to help resolve uncertainties,
especially when the presence of metastatic lymph nodes or metastasis needs
clarification.

CT
CT and particularly contrast-enhanced CT (CECT) are essential in the staging
and management of colorectal cancer but are not used for primary diagno-
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sis. CECT of the chest, abdomen, and pelvis is recommended as the standard
imaging method for initial staging. CECT identifies local tumor extension,
regional lymphadenopathy, and distant metastases, especially in the liver and
lungs, which directly affect surgical planning and overall management. CECT
in colon cancers shows similar limitations as for EC in assessing local tumor
invasion (T) and regional lymph nodes (N). The accuracy of contrast-enhanced
computed tomography (CECT) in staging and detecting local tumor extension
(T stage) in colon cancer is generally 50-70%, with higher accuracy (up to
86%) for advanced T3/T4 lesions using modern multidetector CT (MDCT)
and multiplanar reformats, but lower accuracy for early-stage (T1/T2) tumors
due to limited resolution of bowel wall layers [94, 95, 96].

CECT is not advised for local staging of rectal cancer. MRI has become the
preferred modality for preoperative staging because of its excellent soft tissue
contrast.

For regional lymphadenopathy (N stage), CECT shows a sensitivity of
62—-76% and a specificity of 67-70%. However, the positive predictive value is
limited (around 60%), indicating difficulty in distinguishing benign from ma-
lignant nodes based on size and appearance. This limitation is not significantly
improved by advanced CECT techniques or reader experience [97].

Assessing metastatic disease (M stage) in CRC is essential. The modality
is used to detect and characterize distant metastases, especially in the liver
and lungs, and to inform management decisions. CECT achieves high accu-
racy for M staging, with a pooled sensitivity of approximately 85% for de-
tecting distant metastases (mainly hepatic and pulmonary) and a specificity of
98%, resulting in an overall accuracy of 95% [98]. The modality has a known
limitation in evaluating small or indeterminate liver lesions, where MRI with
diffusion-weighted imaging is preferred for further assessment. Additionally,
although CECT is highly sensitive for detecting apparent metastases, it may
be less reliable for identifying peritoneal or small-volume metastatic disease.
When lesions are ambiguous, using other imaging modalities for supplemen-
tary assessment is advisable.

CT Colonoscopy

Computed tomography colonoscopy (CTC) is a minimally invasive imaging
method that employs low-dose CT scans to create 2D and 3D images of
the colon and rectum following bowel preparation and gas insufflation. It is
mainly used for CRC screening, detecting polyps, and preoperative assess-
ment, especially when traditional colonoscopy cannot be completed or is not
suitable due to obstruction or patient intolerance. It is not used in staging of
CRC.
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MRI

MRI has been studied for staging RC since 1999 [99, 100]. Currently, it is
the preferred modality for local staging in RC. The modality not only demon-
strated high accuracy in assessing local staging [101], but also provided es-
sential information about key anatomical structures with proven prognostic
significance, such as the involvement of the mesorectal fascia (MRF) or the
circumferential resection margin (CRM) [102, 103]. The MERCURY study
demonstrated that the MRI-derived measurement of the depth of extramural
tumor spread was considered equivalent to within 0.5mm, enabling accurate
preoperative staging.

The role of MRI in assessing the mesorectal lymph nodes has been cru-
cial. The modality uses a combination of size and morphology, which gives a
moderate diagnostic performance with sensitivities ranging from 58—77% and
specificities from 62-74% [104, 105].

MRI is also vital for evaluating other prognostic factors, such as extramural
vascular invasion (EMVI) and tumor deposits (TD) [106, 107]. MRI protocols
should include high-resolution T2-weighted and diffusion-weighted imaging
(DWI), as DWI improves diagnostic accuracy for EMVI, particularly after
chemoradiotherapy. When there is a pCR after neoadjuvant therapy, the tumor
regression grade (TRG) [108, 109, 110] becomes essential for determining if
the patient can be directed towards a watch-and-wait approach.

When discussing the characterization of ambiguous lesions, especially in
the liver, MRI has proven to be highly effective due to the use of various se-
quences, each with different sensitivities to specific tissue types. MRI with in-
travenous gadolinium-based contrast agents, particularly hepatobiliary agents,
shows higher sensitivity (up to 90-96%) for detecting liver metastases com-
pared to CT (72-75%), and diffusion-weighted MRI can provide even greater
sensitivity and specificity. MRI is also linked to better detection of disap-
pearing or subcentimeter lesions and may decrease intrahepatic recurrence.
MRI is recommended as a problem-solving tool in metastasis scenarios when
the CT results are unclear or when detailed liver characterization is necessary
[111, 112, 113]. Early reports have shown that abbreviated liver MRI proto-
cols (T2 weighted and DWI sequences only) perform well compared to CECT,
with excellent results (diagnostic certainty in 93% of patients with liver lesions
versus only 45% by CECT) [114].

PET-CT

As previously noted, this whole-body imaging modality combines functional
and anatomical information, playing a targeted and yet essential role in man-
aging CRC. It is mainly used to detect metastatic disease, evaluate recurrence,
and, in some cases, perform preoperative staging. PET/CT is not routinely
used for initial diagnosis or local staging of primary CRC, as conventional
imaging techniques such as CT and MRI are preferred for T and N staging
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because of their higher spatial resolution and established protocols. However,
PET/CT demonstrates higher sensitivity than CT alone for detecting distant
metastases, especially in the liver and other extrahepatic sites, and can un-
cover otherwise hidden metastatic disease, which may affect management and
surgical planning [115, 111].

For the N staging, pooled sensitivity for FDG-PET/CT was around 65%,
and specificity was about 75%, confirming high specificity but limited sensi-
tivity for locoregional nodal metastasis [116].

The modality also plays a crucial role in assessing recurrent disease when
early metabolic response on FDG-PET is observed, resulting in changes in
management [116, 117, 118].

PET-MRI

The modality is an emerging hybrid imaging technique in CRC that combines
the metabolic information of PET with the superior soft tissue contrast of MRI.
Its main uses include local staging, evaluating treatment response, and detect-
ing metastatic disease, especially in complex or ambiguous cases.

For local staging of rectal cancer, PET/MRI is used as MRI alone, for eval-
uating tumor length, nodal status, and external sphincter involvement, which
can directly influence surgical planning and sphincter-sparing approaches.
PET/MRI also enhances the characterization of small lymph nodes and can
better define tumor extension beyond the muscularis propria [116, 119, 120].
The modality can also be a valuable tool in re-staging recurrent CRC, espe-
cially in pelvic T staging, to distinguish post-treatment fibrosis from viable
tumor and in hepatic assessment of metastases [121, 122, 123]. Disadvantages
of PET/MRI include longer exam times, difficulty detecting small pulmonary
nodules, and the inability to measure attenuation coefficients directly from
MRI. However, new attenuation correction techniques are constantly evolving
[124, 125].

2.6 PET

Positron emission tomography is a nuclear imaging technique designed to de-
tect photons produced from the annihilation events of positrons and electrons
colliding. It uses positron emitting radioactive tracers such as '8F, 1'C, 13N,
3N, %8Ga and others, which can be coupled to molecules that circulate in the
body. In the case of the most common tracer '3F, it is attached to a glucose
molecule, enabling the radioactive substance fluorodeoxyglucose (FDG) to be
absorbed by cells and become internalized. Since cancer and other highly
metabolically active cells consume more glucose than normal cells, the accu-
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mulation of the radioactive tracer in lesions with higher metabolic activity than
surrounding tissues—such as tumors—allows these regions to appear as "hot
spots" [126]. PET scanners detect these hot spots from the surrounding tis-
sues and provide not only the location of the lesion but also information about
its metabolic activity through numerical measures that quantify how much ra-
diotracer (like FDG) accumulates in a specific region. The Standardized Up-
take Value (SUV) is a numerical measure used in PET scans to quantify that
amount.

As the radioactive tracer emits positrons, these encounter electrons in the
body and after their collision (annihilation), two photons are released in op-
posite directions (180°). These photons are registered on detectors, which are
placed around the patient. The registrations of these thousands or millions
of annihilations form a set of raw projection data. These data are processed
though mathematical algorithms with the result of a 3D image showing the
distribution of the radio-tracer in the body of the patient.

The use of these mathematical algorithms known as image reconstruction
algorithms have been an important component of the PET technique. These
image reconstruction techniques transform the acquired data into a three-
dimensional representation of tracer distribution within the body. The ordered
subsets expectation maximization algorithm (OSEM) has been extensively ap-
plied [127]. Its combination with time-of-flight technology (TOF-OSEM) al-
lows for multiple iterations to a point that the noise in the produced image
increases to a point that the diagnostic quality of the image decreases substan-
tially. The Bayesian Penalized Likelihood (BPL) reconstruction algorithm has
been introduced allowing the iterations to achieve full convergence. This is
achieved by a penalization factor . This factor is a parameter in BPL recon-
struction algorithms that controls the trade-off between noise reduction and
the image resolution. This reconstruction method is shown to improve signal-
to-noise ratio and increase image quality [128].

2.7 Radiomics

The field of radiomics emerged from the intersection of radiology, oncology,
and computational image analysis. Its early theoretical foundation can be
traced back to texture analysis, which was initially developed in the mid-20th
century for analyzing aerial photographs using statistical methods [129, 130].
The term combines “radio-" (from radiology) and “-omics” (from genomics,
transcriptomics, etc.), referring to the extraction of large-scale quantitative fea-
tures (“radiomic features”) from radiological images using automated, high-
through output computational algorithms. The features can be extracted from
diagnostic images such as CT, MRI, PET, or ultrasound through computa-
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tional algorithms. These features may describe attributes like texture, shape,
intensity, or spatial relationships within tissues or lesions. The main goal of ra-
diomics is to identify patterns and information that are not visible to the naked
eye, which can enhance diagnosis, evaluate prognosis, and predict disease re-
sponse to treatment. This computational technique can become important in
cancer imaging research, but it also matters for other diseases [131, 132, 133].

The process typically involves image acquisition, segmentation (defining
the region of interest), feature extraction, and subsequent data analysis that
frequently employs machine learning to identify clinically significant patterns.
It quickly expanded in oncology, becoming a tool in “precision medicine” to
assist in noninvasive tumor characterization and to connect imaging features
with genetic or molecular profiles [134].

Radiomics applied to MRI in rectal cancer allows for extracting detailed
quantitative features, providing improved prediction and assessment abilities
beyond traditional imaging methods. This approach has shown significant
value in non-invasively predicting tumor biology, evaluating treatment re-
sponse, and forecasting metastasis and prognosis. As a limitation, one might
note the need for standardized imaging protocols and multi-center validation
before routine clinical use.
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3. Aim

The aim of this thesis was to evaluate the clinical usefulness and technical per-
formance of '3F-FDG-PET/MRI in staging of gastrointestinal cancers, specif-
ically esophageal and colon cancers. The work includes studies of PET/MRI
for primary staging, as well as methodological PET evaluations such as pe-
nalized image reconstruction and motion gating. The thesis also explores the
application of radiomics in predictive modeling for therapy monitoring in rec-
tal cancer.

More specific:

1. To evaluate the integrated '8F-FDG-PET/MRI in comparison with the
standard technique, integrated '®F-FDG-PET/CT, in preoperative stag-
ing of oesophageal or gastroesophageal junctional cancer.

2. To evaluate the advantages of including versus excluding the tumor
periphery and combining diffusion-weighted imaging (DWI) with T2-
weighted imaging (T2w) for outcome predictions of preoperative ra-
dio(chemo)therapy in rectal cancer.

3. To evaluate the block-sequential regularized expectation maximization
(BSREM) and the time-of-flight ordered-subsets expectation maximiza-
tion (TOF-OSEM) reconstructions in terms of quantification and re-
peatability in esophageal cancer. A secondary aim was to assess the
impact of quiescent phase respiratory (QPR) gating in combination with
the BSREM reconstructions on image quality and quantitative metrics
using a fully integrated digital PET/MR system.

4. To evaluate whether whole-body '®F-FDG-PET/MRI could influence the
preoperative management of patients with colon cancer compared to the
conventional contrast-enhanced computed tomography (CECT). A sec-
ondary objective was to investigate the agreement in '8 F-PET/MRI inter-
pretation among reviewers with different levels of PET/MRI experience.
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4. Materials and Methods

STUDY POPULATIONS AND STUDY DESIGNS

Paper I

Nineteen patients with EC cancer were included (the first patient served as a
pilot). The study cohort consisted of 17 males and 1 female, with a median age
of 65, who met the inclusion criteria. Two patients withdrew consent before
the examinations and were therefore excluded from the study. Ultimately, 16
patients were included for analysis. All 16 underwent both '8F-FDG PET/CT
and PET/MRI. See Table 4.1 for descriptive data of the included patients.

Table 4.1. Patient characteristics in 16 patients undergoing staging for esophageal or
GEJ cancer.

Characteristic Value
Gender (M/F) 15/1
Age, years (median [range]) 65 [46-78]
Tumour type

Adenocarcinoma 13
Squamous cell carcinoma

Undifferentiated carcinoma 1
Tumour location in the oesophagus

Upper 0
Middle 4
Lower 12

Table from "8 F-FDG-PET/MRI in preoperative staging of oesophageal and
gastroesophageal junctional cancer” Linder et al., Clinical Radiology. Licence: CC
BY 4.0

In paper I, a prospective study was conducted between '8F-FDG PET/CT
and '8F-FDG PET/MRI. Only patients scheduled for a clinically indicated '®F-
FDG PET/CT were eligible for the study. The standard clinical protocol for
the PET/CT was followed which included contrast enhanced (venous phase)
and a whole-body PET sampling. The protocol for the PET/MRI included T2
weighted images, diffusion weighted images (DWI) and T1 weighted before
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and after gadolinium contrast agent, and a whole-body PET sampling. Patients
received an intravenous '8F-FDG injection one hour before scanning (Dis-
covery, GE Healthcare™). Immediately after the PET/CT scan, the PET/MRI
scan was performed using a 3 T MRI (SIGNA, 3 T, 60 cm, GE Healthcare,
Waukesha, WI, USA), including a time-of-flight PET with the same IBE_FDG
injection.

A gastrointestinal radiologist conducted the clinical PET/CT assessments.
Two other radiologists, blinded to the PET/CT results, independently reviewed
the PET/MRI scans, first on their own and then together to reach a consen-
sus. All radiologists were aware of the esophageal cancer diagnosis but were
blinded to the assessments performed by their colleagues.

A three-dimensional volume of interest (VOI) covering the tumor area with
the highest '®F-FDG uptake was used to determine the maximum standard-
ized uptake value (SUVp,x). Descriptive tumor features included the greatest
tumor length and width, tumor wall thickness, the distance from the superior
tumor border to the tracheal bifurcation, and the distance from the inferior
tumor border to the gastric cardia.

The tumor staging was conducted following the 7th edition of the TNM
classification for malignant tumors[135].
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Paper 11

Three hundred sixty-nine patients with histologically diagnosed rectal AC
were considered for the study. Multiparametric MR images of the rectum
were assessed. The images were acquired at three different institutions using
standardized MRI protocols. One-hundred and six patients were included for
analysis. Forecasting treatment response to preoperative radio(chemo)therapy,
three outcomes were evaluated: pathologic complete response (pCR), neoad-
juvant rectal (NAR) score, and disease recurrence.

The provided images for analysis included axial T2-weighted sequences
with a 3 mm slice thickness and axial diffusion-weighted imaging (DWI) with
a 5 mm slice thickness (b value = 800 s/mm?2), acquired on 1.5 and 3.0 Tesla
systems from different vendors.

The tumors were manually segmented using free-hand regions of interest
(ROIs) on the pretreatment T2w images across all slices that visualized the
tumor. Two approaches were used for segmentation: one of the entire tumor,
henceforth noted as wROI, and one of the central part of the tumor, henceforth
noted as cROI. The wROI included the entire tumor and its extensions, with an
effort to exclude fat-containing voxels from the mesorectal fat. The cROI was
also performed using DWI, which was spatially registered to the T2w image,
and excluded the 2-4 mm rim of the tumor (the periphery of the tumor) visible
on the T2w image. The segmentation alternatives are shown in Table 4.2.

Table 4.2. Segmentation alternatives, denomination, and included images

Segmentation Segmentation Name | Included Images
wROI + T2w wROI T2w

wROI + T2w + DWI | wROI T2w and DWI
cROI + T2w cROI T2w

cROI + T2w + DWI | cROI T2w and DWI

wROI: whole tumor segmentation, cROI: central tumor segmentation, ROI: region of
interest, T2w: T2-weighted images, DWI: diffusion-weighted images. Table from
”Inclusion of tumor periphery in radiomics analysis of magnetic resonance images
does not improve predictions of preoperative therapy response in patients with rectal
cancer” Korsavidou Hult et al., Abdominal Radiology. Licence: CC BY 4.0

The radiomics analysis involved several steps summarized in Figure 4.1. En
example of images with segmented ROIs, shown in Figure 4.2. The images
were preprocessed before extracting radiomics features to account for differ-
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Figure 4.1. Radiomics pipeline for paper IL. Figure from " Inclusion of tumor periphery
in radiomics analysis of magnetic resonance images does not improve predictions of
preoperative therapy response in patients with rectal cancer” Korsavidou Hult et al.,
Abdominal Radiology. Licence: CC BY 4.0
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ences in voxel intensities caused by varying image acquisition parameters and
MR systems.

The radiomics feature extraction was performed separately for each pair of
segmentation and image. Feature extraction and selection were applied inde-
pendently during the prediction of three different outcomes. After redundant
features were removed, machine learning models such as random forest and
logistic regression (with L1-regularization) were trained on the selected fea-
tures for outcome prediction. Feature selection and machine learning-based
outcome prediction were applied independently during the prediction of pCR,
NAR score, and recurrence. The machine learning model was evaluated using
4-fold cross-validation.

Figure 4.2. Example of rectal tumor segmentations. Segmentations on axial T2-
weighted images (T2w) with a freehand region of interest (ROI). The central (cROI)
segmentation includes the tumor bulk excluding the outermost margin and the small
extension in the mesorectal compart- ment, whereas the whole (wWROI) segmentation
includes tumor bulk and the periphery of the tumor as well as its extensions in the
mesorectal compartment. a. T2-weighted images, b. diffusion weighted image (DWI)
at the same anatomical position as the T2w, c. T2-weighted images with ROI of cen-
tral part of tumor (cROI) with segmentation considering the diffusion information,
d. T2-weighted images (WROI) including the tumor periphery. Figure from ”Inclu-
sion of tumor periphery in radiomics analysis of magnetic resonance images does not
improve predictions of preoperative therapy response in patients with rectal cancer”
Korsavidou Hult et al., Abdominal Radiology. Licence: CC BY 4.0
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Paper 111

The patient cohort with histologically confirmed esophageal or gastroe-
sophageal junction (GEJ) cancers, which was enrolled in study I, was also
used in study III. Examples of two patients with a esophageal tumor and a
FDG-avid lymph node can be seen in Figure 4.3.

The esophagus dedicated list-mode PET/MRI scan lasted 6-min. External
hardware gating was performed using an MRI-compatible respiratory bellows
device from the same vendor.

The acquired data was divided into two static frames, corresponding to the
first and last three minutes of the six-minute acquisition period. In addition,
a QPRG data set including 50% of the 6 min data (Q. Static, GE Healthcare),
was stored based on external gating triggers. The three raw data files were
reconstructed using the TOF-OSEM algorithm with resolution recovery, 2 it-
erations, 28 subsets, and a 3 mm post filter (our standard clinical reconstruc-
tion method), and using BSREM with penalization factors 8 50, 100, 150, and
300.

Iso-contoured volumes of interest (ROI) were annotated [136] on the tu-
mors using a 41% SUVmax threshold, both on images based on data from the
first and the last 3 min static acquisition period, as well as on the images based
on data from the 6 min QPR gating. Tumor volumes, tumor SUVmax values,
SD (standard deviation) of SUVmax, SUVmean values, signal-to-noise ratio
(SNR) and background noise levels in the liver were quantified using the GE
Workstation, (SIGNA, GE Healthcare). Background noise was estimated as
SD divided by the SUVmean value in an approximately 3 cm diameter ref-
erence spherical volume of interest (VOI) in the liver. SNR was estimated
as the SUVmean value in the tumor divided by the SD value acquired by the
reference VOI in the liver.

50



Tumor

TOF-OSEM

g¥

Volume: 3.34 cm?
SUVmax: 22.11g/ml

TOF-OSEM-QPR

i

Volume: 2.23 cm?
SUVmax: 26.71 g/ml

BSREM 8 50

Volume: 2.85 cm?
SUVmax: 27.38 g/ml

BSREM-QPR (8 50

o

Volume: 1.95 cm?
SUVmax: 31.94 g/ml

BSREM 3 100

; s
Volume: 3.23 cm?
SUVmax: 23.92 g/ml

BSREM-QPR f8 100

o

Volume: 2.06 em?
SUVmax: 29.91 g/ml

BSREM f3 150

Volume: 3.42 em?
SUVmax: 22.64 g/ml

BSREM-QPR f§ 150

&' o
Volume: 2.28 cm?
SUVmax: 27.97 g/ml

BSREM /3 300

o

Volume: 4.05 cm?
SUVmax: 19.99 g/ml

BSREM-QPR f 300
o
L]

Volume: 2.85 em?
SUVmax: 23.17 g/ml

Lymph node
TOF-OSEM
3y “I'-"

Volume: 3.2 em?
SUVmax: 13.32 g/ml

TOF-OSEM-QPR

I' Y
7

Volume: 2.06 cm?
SUVmax: 16.93 g/ml

BSREM £ 50

Volume: l,1§ cm?
SUVmax: 24.78 g/ml

BSREM-QPR f 50

Volume: 0.43 em?
SUVmax: 33.24 g/ml

BSREM £ 100

Volume: 2.55 cm?
SUVmax: 19.94 g/ml

BSREM-QPR (3 100

Volume: 0.46 em?
SUVmax: 29.32 g/ml

BSREM S 150

@,

Volume: 3.34 cm?
SUVmax: 17.37 g/ml

BSREM-QPR fi 150
iy ‘;' ¥

o

il

Volume: 0.53 cm?

SUVmax: 25.88 g/ml

BSREM f 300

{ F";"
g

Volume: 3.94 cm?
SUVmax: 12.29 g/ml

BSREM-QPR /3 300

v,
P
/
¥

%
ol
&g
Volume: 1.71 em’
SUVmax: 17.69 g/ml
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Paper IV

Patients underwent contrast-enhanced computed tomography (CECT) of
the thorax and abdomen as part of routine clinical care revealing suspicion
of colon malignancy. These images were then reviewed and discussed at the
department’s weekly multidisciplinary conference, which included a radiol-
ogist, surgeons, and oncologists. All patients with biopsy-proven CC were
presented at the conference and asked to participate in the study afterward.
Patients with contraindications for MRI were excluded. All patients provided
written informed consent before participation. Approximately 5 to 10 days
after the conference, the patients underwent a whole-body PET/MRI.

CECT was performed according to the department’s standard clinical imag-
ing protocol. PET/MRI image acquisition started approximately 1 hour af-
ter an intravenous injection of FDG (mean injected activity 167 MBq). The
whole-body PET examination consisted of a static acquisition of 5-6 bed posi-
tions (3 min per bed) with coverage from head to mid-thigh. A supplementary
PET acquisition, explicitly targeting the tumor region, was also performed
(one bed of 6min). The MRI protocol consisted of the T1- and T2 weighted
images focused on the tumor region. A diagnostic MRI of the liver was also
conducted before and after administration of hepatobiliary contrast media.
T1-weighted DIXON images from the vendor-provided MR-based attenua-
tion correction (MRAC) sequence were used for the attenuation correction of
the PET images.

The 7th tumor-node-metastasis (TNM) edition of the American Joint Com-
mittee on Cancer (AJCC) was used for assessing tumors on clinical CECT
[81] and clinical PET/MRI, as it was the most recent edition at the time of
assessment. The radiologists responsible for the clinical analysis were aware
of the diagnosis and had access to both the CECT and PET/MRI images.

The 8th edition was used for the assessments on PET/MRI by the three
reviewers in the inter-reader analysis, since these assessments were conducted
at a later time, after the introduction of the 8th edition [137].

For the initial part of the clinical analysis, the T stage on CECT and
PET/MRI was evaluated across all reconstructions (axial, coronal, and sagit-
tal). On the same images, the assessment of the N stage was based on the
size of lymph nodes suspected of harboring metastases (i.e., short axis >10
mm or <10 mm but with indistinct borders and internal heterogeneity in con-
trast media enhancement compared to other non-regional lymph nodes). On
PET/MRI, the T stage was evaluated using the T2w images (with 1.8 mm
and 4 mm slice thickness). The N stage was assessed through a combined
evaluation of T2w images and FDG accumulation above background tissue
activity, regardless of lesion size. Suspicion of lymph node metastasis was
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based on previous studies on rectal cancer and nodal staging, considering
shape (round or oval), border (distinct or indistinct), and internal signal het-
erogeneity [138, 139, 140, 141, 142]. The M stage was evaluated based on
all available MR and PET images, identifying focal FDG accumulation above
background tissue activity, with or without anatomical correlation on MRI. For
patients without biopsy-confirmed metastases, medical records and follow-up
studies served as the reference standard. In these cases, an increase in lesion
size was considered indicative of metastasis (e.g., lung nodules).

Clinical impact of PET/MRI

Clinical impact was defined as any change in treatment plan prompted by
additional information gained from ¢cTNM pg7 ;. Treatment modifications
were made at the attending clinicians’ discretion and could include starting
neoadjuvant chemotherapy or adopting other therapeutic options, such as liver
resection for metastases or radiotherapy for skeletal involvement.
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5. Statistical analysis

All papers presented descriptive statistics. A p-value of < 0.05 was regarded
as statistically significant in each study.

In Paper I, correlation analyses were performed between PET/CT and
PET/MRI. Spearman’s or Pearson’s correlation coefficients were used for con-
tinuous variables. The measured tumor characteristics were analyzed using
either the paired Student’s t-test or the Wilcoxon signed-rank test. Inter-
rater agreement of clinical TNM staging was analyzed using weighted and
unweighted Cohen’s Kappa, as well as percentages of exact agreement.

Interpretation of Cohen’s Kappa was conducted in accordance with a pre-
vious publication [143] (< 0.00 = poor agreement, 0.00 — 0.20 = slight agree-
ment, 0.21 — 0.40 = fair agreement, 0.41 — 0.60 = moderate agreement, 0.61 —
0.80 = substantial agreement, 0.81 — 1.00 = almost perfect agreement).

Statistical analysis were performed with the R statistical software package
STATA® version 14.2 (StataCorp, College Station, TX, USA)

In Paper II, receiver-operating characteristic (ROC) curve analyses were
performed, and the area under the curve (AUC) was calculated for all out-
comes. Results are presented as AUC (95% confidence interval, 95% CI),
with the 95% ClIs derived from 104 bootstrap samples of individual patients’
predictions. Fischer’s exact test was used to assess potential differences in
recurrence between the pCR and non-pCR groups, as well as between the
low/intermediate and high NAR groups. No correction for multiple compar-
isons was applied. Analyses were conducted in R version 4.2.3 with the pROC
package.

In Paper III, repeatability was assessed for the related metrics and defined
as the absolute mean difference between the two acquisition periods divided
by their average. The percentage of repeatability was calculated as 1 minus the
repeatability multiplied by 100. The differences in mean tumor volumes, mean
SUVmax, SNR values, and background noise levels in the liver were calcu-
lated by paired Student t-tests. The Pearson coefficient of determination, R,
was used to assess the agreement with simple linear regression analysis. The
mean difference (%) and Bland-Altman plots with bias and limits of agree-
ment between acquisitions were analyzed. Bonferroni correction for multiple
tests was not applied. All statistical analyses were performed using GraphPad
Prism, Version 9.
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In Paper IV, the exact agreement between clinical tumor stage (cT, T1-T4),
nodal stage (cN, O or 1), and metastasis stage (cM, 0 or 1) was compared across
PET/MRI, and CECT, and the pathological staging determined by histopathol-
ogy (HP). Pairwise comparisons for all three T,N and M assessments were per-
formed. For the T stage the Wilcoxon signed-rank test was applied to evaluate
systematic differences. For N and M stages, the McNemar test was used. The
inter-reader agreement for ordinal data was assessed with Cohen’s weighted
kappa, presented along with the standard error (SE) and the 95% confidence
interval (95% CI) of the kappa value. Interpretation of the weighted Cohen’s
Kappa was conducted as described in paper 1. No correction for multiple com-
parisons was performed.

Statistical analysis for the Cohen’s weighted kappa and Wilcoxon signed-
rank test was conducted using the online platform DATA tab [144] while the
McNemar test was performed on the online available calculator by Schramn
[145].
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6. Results

Paper I

No medical or procedure-related adverse events were observed during
PET/MRI or PET/CT. Three patients did not complete the full PET/MRI pro-
tocol due to fatigue but still underwent all relevant sequences, including PET,
allowing the correct comparison.

Paired t-test analysis revealed no significant differences between techniques
in tumor characterization or measurements. The strongest correlations were in
estimating tumor length, width, and the tumor’s relation to the tracheal bifur-
cation (correlation coefficients: 0.857, 0.913, and 0.902, respectively). The
weakest correlations were in estimating tumor wall thickness and the distance
to the gastric cardia (correlation coefficients: 0.640 and 0.675, respectively).
Scatterplots depicting correlation between PET/MRI and PET/CT are shown
in Figure 6.1.

There were no significant differences between techniques in describing tu-
mor characteristics and measurements when analyzed using the paired t-test.
The strongest correlations were in estimating tumor length, width, and the
tumor’s relation to the tracheal bifurcation (correlation coefficients: 0.857,
0.913, and 0.902, respectively). The weakest correlations were in estimating
tumor wall thickness and the distance to the gastric cardia (correlation co-
efficients: 0.640 and 0.675, respectively). PET/CT yielded higher absolute
estimates of tumor wall thickness (p <0.05).

PET/MRI detected a higher median number of positive lymph nodes, two
(0-5), compared to PET/CT, one (0-2) (median [IQR]; p=0.015, Wilcoxon
signed rank test). Correlation analysis of the number of detected positive
lymph nodes revealed a correlation of 0.911 (Spearman’s rho correlation).

PET/MRI yielded higher SUVmax values than PET/CT with the high-
est ' FDG uptake (16.5 [10.7-23.1] versus 12.8 [7.1-17.4], median [IQR],
p<0.001). Excellent correlation between the techniques was shown with a co-
efficient of 0.912.

The agreement in assessing clinical T stage between PET/MRI and PET/CT
was not high. Exact agreement was 56% with a unweighted kappa coefficient
of 0.222. PET/CT readings estimated a higher T stage than PET/MRI in six pa-
tients, while PET/MRI estimated a higher T stage in one (p=0.053, Wilcoxon
signed-rank test). The modalities showed higher agreement levels on the as-
sessments of N stage and M stage, surpassing those of T stage assessments. In
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this comparison, the exact agreements were 88% and 94% for N stage and M
stage, respectively.
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Figure 6.1. Scatterplots depicting correlation between PET/MRI and PET/CT with
best t lines and 95% confidence interval (CI) of best t lines from 16 patients under-
going staging for oesophageal and GEJ cancers. Figure from “'8FDG-PET/MRI in
preoperative staging of oesophageal and gastroesophageal junctional cancer” Linder
et al., Clinical Radiology. Licence: CC BY 4.0
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Paper 11

Pathologic complete response (pCR)

PCR was achieved in 17 (16%) of the 106 patients. The highest AUC (0.76)
was achieved with the segmentation-image combination (CROI+T2w+DWI),
and the lowest AUC (0.62) was achieved with the reference method
wROI+T2w. None of the AUCs from the segmentation-image combinations
were statistically significantly different from each other (p>0.138), Figure 6.2
and 6.5.
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Figure 6.2. The calculated areas under the curves (AUCs) for the prediction of out-
come pathological complete response (pCR). Figure from ”Inclusion of tumor periph-
ery in radiomics analysis of magnetic resonance images does not improve predictions
of preoperative therapy response in patients with rectal cancer” Korsavidou Hult et
al., Abdominal Radiology. Licence: CC BY 4.0
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Prediction of the NAR score

Twenty two (21%) of 106 patients were categorized into the low NAR score
group, 49 (46%) into the intermediate NAR score group and 35 (33%) into the
high NAR score group. The highest AUC (0.84) was achieved with cROI
+T2w+DWI, while the lowest AUC (0.66) was observed with the reference
method wROI +T2w, Figure 6.3. Additionally, the combined approach of
cROI +T2w+DWI demonstrated statistically significant advantages over the
other techniques, although the improvement over cROI +T2w was only bor-
derline (p=0.053), Fig 6.5.
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Figure 6.3. The calculated areas under the curves (AUCs) for the prediction of out-
come neoajuvant rectal score (NAR). Figure from "Inclusion of tumor periphery in
radiomics analysis of magnetic resonance images does not improve predictions of
preoperative therapy response in patients with rectal cancer” Korsavidou Hult et al.,
Abdominal Radiology. Licence: CC BY 4.0
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Reccurence

The disease recurred in 29 (27%) of 106 patients. No significant differ-
ence was observed between patients in the non-pCR group (27/89, 30%) and
those in the pCR group (2/17, 12%) (p=0.154). In the NAR high group, re-
currence was shown in a larger amount of patients (16/35 patients, 46%) than
in the NAR low/intermediate group (13/71 patients, 18%) (p=0.005). AUC
calculated from the cROI+T2w+DWI segmentation was highest and the AUC
calculated from the reference method was the lowest (0.69), shown in Fig 6.4.
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Figure 6.4. The calculated areas under the curves (AUCs) for the prediction of out-
come recurrence. Figure from ”Inclusion of tumor periphery in radiomics analysis of
magnetic resonance images does not improve predictions of preoperative therapy re-
sponse in patients with rectal cancer” Korsavidou Hult et al., Abdominal Radiology.
Licence: CC BY 4.0
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Figure 6.5. Comparisons between area under the curve (AUC) values for outcome pre-
diction of pathologic complete response (pCR), the neoadjuvant rectal (NAR) score
and disease recurrence, which are based on different combinations of segmentations
(WROI and cROI) and MR images (T2w+DWI). Figure from ”Inclusion of tumor pe-
riphery in radiomics analysis of magnetic resonance images does not improve pre-
dictions of preoperative therapy response in patients with rectal cancer” Korsavidou
Hult et al., Abdominal Radiology. Licence: CC BY 4.0

Furthermore, the combined approach of cROI+T2w+DWI showed statisti-
cally significant benefits over the other methods, although the advantage over
cROI+T2w was only borderline (p= 0.053), Fig 6.5. Error bars represent 95%
confidence intervals (95% Cls). Values on bars indicate the calculated AUC
values.
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Paper 111

The performance of different reconstruction methods was assessed, with
significant differences found in tumor volumes between the TOF-OSEM and
BSREM with penalization factors f 50, 100, and 300. Similar differences
were found for for SUVmax values but for 8 factors 50, 150, and 300. Con-
sidering SNR levels and background noise levels in the liver, significant dif-
ferences were found in all penalization factors 3, as shown in Figure 6.6.

Considering repeatability, the analysis of all metrics did not reveal any sig-
nificant differences between the two acquisition periods for any of the recon-
struction methods. For the tumor volumes, the mean percentage difference
was approximately 4% between the acquisition periods for TOF-OSEM. For
the BSREM reconstructions, the highest mean percentage difference was seen
for B 50, which was nearly 14%. The repeatability coefficients for all metrics
ranged from 91% to 100%,
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Figure 6.6. Comparison of TOF-OSEM with BSREM and different penalization fac-
tors 3 during the first acquisition period regarding A. mean tumor volume, B. mean
tumor SUVmax values, C. background noise levels and D. SNR. All data are normal-
ized to data reconstructed with TOF-OSEM. The whiskers of the box plot range from
minimum to maximum. * Statistically significant difference, p < 0.05, ** Statisti-
cally significant difference, p < 0.001 TOF-OSEM: time-of-flight - standard ordered-
subsets expectation maximization, BSREM: block-sequential regularized expectation
maximization, QPRG: quiescent phase gating, SUV: standardized uptake value, SNR:
Signal-to-noise ratio

63



TOF-OSEM reconstructed images without gating were compared to
BSREM reconstructed images using QPR gating. All measured metrics dif-
fered significantly except for penalization factor B 100, where there was no
significant difference in tumor volume, SUVmax, or SNR, shown in Figure
6.7. When TOF-OSEM without and with QPR gating were compared, sig-
nificant differences were observed for all metrics except for SNR, shown in
Figure 6.8. Comparing BSREM reconstructions from the first 3 min static ac-
quisition period to the whole 6 min acquisition period using QPR gating for
the different B penalization factors, no significant differences were found for
tumor volumes, but the tumor volumes decreased on average by approximately
30% when using QPR gating. A significant increase was observed in SUVmax
values between the initial 3-min static acquisition and the 6-min QPR-gated
acquisition for all 8 factors. The highest increase in SUVmax value was 11%,
for penalization factor B 100. Background noise levels was also increased
significantly for all B factors. The highest increase was approximately 13%.
SNR was found not to be affected by gating, Figure 6.8.

64



11];:
]

2
2
L

Tumour Volumes (cm?)
P
1
|
I+
SUVmax (gr/ml)
- [N
I 1
:l .
HE——
H—
H—
|.|,_|

0.0 I I I I I I -1 I 1 I I ] I
é’}!\ & Q@Q\&Q@Q@Q é”*ch. & Q\@q@.&@
O TR O R
F O & & & F LSS
SR YNNG RPN AN
S FLLL SFEL L L
V&P VF X
*k
* I * 1
T l I
2.0+ *k 4-
Ev— T ]
** —

SNR
I
| :I
HIH
HIZH
HICH |
Noise
HI—
HEl
HIH

0.0 ———7F—T—T—T 0 —T—T—T—T— T
& S ® M & H P M
FF R SACFUR
F SIS L FE FSLE

O a0 & & PG S

KL L S F LS
06‘9456‘9 06"9@0‘9

Figure 6.7. Comparison of TOF-OSEM from the first acquisition period to BSREM-
QPR and different penalization factors B regarding a. mean tumor volume values,
b. mean tumor SUVmax values, c. SNR and d. background noise levels. All data
are normalized to data reconstructed with TOF-OSEM. The whiskers of the box plot
range from minimum to maximum. * Statistically significant difference, p < 0.05
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Figure 6.8. Mean tumor volume, mean SUVmax, SNR and noise data from im-
ages reconstructed with different reconstruction methods using BSREM acquisition
vs QPR gated acquisition. The whiskers of the box plot range from minimum to
maximum. The blue dot on tumor volume graph represents an outlier. * Statisti-
cally significant difference, p < 0.05 TOF-OSEM: time-of-flight - standard ordered-
subsets expectation maximization, BSREM: block-sequential regularized expectation
maximization, QPRG: quiescent phase gating, SUV: standardized uptake value, SNR:

Signal-to-noise, Tumor volume (cm)3, SUVmax (g/ml), SNR (SD/SUVmean), noise
(SUVmean/ SD)
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PAPER IV

Comparison of T stage between CECT and HP

Exact agreement was shown in 11 of 30 patients (37%). Cohen’s weighted
kappa was 0.15, interpreted as slight agreement. The CECT understaged 13
patients (43%), while 6 patients (20%) were overstaged compared with HP.
No systematic difference was though observed (p=0.172).

Comparison of N stage between CECT and HP

Exact agreement was shown in 14 of 30 patients (47%). The calculated
Cohen’s weighted kappa value was 0.00, interpreted as no agreement. Four
patients (13%) were understaged and 12 patients (40%) were overstaged by
CECT. No systematic difference was though observed (p=0.08).

Comparison of T stage between PET/MRI and HP

Exact agreement in 15 of 30 patients (50%). Cohen’s weighted kappa was
0.14, interpreted as slight agreement. PET/MRI understaged 10 of 30 patients
(33%). Overstaging was reported in 5 of 30 patients (17%). No systematic
difference was though observed (p=0.590).

Comparison of N stage between PET/MRI and HP

Exact agreement was shown in 12 of 30 patients (40%). The calculated Co-
hen’s weighted kappa value was -0.2 (95% CI, -0.55 to 0.15). Seven patients
(23%) were understaged, and 11 of 30 patients (37%) were overstaged. No
systematic difference was though observed (p=0.479).

Comparison of M stage between CECT and PET/MRI

Exact agreement was found in 31 of 41 patients (76%). The calculated
Cohen’s kappa was 0.35, interpreted as fair agreement. Twenty-four patients
(59%) presented with no distant metastases in both imaging modalities. In 7 of
41 patients (17%), PET/MRI could not verify the suspicion raised by CECT.
Figure 6.9 shows a patient with a ascending colon cancer and a suspiciously
large lymph node on CECT (not shown). The lymph node did not exhibit high
metabolism as indicated by the lack of high FDG uptake on the fused image
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or internal signal inhomogeneities suggestive of metastasis. No systematic
difference was though observed (p=0.113).

Figure 6.9. Patient with a suspiciously large lymph node on CECT (not shown), (red
arrow) on a T2-weighted (T2w) image (a) and a T2w image fused with an SUVmax
PET image (b). The lymph node did not exhibit high metabolism as indicated by
the lack of high FDG uptake on the fused image or internal signal inhomogeneities
suggestive of metastasis. The HP was negative for lymph node metastasis. SUVmax:
Maximum Standard uptake value

Clinical impact of PET/MRI

Adding whole-body PET/MRI to the routine clinical CECT of the thorax
and abdomen had a clinical impact in the form of a changes in treatment strat-
egy, on 7 patients (17%) with colon cancer due to revised metastatic status.

Inter-reader analysis

The largest discrepancies were obtained between reviewers with larger dif-
ferences in clinical experience. Between the reviewers with the longest and
shortest experience the most significant discrepancy was seen in the assess-
ment of the T stage, with an absolute agreement of only 43% compared to
agreements for N and M (60% and 73%, respectively).
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7. Discussion

The principal aim of this thesis was to evaluate the use of '3 FDG-PET/MRI in
staging of esophageal and colon cancer as well as the use of radiomics in the
prediction of preoperative therapy response in patients with rectal cancer.

In paper I, the use of '¥FDG-PET/MRI in staging of EC was assessed, com-
pared to '8FDG-PET/CT. The correlations between the modalities on tumor
measurements, detection of positive lymph nodes and SUVmax were also con-
sidered as a quality control for the newly presented modality. The PET-MRI
examination in patients with EC was deemed feasible without any medical- or
procedure-related adverse events. It should be noted, however, that the long
protocol may cause fatigue in some patients, potentially preventing them from
completing the examination and thereby compromising image quality.

The modalities showed a good correlation regarding tumor measurements,
detection of positive lymph nodes, and SUVmax values. In T-staging, only
fair inter-rater agreement was achieved. This is somehow expected as the dis-
crepancies between CT and MRI have been previously discussed [51, 146].
The tumor walls appeared thicker with PET/CT compared to PET/MRI, high-
lighting the latter’s superiority in delineating anatomical structures compared
with CT. In N-staging, it was shown that the modalities had both substantial
agreement and inter-rater reliability. However, it is still challenging to reach a
consensus on which MRI characteristics can be attributed to metastatic lymph
nodes in EC, although recommendations have been discussed for CT exami-
nations. The size threshold for metastatic lymph nodes may vary depending
on their location within the mediastinum, as discussed by Old et al. [147].
These criteria are more challenging to apply in cases of early-diagnosed EC.
However, incorporating the PET component into the nodal assessment, might
enhance the ability to characterize lesions more accurately. The methods were
equivalent in the detection of metastatic disease.

In paper II, evaluation of the advantages of including versus excluding the
tumor periphery of rectal cancers was made, combining DWI and T2w imag-
ing, for outcome predictions of preoperative chemoradiotherapy. Our hypoth-
esis that the outermost part of the rectal tumor and its heterogeneity could pro-
vide information that could play a role in prediction models through radiomics,
was not confirmed for all the outcomes. The prediction of pCR and disease
recurrence was not affected by the segmentation strategy or by the MR image
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combinations. The prediction of NAR score, this short-term surrogate marker
for preoperative treatment efficacy, was shown to be slightly affected by the
segmentation strategy. The information incorporated in the tumor infiltration
zone did not contribute to the prediction of our outcomes maybe because of
challenges arising from the manual delineation of the ROIs. Another theory
could be that partial volume effects are more severe in tumors that present with
more aggressive patterns. It is though challenging to differentiate radiologi-
cally if these aggressive macroscopic patterns can be associated with excessive
Iymphocytic infiltration, which favors higher survival rates. This may explain
why the DWI combination strategy failed to increase the model’s predictive
value, as it propably could not differentiate between inflammation and tumor
growth. Pizzi et al. [148] suggested that tumor periphery and the combina-
tion with information from mesorectum was less important for the pCR pre-
diction. When evaluating segmentation strategies and NAR score, Shaish et
al. suggested that information from the mesorectum was less important than
the tumor [149]. For prediction of disease recurrence with radiomics, stud-
ies discussing different segmentation strategies are lacking. Well-established
prognostic factors for disease recurrence, such as lymph node status and ex-
tramural venous invasion —both located in the mesorectum— might be more
significant than factors in other parts of the tumor.

In paper III, the influence of different reconstruction alternatives on quan-
titative '8F-FDG uptake metrics and background noise levels in esophageal tu-
mors was studied, using a PET/MRI system. The quantitative metrics showed
excellent repeatability across the two static TOF-OSEM aquisitions. When
comparing the TOF-OSEM and the BSREM reconstructions however, statisti-
cally significant differences were observed in all metrics. The use of BSREM
influences the mean tumor volumes in almost all penalization factors by in-
creasing the volume as the penalization factor increases. This is explained by
the increased smoothing produced by the increasing penalization factor. This
smoothing corresponds to somewhat blurred tumor edges which means that
there is “’spilling” of the uptake in the surrounding tissues. Since tumor de-
lineation relies on SUV-based images, blurred tumor edges tend to inflate the
measured volume. Linstrom et al. showed an increased tumor SUVmax and
an improved SNR when TOF-OSEM were compared with BSREM in '8F-
FDG PET/CT images [150]. When aggressive smoothing occurs in BSREM
images (high B factors), the high SUVmax values are suppressed along with
background noise, leading to true signal peaks being diminished as well. This
results in decreased SUVmax values at high penalization factors 8 [151].

The application of the QPR gating on TOF-OSEM and BRSEM images in-
fluenced tumor volumes, SUVmax values and image noise levels, while the
SNR was not affected. The reduction of motion blurring leads to a decrease
in tumor volumes by sharpening lesion boundaries and improving tumor lo-
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calization, compared to non-gated images, where respiratory motion causes
lesions to appear blurred and larger. This effect is especially pronounced
for small lesions, where motion can cause significant volume overestimation
[152]. Regarding SNR in TOF-OSEM, QPR gating decreases background
noise and enhancing lesion conspicuity, but the algorithm’s inherent noise
control is limited by early stopping and post-filtering. BSREM optimizes the
noise-resolution trade-off by using the penalization factor, resulting in higher
SNR and more accurate quantification [153].

Understanding how different reconstruction methods influence PET im-
ages is essential for qualitative evaluation and maintaining high image quality,
which in turn supports accurate lesion detection and characterization. This is
important especially in small lesions as lung nodules or lymph nodes, which
in the case of EC are subjected to respiratory morion [154, 155]. Evaluating
the BSREM reconstruction algorithm in PET/MRI is essential in comparing
quantitative metrics between PET/CT and PET/MRI, particularly in treatment
response assessment. Since these algorithms seem to influence quantitative
PET metrics in PET/MRI in a manner comparable to PET/CT, such compar-
isons are justified.

In paper IV, the use of whole-body PET/MRI was evaluated relative to
the standard thoraco-abdominal CECT in patients with colon cancer. Addi-
tionally, inter reader analysis was performed to measure how consistent the
different readers are when interpreting the same image. In our cohort, the
treatment strategy was modified after the initial clinical assessment performed
with CECT and presented during a multidisciplinary conference, in 17% of the
patients. This was due to revised M stages. Similar rates of treatment strat-
egy changes have been reported in previous studies that compared CECT and
PET/MRI. Lo et. al, in a systematic review, highlighted the change of treat-
ment strategy in 21% of the patients from 22 studies with colorectal cancer
[156], while Amorin et al., showed that the clinical management was changed
at an even higher proportion (35.7%) in patients with already treated colorec-
tal cancer [157]. Regarding the detection of metastasis from colorectal cancer,
PET/MRI has shown its superiority in the primary cite of metastasis, the liver.
The MRI component of the modality has shown its superiority towards CECT
in multiple studies, as even for lesions smaller than 1 cm [111, 112, 113]. In
this study, 7 of 41 patients were cleared of suspected metastases and as a result
down-staged following PET/MRI. Two patients were upstaged as metastases
were found in PET/MRI, not shown in CECT and one patient with a non-
specific lung nodule was upstaged due to the avidity of the nodule on PET.
The MRI component of the modality not only detected metastases that would
have been missed with the routinely used CECT but also succeeded to charac-
terize equivocal lesions in the liver, adrenal glands and a peritoneal lesion.
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Regarding the assessment of the T stage, PET/MRI was shown to be more
effective than CECT in this study compared to HP, but it did not achieve the
high correlations reported by previous studies for staging rectal cancer with
MRI [158, 159, 160]. This could be due to motion artifacts caused by the
colon in our primary 3D-T2w sequence, the artifacts generated by the air in-
side the colon, and the overall motion from the mesentery. The discrepancies
were obvious both when staging was made by radiologists with long or short
experience. One might argue that, for these reasons, the modality should not
be used for local staging of colon cancer.

Regarding the methods’ strength in assessing lymph node status in this co-
hort, it is evident that the low agreement both with HP and among the readers
indicates that lymph node staging was difficult in a multimodal setting, such
as when using MRI and PET. The fact that none of the readers were special-
ized in nuclear medicine suggests that this type of assessment should be done
through collaboration between radiologists and nuclear medicine specialists.

In conclusion, the modality combines the molecular sensitivity of PET with
the superior soft-tissue contrast of MRI. To maximize the performance of both
components of the modality, standardized protocols should be tailored to spe-
cific anatomical regions, considering potential artifacts and the reader’s exper-
tise in each component.
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8. Conclusions and future perspectives

In paper I, preoperative staging with '8F-FDG-PET/MRI is safe and promis-
ing with the potential to enhance tissue resolution in the area of interest. '8F-
FDG-PET/MRI and '3F-FDG-PET/CT correlated well for most of the mea-
sured values and discrepancies were seen mainly in the assessment of the T-
stage.

In paper II, inclusion of the tumor periphery in radiomic analysis of magnetic
resonance images does not improve predictions of the preoperative therapy re-
sponse in patients with rectal cancer. Excluding tumor periphery while adding
DWI to T2w improves prediction of the NAR score, although it does not affect
PCR or recurrence prediction.

In paper III, in staging of esophageal cancer, both TOF-OSEM and BSREM
reconstruction methods demonstrated stable and repeatable quantitative met-
rics across two static acquisitions. The addition of QPR gating influenced
SUVmax and noise levels, while having less of an effect on tumor volume and
SNR.

In paper IV, The addition of FDG-PET/MRI to CECT altered the treatment
strategy in 17% of patients due to revised cM stages. Compared to CECT,
cT staging with PET/MRI matched HP in more individuals, although no sta-
tistically significant difference was obtained between the modalities. Exact
agreements between imaging-derived staging and HP barely reached 50%.
Significant discrepancies but no systematic bias were observed in PET/MRI
assessments between reviewers with different levels of experience.

PET/MRI is increasingly recognized for its ability to provide simultaneous
high-resolution anatomical, functional, and molecular data, which is partic-
ularly valuable in oncology. In esophageal and colon cancer interest should
center on the modalities potential to further improve diagnosis, staging, and
management by leveraging the strengths of both anatomical and functional
data. Standardized, shorter protocols that should facilitate higher anatomical
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delineation which could better characterize local extensions and lymph node
involvement. Optimization of the 3 penalization factors for clinical use in dif-
ferent cancer types could be a future project. This could be protocol-driven,
lesion- and radiotracer-specific, and harmonized for radiomics applications.
Challenges like improving attenuation correction, workflow, and acquisition
protocols still exist, but continuous research and innovation are expected to
broaden the clinical use and influence of PET/MRI across various specialties.

In radiomics the need for standardization in every step of the computational
path could lead to stronger reproducible results which could be generalized.
Harmonization of imaging protocols, ensuring radiomic features are repro-
ducible across different platforms and institutions, and the necessity of large,
diverse, and well-annotated datasets for effective model training and valida-
tion. Progress in artificial intelligence, particularly deep learning, is expected
to improve feature extraction, automate segmentation, and enhance the inter-
pretability and robustness of radiomic models. Combining radiomics with
other data types—Ilike genomics, pathology, and clinical information (multi-
omics)—is also likely to create more comprehensive and personalized predic-
tive models.
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