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CHAPTER 1

GENERAL INTRODUCTION, AIM AND
OUTLINE OF THE THESIS

Cross-sectional medical imaging is an integral part of the staging process for virtually all
abdominal malignancies and plays a crucial role in disease management and treatment
decision making of oncologic patients. In many tumour types, computed tomography
(CT) is used as a first line staging modality, since it is relatively widely accessible and
allows fast acquisition of a large field of view. On account of its superior soft-tissue
contrast, magnetic resonance imaging (MRI) is mainly used for detailed local tumour
staging, for example in pelvic malignancies such as rectal, anal and gynaecological
cancers. Recent advances in MRI technology, including the introduction of diffusion-
weighted imaging (DWI) for improved lesion detection '* and use of liver-specific
(hepatobiliary) contrast agents for detection and characterization of even very small
liver lesions,* have further contributed to the diagnostic value of MRI. Positron Emission
Tomography (PET), most commonly acquired using fluorodeoxyglucose (FDG) as
a tracer and combined with a CT-scan for anatomical correlation and attenutation
correction (FDG-PET/CT), can complement staging in several ways. FDG-PET/CT is a
form of functional medical imaging based on the accumulation of a labelled glucose
analogue within metabolically hyper-active tissues such as malignant tumour. The main
strong suits of PET/CT are its high sensitivity and lesion-to-background ratio to detect
lesions, combined with a large (whole body) coverage. Because of these advantages,
PET/CT has acquired a place in the routine staging workup of several primary
abdominal cancer types, including anal and gynaecological cancers, primarily aimed
at the detection of lymph node and distant metastasis.>®In other tumour types, PET/
CT is employed as a problem solver in specific situations, for example for detection of
recurrent or extrahepatic disease in patients with colorectal cancer.’

To date, oncological imaging is increasingly becoming a multimodality approach,
where different cross-sectional imaging techniques — and their respective strengths
— are combined in one diagnostic workup to offer a more comprehensive diagnostic
evaluation of the patient. Within the spectrum of multimodality imaging, a special
role is reserved for hybrid acquisition techniques that combine different imaging
modalities within one examination performed on a single machine. Hybrid PET/CT,
which combines PET with either a non-enhanced (low dose) or fully diagnostic contrast-
enhanced CT, was first introduced in clinics in 2001 and is now part of the standard array
of clinically available imaging techniques in many developed countries. More recently,

hybrid PET/MRI machines were introduced, and have become available for clinical
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use in 2011. Since then, many reports have been published on the first experiences
with this new modality, for staging as well as for more experimental applications such
as (semi-)quantitative analysis and prognostic modelling. In contrast to PET/CT, to
date hybrid PET/MRI remains mostly employed within the research domain, and its
potential advantages for daily clinical practice have not yet been fully crystallized.

Multimodality imaging in clinical practice

In various clinical guidelines, multimodality combinations of different imaging tech-
niques are now routinely advised for the diagnostic workup of oncology patients.>¢#10
In common clinical practice, CT and MRI examinations are typically acquired at the
Radiology department and reported by radiologists, while PET (or PET/CT) imaging is
within the domain of Nuclear Medicine. In case of hybrid PET/CT acquisition — especially
when PET is combined with a fully diagnostic contrast-enhanced CT - integrated
reporting by a team consisting of a radiologist and nuclear medicine physician has
become customary for an increasing number of centers worldwide. In some practices,
integrated reporting is even done by dedicated “hybrid” diagnosticians experienced
in both radiological and nuclear imaging. In the Netherlands, the radiology and
nuclear medicine residency training programs have been fused into one curriculum as
of 2015, which is currently rendering the first officially certified ‘nuclear radiologists'.
These developments will likely boost integrated assessment and reporting of
multimodality imaging by dually-trained specialists and may eventually lead to the
further integration of Radiology and Nuclear Medicine. Integrated reporting can have
several benefits, such as improved consistency in reporting, avoidance of discrepant
findings and provide a single comprehensive oncologic staging report to serve as a
solid basis for multidisciplinary team discussions. For the multimodality combination
of PET(/CT) and MRI, integrated diagnostic assessment and reporting is much less
common practice, which is probably largely related to the limited clinical availability
of hybrid PET/MRI systems at this time. Though evidence is limited, in research
settings it has been suggested that integrated assessment of PET(/CT) combined
with MRI — even when acquired separately — can result in improved early detection
of locally recurrent cervical cancer after curative-intent chemoradiotherapy'" and
improved assessment of tumour stage and residual pelvic lymph node metastases
after preoperative chemoradiotherapy in rectal cancer.'>'* Also, there have been some
reports demonstrating that in patients with metastatic disease who are considered
for curative (local) treatment, combined use of PET/CT and MRI can impact treatment
planning by improving the overall detection of disease localisations.'® In daily clinical

practice PET and MRI examinations are rarely reported together. As part of this thesis,
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CHAPTER 1

we therefore investigated the potential impact of integrated assessment and reporting
of PET/CT and MRl in a clinical setting, focusing on patients presenting with abdominal

malignancies.

Quantitative multimodality imaging and imaging biomarkers

In addition to visual (qualitative) interpretation of medical imging, there has in recent
years been a growing interest in more quantitative approaches to image assessment.
Some of the more basic and widely used examples of quantitative imaging evaluation
include tumour size or volume measurements that can be derived directly from images
using simple annotation tools. In addition, the distribution of greyscale values within an
image can be used to calculate parameters reflecting the underlying tissue architecture
and heterogeneity, a process called image “texture analysis”. Finally, functional imaging
techniques including PET, DWI, and dynamic contrast enhanced imaging can render
various (semi-)quantitative parameters describing biological properties like cellularity,
metabolism, perfusion or receptor expression levels of a tissue or tumour. These size,
texture and functional parameters may serve as 'imaging biomarkers’ that can be linked to
other tumour properties (e.g. histology, immunohistochemistry) or used to predict clinical
outcomes such as treatment response or survival. A number of studies have indicated
a potential prognostic value for imaging biomarkers derived from PET/CT or MRI in
different abdominal tumour types, for example to predict treatment response in cervical
cancer, and survival in esophageal or anal cancer.'”?® Evidence on the value of combining
imaging biomarkers derived from different imaging techniques in a multimodality study
setting is, however, limited to a few reports.??” For example, a combination of DWI and
PET parameters acquired during and after neo-adjuvant chemoradiotherapy, together
with histology, has been found to be predictive for complete pathological response in
esophageal cancer.? In cervical cancer, it has been suggested that locoregional control
after definitive chemoradiotherapy may be predicted by a combination of texture
parameters derived from PET and MRI.? For patients with rectal cancer, a small study
showed potential for the combination of pre-therapy PET and MRI derived parameters as
predictors of response to neoadjuvant treatment.? Little is known about how parameters
from PET and MRI should best be combined with other types of parameters, such as
clinical disease stage, laboratory findings and histopathology, to build the best possible
clinical prediction models. This is an interesting research field for further exploration, as
it may be expected that combining the information from different imaging techniques
and clinical modalities will render more valuable information than any single modality on
its own. Hence, the second part of this thesis focuses on exploring the complementary

value of quantitative parameters from PET and MRI combined with various clinical
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parameters as pre-therapy predictors of treatment response in three different types of

primary pelvic malignancies.

Aim of this thesis

The overall aim of this thesis is to investigate the current status and possible future
applications of multimodality imaging in abdominal oncology, with a specific focus
on the combination of PET and MRI, both from a visual (qualitative) and quantitative

perspective.

The main study questions addressed in this thesis are:
1. How has the role of multimodality PET/CT + MR imaging in abdominal
oncological imaging evolved during the last decade?
2. What is the value of integrated PET/CT + MRI assessment for clinical staging of
abdominal malignancies?
3. Can (semi-)quantitative assessment of PET/CT and MRI contribute to the
prediction of treatment outcomes in patients with primary abdominal

malignancies?

Thesis Outline
Chapter 2 reviews the evolution of multimodality imaging in abdominal oncology
during the last decade, from the perspective of our own European comprehensive

cancer center, as well as the published scientific literature.

In Chapter 3 the effects of integrated assessment of FDG-PET/CT and MRI on clinical
diagnostic staging outcomes and staging confidence in abdominal malignancies are

investigated.

Chapters 4 and 5 focus on quantitative imaging and explore the value of combining
imaging biomarkers derived from pre-treatment FDG-PET/CT, T2-weighted and
diffusion-weighted MRI with clinical parameters for prediction of treatment response
to chemoradiotherapy in locally-advanced rectal cancer and cervical cancer patients,

respectively.
Chapter 6 studies the individual and complementary value of pre-treatment FDG-PET/

CT, high-risk human papillomavirus (HPV) status and clinical biomarkers as predictors

of locoregional treatment failure in anal cancer.
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CHAPTER 2

ABSTRACT

Objectives
To investigate trends observed in a decade of published research on multimodality
PET(/CT)+MR imaging in abdominal oncology, and to explore how these trends are

reflected by the use of multimodality imaging performed at our institution.

Methods

First, we performed a literature search (2009-2018) including all papers published on
the multimodality combination of PET(/CT) and MRI in abdominal oncology. Retrieved
papers were categorized according to a structured labelling system, including study
design and outcome, cancer and lesion type under investigation and PET-tracer
type. Results were analysed using descriptive statistics and evolutions over time were
plotted graphically. Second, we performed a descriptive analysis of the numbers of
MRI, PET/CT and multimodality PET/CT+MRI combinations (performed within a <14
days interval) performed during a similar time span at our institution.

Results

Published research papers involving multimodality PET(/CT)+MRI combinations
showed an impressive increase in numbers, both for retrospective combinations of
PET/CT and MR, as well as hybrid PET/MRI. Main areas of research included new PET-
tracers, visual PET(/CT)+MRI assessment for staging, and (semi-)quantitative analysis
of PET-parameters compared to or combined with MRI-parameters as predictive
biomarkers. In line with literature, we also observed a vast increase in numbers of

multimodality PET/CT+MRI imaging in our institutional data.

Conclusions

The tremendous increase in published literature on multimodality imaging, reflected
by our institutional data, shows the continuously growing interest in comprehensive
multivariable imaging evaluations to guide oncological practice.

Advances in knowledge: The role of multimodality imaging in oncology is rapidly
evolving. This paper summarizes the main applications and recent developments in
multimodality imaging, with a specific focus on the combination of PET+MRI in ab-

dominal oncology.
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A DECADE OF MULTIMODALITY PET AND MR IMAGING IN ABDOMINAL ONCOLOGY

INTRODUCTION

Multimodality imaging in the context of diagnostic medical imaging can be defined
as "the use of a combination of imaging techniques or platforms encompassing
aspects of anatomical, functional or molecular imaging methods”,! and it is often
used in clinical practice as a term to describe the use of different imaging modalities
to address a single medical problem. In oncology, multimodality imaging can aid in
diagnosis, staging and treatment response monitoring by visualizing different tumour
properties, thereby providing complementary information on both morphology and
physiology. Different imaging modalities can either be combined retrospectively, after
separate acquisition (with or without retrospective image registration and/or fusion),
or by simultaneous acquisition (commonly referred to as "hybrid” imaging), of which
PET/CT and the more recently introduced hybrid PET/MRI systems are the most

familiar examples.

Advantages of “hybrid” acquisition include — apart from patient convenience — im-
proved image co-registration and better opportunities to study and correlate dynamic
disease processes in vivo, such as perfusion and tracer distribution, and tumour
response to pharmacological and interventional treatments.?® PET/CT has already
proven to be a valuable tool in the staging of a wide range of malignancies, and its
use is recommended in many oncological guidelines.*” Owing to the growing array
of tumour-targeted tracers, including prostate cancer radiotracers and tracers for
somatostatin receptor imaging in neuroendocrine tumours, its clinical role keeps

evolving.'®"3

Already before the development of hybrid imaging systems, it was recognized that
a multimodality combination of PET with anatomical imaging has many potential
advantages. Combining PET with MRI offers the specific benefits of the superior
soft-tissue contrast and image resolution of MRI, allowing detailed anatomical
correlation and local staging.’ In addition, it allows multiparametric evaluations by
combining the metabolic information from PET with functional MR sequences such
as diffusion-weighted imaging (DWI) and dynamic contrast-enhanced (DCE) MRI, to
allow simultaneous assessment of biological tumour properties such as metabolism,
cellularity and perfusion. From a safety perspective, the lack of radiation in MRl is an
additional property that makes MRI an attractive modality for repeated longitudinal
follow-up and for paediatric imaging. The arrival of the first hybrid PET/MRI systems
has further boosted the field of multimodality PET+MRI imaging and research.
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CHAPTER 2

With this paper, we set out to investigate trends in published research on multimodality
imaging during the time span of a decade, with a specific focus on the combination of
PET(/CT) and MRl in abdominal oncology. Second, we explored how trends observed in
literature are reflected by the use of multimodality imaging at our own comprehensive

European Cancer Centre.

METHODS AND MATERIALS

Literature search

A search strategy was constructed in PubMed (NCBI) to retrieve all English-
language original research publications (2009-2018) combining PET/CT and MRl in a
multimodality study setting, either acquired as stand-alone modalities (with or without
retrospective image registration and/or fusion), or using bed system-combined or fully
hybrid PET/MRI systems. The search was restricted to studies focusing on abdominal
oncology. Main search terms included “PET” and “MRI" and “abdominal malignancy”
as well as terms referring to various abdominal regions, individual organs and specific
tumour types (or their respective synonyms/MeSH-terms) in the title and/or abstract.
Animal studies were excluded. Further details of the search strategy are provided in
Supplementary Table 1. All retrieved articles were reviewed by a single reviewer (LAM
or FC), based on title and abstract, to assess eligibility for inclusion. In case of doubt,
the other reader was consulted to reach consensus. Each included paper was labelled
(using the Rayyan QCRI online application)' according to the following descriptors:

(1) Study design: prospective/retrospective, single-centre/ multicentre, combination/
correlation/comparison of PET and MRI; (note: combination = assessing comp-
lementary value of PET combined with MRI to predict a clinical outcome; correlation
= assessing correlation between PET and MRI parameters (e.g. SUV and ADC),
comparison = comparing diagnostic performance of PET to that of MRI);

(2) Method of multimodality imaging: retrospective combination of stand-alone PET/
CT and MRI with or without retrospective image fusion, bed system-combined PET/
MRI, hybrid PET/MRI;

(3) Type of PET-tracer(s);

(4) Method of image evaluation: visual/qualitative, quantitative, other;

(5) Study aim: lesion detection, correlation of PET and MRI parameters, response
assessment, technical (e.g. sequence development and testing), prognostic (e.g.

survival prediction), or other;
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(6) Cancer type;
(7) Lesion type: primary tumour, nodes, metastases, mixed

Analysis of literature data

Based on the assigned labels, annual numbers of research papers in each category
and subcategory were determined and relative proportions (%) and cumulative effects
over time were calculated using descriptive analyses in Microsoft Excel (Microsoft
Office 2019, version 16.16.22, Redmond, WA, USA). Trends over time were plotted
using Microsoft Excel and GraphPad Prism (GraphPad Software, version 7.03, San
Diego, CA, USA).

Institutional data

Our institute’s internal picture archiving and communication system (PACS; Carestream
Vue, version 11.4.1.1102, Carestream Health, Rochester, New York, USA) was searched
for all MRI and PET/CT studies performed from 2008 to 2017 as part of routine clinical
care. Patients who underwent a multimodality combination of both PET/CT and MRI
within the same diagnostic workup (arbitrarily defined as studies performed within a
time-interval of <14 days) were documented separately. For each individual study, the
exam date, modality, PET-tracer used (if applicable), study description (i.e. body part
and protocol) and pseudonymized patient identification number were stored. Studies
were excluded if they were imported from another hospital or performed solely for
protocol optimization (e.g. phantom studies, calibration series) or interventional
guidance (e.g. MR-guided biopsy). Annual numbers of MRI, PET/CT and multimodality
combinations of MRI+PET/CT were determined, and the relative increase over time

compared to the baseline year was calculated and plotted in GraphPad.

RESULTS

Main study characteristics

The literature selection process is illustrated schematically in the PRISMA flowchart
in Figure 1. A total of 443 original research papers combining PET/CT and MRI in
a multimodality study setting for abdominal malignancies were retrieved, including
a total number of 60,725 patients. The PET-tracer used was 18F-labeled glucose
analogue fluorodeoxyglucose ([18F] FDG, or “FDG") in 294/443 studies, 149 studies
used other non-FDG tracers (a combination of both FDG and non-FDG tracers was

used in 14 studies). Trends over time are shown in Figure 2.
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Figure 1. Literature selection process.
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Figure 2. Evolution in the annual numbers of PET studies in published multimodality
imaging research, specified for the PET-tracer(s) used. FDG: 18F-fluorodeoxyglucose;
PSMA: prostate-specific membrane antigen; octreotide analogues: 68Ga-labelled
somatostatin receptor ligands; ‘Other tracers’ includes tracers used in a single or few
of the retrieved studies (e.g. fluciclovine, fluorothymidine (18F-FLT), fluoromisonidazole
(18F-FMISO), dihydroxyphenylalanine (18F-DOPA)).
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Table 1. summarizes the detailed study characteristics for the main group of 294 FDG-
PET(/CT)+MRI papers. The majority of these papers (211/294, 72%) retrospectively
combined or compared FDG-PET/CT and MRI that were acquired separately, the
remaining studies (28%) concerned combined PET/MRI acquisitions using either hybrid
or bed system-combined PET/ MRI scanners. Visual image assessment was the most
commonly employed method of image evaluation (144/294, 49%), followed by papers
focusing on quantitative imaging evaluation (96/294, 33%). The most frequently studied
tumour types were gynaecological and colorectal cancer. The largest subgroups of
papers focused on assessing the complementary value of PET(/CT) combined with MRI
(127/294, 43%) or on comparing the diagnostic (or predictive) value of PET/CT to that of
MRI (113/294, 38%).

Evolution of PET-tracers used in multimodality imaging studies

As shown in Figure 2, FDG was the most frequently reported PET tracer (66%). Other
reported tracers included mainly those used for prostate cancer imaging, that is, choline
tracers (11C- or 18F-labelled phospholipid precursor)'®!” or prostate-specific membrane
antigen (PSMA)-based tracers (68Ga- or 18F-labelled small-molecule ligands),’®%
and octreotide-based tracers (68Ga-labelled octreotide analogues targeted at the
somatostatin-receptor, overexpressed in many neuro-endocrine tumours).?'> After
some incidental reports (<10/year) in the first half of the study period, reports on the use
of these tumour-specific tracers showed a marked increase during the second half of the
study period, with non-FDG tracers constituting a majority (55%) of the total number of

multimodality imaging research reports in 2018, the final study year.

Evolutions in stand-alone versus hybrid PET/MRI studies

Figure 3 compares the evolution of research focusing on retrospective combinations of
FDG-PET/CT and MRI, versus prospectively combined FDG-PET/MRI acquisition studies.
Of the 211 studies that retrospectively combined FDG-PET/CT and MRI, only a small
minority or early studies applied image fusion (22/211, 10%). After the introduction of the
first commercially available hybrid PET/MRI scanners in 2011, studies with hybrid PET/
MRI started appearing in 2013. There was a steady increase in the following years and a
striking peak in 2015, when the number of hybrid FDG-PET/MRI studies even exceeded
the number of retrospectively combined multimodality PET/MRI studies. Studies using
bed system-combined PET/MRI scans (where the patient is moved between a separate
PET/CT and MRI scanner on a single bed, for direct sequential scanning without the
need of patient repositioning) were sparse (11/294, 4%), and for this review (focusing on

abdominal oncology), the last retrieved report of this system dates from 2016.
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Table 1. Summary of papers on multimodality assessment of FDG-PET and MRI in abdominal oncology

Total
Study design

Type of multimodality
imaging acquisition

Method of image
evaluation

Study aim

Tumour type

Lesion type

Prospective
Retrospective

Unspecified

Single-centre
Multicentre

Unspecified

Combination of FDG-PET(/CT)+MRI (complementary value)

Comparison of FDG-PET(/CT) vs. MRI
Correlation of FDG-PET(/CT) and MRI parameters
Other

Stand-alone (separate) acquisition of PET/CT and MRI

Without image fusion
With retrospective image fusion
Hybrid PET/MRI acquisition
Bed system-combined PET/MRI acquisition

Visual (qualitative) assessment

Quantitative assessment

Technical (e.g., development and testing)

Other

Lesion detection

Correlation between FDG-PET(/CT) and MRI parameters
Response assessment and prediction

Technical (e.g., sequence development and testing)
Prediction of prognostic outcomes (e.g., survival)
Other

Gynaecological

Colorectal

Mixed types

Liver (primary + metastatic)

Pancreas

Upper Gl (cesophagus, stomach)

Urological (prostate, bladder, kidney)

Anal

Other (GIST, NET, adrenal, screening/volunteers)
Mixed

Primary tumour

Distant metastases

Lymph nodes

Number
294
148
134

12

281

127
113
32
22

211

189
22
72

144

96
38
16
138

%
100
50
46
4

96
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Figure 3. Evolution in the annual numbers of original research publications on
multimodality combinations of FDG-PET/CT+MRI or PET/MRI in abdominal oncology
specified per acquisition approach, i.e. retrospective combination of separately
acquired FDG-PET/CT and MRI (with or without retrospective image fusion) versus
prospective combination of PET and MRI using either bed system-combined acqui-
sition or fully hybrid acquisition.

Table 2. Summary of papers focusing on multimodality combination of PET and MRI for visual lesion detection
(for tumour staging)

Tumour type Total n° of studies (%) Median number of patients per study (range)

Tumour types/groups with >10 available studies

Gynaecological cancers 43 (36) 43 (12 -493)
Retrospective combination (separate acquisition) 34 (28) 51.5(12-493)
Combined acquisition (hybrid or bed-system PET/MRI) 928 27 (18-71)

Colorectal cancer 32 (27) 34.5(12 -352)
Retrospective combination (separate acquisition) 27 (23) 35(18 -352)
Combined acquisition (hybrid or bed-system PET/MRI) 5(4) 26 (12 - 55)

Mixed tumour types 15(12) 37 (15-237)
Retrospective combination (separate acquisition) 10 (8) 45.5(15-237)
Combined acquisition (hybrid or bed-system PET/MRI) 5(4) 66(32-173)

Tumour types/groups with <10 available studies

Pancreas 10 (8) 48 (27 - 644)

Urological (prostate, bladder, kidney) 6(5) 55 (22 - 287)

Anal 5(4) 43(11-61)

Upper Gl (oesophagus, stomach) 4(3) 46 (19 - 49)

Liver 30 35(12-111)

Other (GIST, adrenal) 2(2) 12.5(9-16)
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A DECADE OF MULTIMODALITY PET AND MR IMAGING IN ABDOMINAL ONCOLOGY

Image evaluation approaches

As shown in Figure 4, approximately half of the papers combining FDG-PET/CT and
MRI (144/294, 49%) focused on visual (qualitative) image assessment (mainly lesion
detection for primary tumour staging), with more or less consistent numbers of reports
over time. The main tumour types under investigation are detailed in Table 2 and
included gynaecological and colorectal cancers. A considerable increase over time was
observed for studies applying quantitative methods of imaging assessment, including
measurements such as the standardized uptake value (SUV, from PET), apparent
diffusion coefficient (ADC, the main quantitative measure of DWI), parameters
from dynamic contrast-enhanced MRI (e.g. Ktrans), and volumetric measurements.
These quantitative studies constituted 33% of the total cohort, and mainly focused on
correlation between FDG-PET and MRI parameters or on use of these parameters as
"biomarkers” to predict clinical outcomes. Table 3 summarizes the main findings of
this latter subgroup of papers focusing on FDG-PET(/CT) and MRI parameters used

as biomarkers to predict response and/or survival, the two most investigated clinical

outcomes.
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Figure 4. Evolution in the annual numbers of original research publications on
multimodality combinations of FDG-PET/CT+MRI in abdominal oncology, specified
per image evaluation approach, i.e. visual (qualitative) assessment, quantitative
assessment, technical studies (i.e. protocol optimization and testing) and “other” (e.g.
delineation studies for radiotherapy planning).
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Figure 5. Annual growth of MR imaging studies, PET/CTs and multimodality MRI+PET/
CT imaging combinations observed in our institution relative to the benchmark year
2008.

A minority (38/294, 13%) of reports concerned “technical” studies that describe the
development, optimization and testing of new acquisition techniques. These studies
showed apeakin the firstyears after the introduction of the first hybrid PET/ MRl systems,
and included mostly studies on MRI-based attenuation correction techniques®- and
quality of image co-registration.®® There was a final small subgroup (16/294, 5%) of
“other” studies, which for example included delineation studies (for radiotherapy

planning).¢¢’

Institutional data

During the ten-year study interval, 53.537 MRIs, 27.003 PET/ CTs and 5.660 multi-
modality MRI+PET/CT combinations (performed within a <14-day interval) were
performed at our institution, of which the developments are shown in Figure 5
(Hybrid PET/MRI is not available at our institution). The overall ten-year increase
relative to the baseline year (2008) was 108% for MRI, 250% for PET/CT and 239% for
the multimodality combination of MRI+PET/CT, with consistently larger proportional
growth of multimodality PET/CT+MRI combinations compared to either PET/CT
or MRI on their own (with the exception of the final study year). The multimodality
PET/CT+MRI combinations included 698 cases where PET/CT was combined with
abdominal MRI examinations, and in line with our literature findings gynaecological

and colorectal cancer were amongst the main tumour types under investigation.
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DISCUSSION

Aim of this paper was to describe main evolutions observed in a decade of published
research on multimodality MRI and PET(/CT) imaging in abdominal oncology, and to
see how these trends are reflected in data from our own institution. Annual numbers
of published PET(/CT)+MRI research (as well as PET/CT+MRI combination studies
performed at our own institution) showed a gradual and vast increase over time,
with gynaecological and colorectal cancer being amongst the main tumour types
under investigation. A major boost in PET(/CT)+MRI research was observed after the
introduction of the first hybrid PET/MRI systems, which fully replaced earlier data on
retrospective image fusion and bed system-combined (sequential) PET/MRI. Although
a main focus of research throughout the study period remained combined use of PET/
CT and MR for visual diagnostic evaluations (i.e. lesion detection and tumour staging),
quantitative analysis of PET- and MRI-based parameters as biomarkers of disease
took flight in the second half of the study period. Another major development was
the increased use of more tumour-specific tracers (other than FDG) in multimodality
imaging, in specific the combination of PSMA-based PET(/CT) and MRI in prostate

cancer.

Stand-alone versus hybrid combination of PET and MRI

The majority (72%) of studies retrieved by our literature search concerned FDG-PET/
CT and MRI examinations acquired sequentially, that is, as stand-alone modalities. The
largest subgroup of these reports (65%) were studies that compared the diagnostic
value of FDG-PET/CT to that of MRI, but a significant proportion (33%) evaluated
the complementary value of combining FDG-PET/CT with MRI, which are essentially
the studies that fall within the scope of our current paper focusing on “multimodality
imaging”. In our institutional analysis, a remarkable increase was also observed
during the study period in the number of multimodality PET/CT + MRI combinations
performed as part of the same diagnostic work up. These findings suggest that PET
and MRI offer complementary information (both anatomical and functional) that is of
growing relevance for diagnostic oncologic imaging evaluations. This notion likely
also led to the development of hybrid PET/MRI systems that became commercially
available in 2011. Their introduction gave rise to a quickly growing number of hybrid
PET/MRI reports in literature during the direct following years, including a peak in
technical reports (e.g. on MR-based attenuation correction techniques and image co-
registration) during the early study years up to 2015. In the same period, published
research applying retrospective image fusion of separately acquired FDG-PET/CT
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and MR, as well as bed system-combined sequential MRI acquisition more or less
disappeared, which is likely related to competition of these techniques with the newly

available and logistically more attractive hybrid image acquisition techniques.

Although hybrid PET/MRI is considered by many to be the next state-of-the-art image
modality in oncological research, its implementation is still an ongoing process that
is to date mostly limited to a number of expert clinics and specialized oncological
and/or dedicated research centres. Initial reasons for scepticism included concerns
about the image quality as a result of technical adaptations required for PET and MR
integration, and the substantially higher costs for installation and operation of these
devices. Defining the clinical and research areas where there is a specific benefit of
hybrid PET/MRI acquisition also remains a topic of debate. Currently, there seems
to be agreement that the value of hybrid PET/MRI lies mainly in comprehensive
regional evaluation of the local tumour and its direct (micro-)environment, rather than
competing with PET/CT for whole-body applications.3¢®In a recent scoping review,
Morsing et al concluded that preliminary data suggest a superiority of PET/MRI for
the detection of local recurrence in prostate cancer, local tumour invasion in cervical
cancer, and liver metastases in colorectal cancer.?’” From the studies included in our
literature study, it seems that overall the respective benefits of PET (i.e. staging of
lymph nodes and distant metastases) and MRI (detailed local tumour staging) are
maintained with simultaneous PET/MRI acquisition,’®’? with the added benefit of
improved imaging efficiency and potentially increased staging confidence.?'%7374
There have, however, so far been no studies that directly compared hybrid PET/MRI to
separately acquired PET(/CT) and MRI to validate these effects. Other emerging and
more unique applications of hybrid PET/MRI acquisition include theranostic imaging’
and in vivo dynamic evaluation of tumour biology, early tumour response and tracer
kinetics, but these applications are still in early stages of research with only limited

(pilot) data available.”¢”

PET-tracers

Another major development observed during the study period was the increased use
of non-FDG, more tumour-specific PET- tracers, as illustrated in Figure 2, with studies
using non-FDG tracers constituting even the majority of reports in the final study year.
This disproportionate increase probably reflects some publication bias where results
of novel tracer types — particularly positive results — are more likely to be published.
Prostate-specific membrane antigen (PSMA)-targeted and choline tracers used in

prostate cancer imaging, and octreotide analogues that target the somatostatin
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receptor often overexpressed by neuro-endocrine tumours, were the most frequently
reported. Their value lies primarily in the detection of lymph nodes and distant
metastases from these specific malignancies that typically exhibit a heterogeneous or
low glucose metabolism and are, therefore, less susceptible to detection by FDG-PET.
Recent guideline updates have embraced the use of these novel tracers. For example
in prostate cancer, PSMA-PET (or alternatively choline-PET) is now recommended
for patients with biochemical recurrence who are considered for salvage treatment,®
with growing evidence that PSMA-PET is superior to choline-PET for this purpose.’®
For primary staging of prostate cancer, PET is currently not recommended by the
guidelines, but evidence that PSMA-PET/MRI may also be beneficial for these

indications is emerging.”?%

Complementary value of FDG-PET and MRI for lesion detection and tumour staging
Despite abovementioned recent advances in tumour-specific tracers, 18F-FDG remains
the main workhorse used for multimodality PET(/CT)+MRI imaging in oncology. The
abdominal tumour types most often assessed with FDG-PET(/CT) and MRI within our
literature study (as well as in our institutional data) were gynaecological and colorectal
cancers, which accounted for 32 and 21% of all studies. As summarized in Table 2,
studies focusing on lesion detection and staging varied considerably in terms of
patient numbers and use of retrospective versus hybrid combinations of FDG-PET
and MRI. For the gynaecological group, most evidence is based on studies involving
cervical cancer patients, with the largest study including a cohort of 493 patients. In
this study, Kim et al constructed and validated a nomogram to predict lymph-node
metastasis in patients with early stages of cervical cancer, which included tumour size
on MR, suspicion of lymph node metastasis on whole-body FDG-PET/CT and patient
age as independent predictors, resulting in a model performance of AUC 0.825 (95%
Cl10.736-0.895) in the validation set.®" An earlier study already showed that fused FDG-
PET and MRl images resulted in higher accuracy for detection of lymph node metastasis
than FDG-PET/CT only (AUC 0.735 vs 0.690; p= 0.045) in a cohort of 79 patients with
FIGO stage Ib-IVa cervical cancer, again suggesting added value for the combination
of PET and MRI in this setting.?? Sarabhai et al”® compared hybrid PET/MRI with only
the MRI component, and found an improvement in diagnostic accuracy for PET/MRI.
Not surprisingly, this benefit involved lymph node metastasis (accuracy 87% vs 77%)
and distant metastasis (accuracy 91% vs 83%), but not local staging (85% vs 87% correct
T-stage). Also for recurrent gynaecological malignancies, hybrid PET/MRI was shown to
outperform diagnostic accuracy of the whole-body MRI component alone.® Combined

use of MRI (for local staging) and PET/CT (for distant staging) has been adopted as a
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recommended strategy in the most recent joined guidelines on cervical cancer from
the European Society of Gynaecological Oncology (ESGO), the European Society for
Radiotherapy and Oncology (ESTRO), and the European Society of Pathology (ESP), in
particular for patients considered for curative intent chemoradiotherapy. Use of hybrid

PET/MRI as an alternative approach is not specifically mentioned or discussed.®

In colorectal cancer, MRI is routinely used for detailed local staging in rectal cancer
and has a known added benefit compared to CT for the detection of liver metastases,
in particular for small lesions.®® For primary staging in case of localized disease, PET/
CT is not routinely recommended in current guidelines.?” PET/CT is mainly advised
as a problem solver in addition to routine staging, for the detection of extrahepatic
disease (in candidates for local treatment of liver metastasis) and for the detection of
recurrent disease after primary resection.®Vigano et al studied the role of FDG-PET/
CT in 107 colorectal cancer patients before resection of liver metastasis. FDG-PET/CT
revealed extrahepatic disease (mainly lymph nodes and peritoneal disease) in 28.8%
(17/56) of the cases, which prevented futile liver resection in 20.3% (15/74) of patients
deemed resectable by CT and/or MRI.% Use of PET is also increasingly being studied
to assess response to chemotherapy or chemoradiotherapy in colorectal cancer and
several studies have suggested a possible complementary role for FDG-PET/CT next
to MRI for detection of a complete local response, detection of remaining pelvic lymph
nodes and distant metastasis after treatment.”>"? Catalano et al were among the first
to compare the (re-)staging accuracy of FDG-PET/CT and hybrid PET/MRI in colorectal
cancer. In a small series of 26 patients, assigned stage was discordant between the two
hybrid modalities in 7/26 patients, and all but one patient were correctly staged using
PET/MRI.” Further evidence on whether there is a potential benefit to perform hybrid
PET/MRI in colorectal cancer is sparse.

Finally, there have been some reports in mixed abdominal cancer types suggesting
that PET and MRI may have a complementary value to improve overall diagnostic
staging confidence and for the diagnostic management of patients with peritoneal
carcinomatosis. Wang et al studied 128 patients (including +48% colorectal
cancer patients) that were considered for cytoreductive surgery and hyperthermic
intraperitoneal chemotherapy (HIPEC) and had undergone FDG-PET/CT, of which 91
in adjunct to CT and/or MRI. In the latter group, PET/CT had a complimentary role
which contributed to patient management in 33/91 cases by confirming or excluding
peritoneal and/or extraperitoneal disease.” In a study combining FDG-PET/CT and
MRI for side-by-side-diagnostic assessment of 201 patients with different abdominal
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cancer types, a net increase in diagnostic confidence was seen compared to separate
assessment of either PET/CT or MR, with potential clinical impact in 1 out of 9 study

patients.™

Quantitative studies on PET and MRI biomarkers

As shown in Figure 5, we observed a significant increase over time in published
reports focusing on quantitative PET(/CT)+MRI assessment, eventually constituting
approximately one third of all reports in the final year of our literature review. These
studies look beyond lesion detection and regard the images as a dataset, which can be
used to render quantifiable variables that may serve as biomarkers to predict clinical
outcomes such as tumour stage, treatment outcome and survival?62831:3236-39,4143-45,49,50
or correlate with other prognostic tumour markers such as histological tumour
grade, hypoxia or microvascular invasion.””? ADC and SUV were amongst the most
frequently reported imaging markers, and several studies reported a significant
inverse correlation between higher tumour SUV values and lower ADCs.304100-107 The
common hypothesis is that tumours with a high cellular density (that show restricted
diffusion and therefore low ADC values) will typically also exhibit an increased glucose
metabolism, reflected by high SUV values. Table 3 summarizes the main findings
of studies focusing on use of PET and MRI biomarkers to predict response and/or
survival, which constituted the two main investigated clinical outcomes. Methodology
and results of these studies were highly variable. Despite this variation, a recurring
finding was that higher tumour SUV, MTV or TLG and lower ACD values are generally
associated with unfavourable outcomes (incomplete response, disease recurrence,
reduced survival). It is worth mentioning that many of the studies in are preliminary
reports that compare, rather than combine, the value of PET- and MRI-derived variables
as predictors in univariable analysis.?6283237.341-4547 Qverall, there were fourteen studies
(out of the 25 included) that combined PET and MRI parameters as potential outcome
predictors in more comprehensive multivariable analyses,?27-31:33-36:384046-4850 of which
6/14 found complementary value for the two techniques.?:313#36450 |n the remaining
eight reports, either no complementary value was found (6/14 studies) or this was
not explicitly analysed or reported (2/14 studies). Only two reports included (cross-)
validation of data.?%

Amongst the papers with positive findings on the combined use of PET and MRI
parameters, Joye et al developed a model incorporating PET and MRI, but also
molecular variables, to predict response to chemoradiotherapy in rectal cancer. They

found that combining the multimodality information from PET and MRI resulted in
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optimal predictive performance, outperforming prediction models based on either
of the two imaging modalities on its own or those based on molecular markers.* In a
preliminary study including a total of 102 patients (training n= 69, testing n= 33), Lucia
et al evaluated the value of 92 pre-therapy PET/CT and MRI (T2-weighted, DWI and
DCE-MRI) texture parameters to predict locoregional control and disease-free survival
in patients treated with chemoradiotherapy for locally-advanced cervical cancer. They
found a Radiomics signature based on a combination of ADC (Entropy-GLCM) and
PET (GLNU-GLRLM) parameters to be highly predictive for locoregional control (AUC
1.0).% Additional large-scale research, preferably including independent validation
cohorts, is required to help further establish the benefit of multimodality quantitative

PET+MRI evaluation in building clinical models that predict outcome and prognosis.

Our study has some limitations. Firstly, the scope of this review, “multimodality PET/
CT and MRI in abdominal oncology” is too wide (including a wide range of tumour
types, study designs and studied outcomes) to provide an in-depth or systematic
review of all available literature. Our primary aim was to provide a broad overview
of observed trends and highlight some key developments. Secondly, our institutional
data was retrieved as raw data from the PACS system, and the large numbers did not
allow a detailed (per-patient) classification to be fully in line with the literature search.
Our institutional data analysis was mainly intended to provide some insights into how
trends observed in literature translate to evolutions in the use of multimodality imaging

in an oncologic referral centre, using our institutional data as an anecdotal example.

CONCLUSIONS

This review has shown that the field of multimodality imaging has evolved in several
ways. During the study period hybrid PET/MRI systems were introduced, which gave
rise to a major novel field of research, while at the same time shifting the focus away
from retrospective PET(/CT)+MRI image fusion and bed system-combined PET/
MRI acquisition. New PET-tracers have found their way into clinical practice. Studies
focusing on combined quantitative analysis of PET and MRI data have taken flight and
(multiparametric) predictive models incorporating these imaging biomarkers to predict
clinical outcomes such as survival and treatment response are now being developed
and tested. The next decade of research will need to further establish the true clinical
potential of such prediction tools as well as define the definite role of hybrid PET/MRI
for clinical research and practice.
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Supplementary Table 1. literature search PubMed query

Search

#1

#2

#3

#4

#5
#6
#7

Items
found
189992

738390

1486105

5469

4032
3970
36795

Search component
PET

MRI

Abdominal
Oncology

Combine search #1
and #2 and #3

Dated 2009 - 2018
No animals

Original research
only

Search terms

Tomography, Emission-Computed [Mesh] OR petscan* [tiab] OR pet [tiab] OR
radionuclid* [tiab] OR (emission [tiab] AND tomograph* [tiab])

Magnetic Resonance Imaging [Mesh] OR (magnetic resonance [tiab] AND (image
[tiab] OR images [tiab)) OR mri [tiab] OR mris [tiab] OR nmr [tiab] OR mra [tiab] OR
mras [tiab] OR mr tomography [tiab] OR mr tomographies [tiab] OR mr tomographic
[tiab] OR proton spin [tiab] OR fmri [tiab] OR fmris [tiab] OR zeugmatograph* [tiab]
OR ((magneti* [tiab] OR chemical shift [tiab]) AND imaging [tiab])

Abdominal Neoplasms [Mesh] OR Digestive System Neoplasms [Mesh] OR
Prostatic Neoplasms [Mesh] OR Urinary Bladder Neoplasms [Mesh] OR Uterine
Neoplasms [Mesh] OR Ovarian Neoplasms [Mesh] OR Splenic Neoplasms [Mesh]
OR ((Neoplasms [Mesh] OR cancer [tiab] OR cancer* [tiab] OR carcinom* [tiab] OR
tumor* [tiab] OR tumour* [tiab] OR neoplas* [tiab] OR metasta* [tiab] OR adenoma*
[tiab] OR carcinosarcoma* [tiab] OR hepatoblastoma* [tiab] OR lymphangioma* [tiab]
OR lymphangiomyoma* [tiab] OR sarcoma* OR chordoma* [tiab] OR germinoma
[tiab] OR gonadoblastoma* [tiab] OR blastoma* [tiab] OR teratoma* [tiab] OR
teratocarcinoma* [tiab] OR mesnechymoma* [tiab] OR mesonephroma* [tiab] OR
carcinogen* [tiab] OR anticarcinogen* [tiab] OR precancerous [tiab] OR oncolog*
[tiab] OR paraneoplastic [tiab] OR precancerous [tiab]) AND abdominal [tiab] OR
abdomen [tiab] OR peritoneal [tiab] OR retroperitoneal [tiab] OR digestive [tiab] OR
biliary tract [tiab] OR bile duct* [tiab] OR gallbladder [tiab] OR gall bladder [tiab] OR
gastrointestinal [tiab] OR esophageal [tiab] OR esophagus [tiab] OR oesophageal
[tiab] OR oesophagus [tiab] OR intestinal [tiab] OR intestine* [tiab] OR cecal [tiab]
OR cecum [tiab] OR appendix [tiab] OR appendiceal [tiab] OR colorectal [tiab] OR
colon [tiab] OR colonic [tiab] OR sigmoid* [tiab] OR rectum [tiab] OR rectal [tiab] OR
anus [tiab] OR anal [tiab] OR duodoneal [tiab] OR duodenum [tiab] OR ileal [tiab]
OR ileum [tiab] OR jejunal [tiab] OR jejunum [tiab] OR stomach [tiab] OR gastric
[tiab] OR liver [tiab] OR hepatic [tiab] OR hepatocellular [tiab] OR pancreatic [tiab]
OR pancreas [tiab] OR splenic [tiab] OR spleen [tiab] OR prostatic [tiab] OR prostate
[tiab] OR bladder [tiab] OR urothelial [tiab] OR transitional cell* [tiab] OR adnes*
[tiab] OR fallopian tumb* [tiab] OR salpin* [tab] OR ovary [tiab] OR ovaries [tiab] OR
ovarial [tiab] OR ovarys [tiab] OR ovarian [tiab] OR uterus [tiab] OR uterine [tiab] OR
uteral [tiab] OR uteri [tiab] OR cervix [tiab] OR cervical [tiab] OOR myometri* [tiab]
OR endometri* [tiab] OR decidu* [tiab] OR gynaecolog* [tiab] OR gynecolog* [tiab]

#1 AND #2 AND #3

AND (2009:2018 [dp] OR 2009:2018 [edat])
NOT (Animals [Mesh] NOT Humans [Mesh])

NOT (systematic [sb] OR protocol [ti] OR. Letter [ti] OR review* [ti] OR meta-analys*
[ti] OR consensus [ti] OR reply to [ti])
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CHAPTER 3

ABSTRACT

Objective
Abdominal cancer patients increasingly undergo multimodality imaging. This study
evaluates effects of integrated reading of PET/CT and abdominal MRI on staging

outcomes and diagnostic confidence compared to ‘routine’ separate reading.

Methods

In total, N= 201 patients who underwent abdominal MRI and whole-body F-18 FDG-
PET/CT within 14 days were retrospectively analyzed. Original MRl and PET/CT reports
were retrieved and reported findings translated into a 5-point confidence score (1
= definitely benign to 5 = definitely malignant) for 7 standardized regions (primary
tumor/regional lymph nodes/distant lymph nodes/liver/lung/bone/peritoneum) per
patient. Two-reader teams (radiologist + nuclear medicine physician) then performed

integrated reading of the images using the same scoring system.

Results

Integrated reading led to discrepant findings in 59 of 201 (29%) of patients, with
potential clinical impact in 25 of 201 (12%). Equivocal scores decreased from 5.7%
(PET/CT) and 5.4% (MRI) to 3.2% (p= 0.05 and p= 0.14). Compared to the original PET/
CT reports, integrated reading led to increased diagnostic confidence in 8.9% versus
decreased confidence in 6.6% (p= 0.26). Compared with the original MRI reports, an
increase in confidence occurred in 9.6% versus a decrease in 6.9% (p= 0.18). The effect
on diagnostic confidence was most pronounced in lymph nodes (p= 0.08 vs. MRI),

cervical cancer (p= 0.03 vs. MRI), and recurrent disease staging (p= 0.06 vs. PET/CT).

Conclusions

Integrated PET/CT+MRI reading alters staging outcomes in a substantial proportion
of cases with potential clinical impact in £ 1 out of 9 patients. It can also have a small
positive effect on diagnostic confidence, particularly in lymph nodes and cervical
cancer, and in post-treatment settings. These findings support further collaboration

between radiology and nuclear medicine disciplines.
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INTRODUCTION

In oncology, increasing numbers of patients undergo multimodality imaging, i.e., a
combination of two or more imaging modalities within one clinical setting. Especially
the combination of (FDG-)PET and PET/CT with MRI has gained interest, as it offers
the functional metabolic information from PET as well as the high soft-tissue contrast
and anatomical resolution of MRI. This allows detailed local staging combined with
dedicated whole-body staging of lymph nodes and distant metastases. More recently
introduced functional MRI sequences like DWI contribute to a broader application of
MRI. DWI is a very sensitive technique to help detect small malignant lesions that are
typically difficult to detect on FDG-PET, such as sub-centimeter liver' or peritoneal
metastases.>® Furthermore, quantitative parameters such as the ADC and SUV can
be derived from DWI and FDG-PET, which both have shown potential as imaging
biomarkers of response and prognosis.*®

Recently, fully integrated (hybrid) PET/MRI devices have been introduced. The first
publications describing the potential benefits of these techniques are now available.
Results are still mainly preliminary and hybrid PET/MRI systems are not yet widely used
in clinics, partly because current first-generation systems still have some limitations.*?
Retrospective image fusion of PET and MRl is an alternative approach, but this strategy

can be cumbersome?® and there is little evidence supporting its benefit.2-

A relatively simple approach to combine the strengths of PET/CT and MRI is to
perform an integrated, side-by-side reading of the images by a radiologist and
a nuclear medicine physician. This could help establish a more uniform conclusion
early in the diagnostic process, which would benefit the efficacy of multidisciplinary
team meetings. Evidence on the performance of this approach remains scarce?* and

separate assessment and reporting is still standard practice in most clinics.

The purpose of this study was therefore to investigate the effect of integrated side-by-
side reading of FDG-PET/CT and abdominal MRI on staging outcomes and diagnostic
confidence, compared with the current standard of separately evaluated PET/CT and
MRI.
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METHODS

This study was approved by the institutional ethical review board. Due to its retro-

spective nature, informed consent was not required.

Patients

The institutional patient database was searched (2012-2015) for all cases where a
patient with abdominal malignancy underwent ‘multimodality imaging’ within one
clinical setting. Multimodality imaging was defined as a combination of any sort of
abdominal MRI (i.e., pelvic or liver) and whole- body FDG-PET/CT performed within a
14-day interval without any treatment or interventions between both examinations. In
total, 228 cases were considered for inclusion; 27 were excluded for reasons explained

in Figure 1. This resulted in a study cohort of n= 201 patients.

FDG-PET/CT + abdominal MRI <14-day interval
for abdominal malignancy
primary staging, response evaluation, recurrence
n=228

Reasons for exclusion:

* MRI or PET/CT performed for evaluation of coincidental findings® n= 8
* Neuro-endocrine tumors® n=5

é * Incomplete MRI or insufficient MR image quality n=4

* Incomplete PET/CT or insufficient PET/CT image quality n=1

* Patient already included in study cohort® n=9

Total exclusions: 27

\ 4

| Final study cohort n= 201 |

Figure 1. Patient in- and exclusion flowchart. 2 Patients were excluded if either the MRI
or PET/CT was merely performed for assessment of coincidental findings (e.g., MRI of
the prostate performed because of FDG-uptake in the prostate on PET/CT performed
for other type of malignancy). ® Neuroendocrine tumors were excluded because FDG-
PETs were performed for treatment planning rather than for diagnostic purposes.
°If a patient underwent multimodality FDG-PET/CT+MRI at different time points, the
patient was included only once, using the earliest available imaging examinations.

58



INTEGRATED VERSUS SEPARATE READING OF F-18 FDG-PET/CT AND MRI FOR ABDOMINAL
MALIGNANCIES — EFFECT ON STAGING OUTCOMES AND DIAGNOSTIC CONFIDENCE

Imaging

MRIs were performed on a 1.5-tesla (n= 26) or 3.0-tesla (n= 175) scanner (Intera Achieva,
Philips Healthcare) according to the routine clinical protocols employed at that time.
MRIs consisted of 39 liver and 162 pelvic MRIs. Routine protocols included at least a T2-
weighted sequence in one or multiple planes, typically combined with a T1-weighted
sequence and/or a diffusion-weighted sequence (with at least one high b-value of
b600-b1000 s/mm?). Liver MRIs also routinely included a multiple-phase contrast-
enhanced sequence (gadoterate meglumine/Gd-DOTA 0.5 mmol/ml, Dotarem®,
Guerbet Group; or gadoxetate disodium/Gd-EOB-DTPA 0.2 mmol/ml, Primovist®,

Bayer HealthCare Pharmaceuticals).

FDG-PET/CTs (hereafter PET/CT) were performed on a Gemini TF 16 or Gemini TF

Big Bore scanner (both Philips Healthcare), according to clinical standards. Patients

fasted for 6h, with targeted blood-glucose level <10 mmol/l. An intravenous F-18
FDG bolus injection of 180 MBq (4.86 mCi, for BMI< 28) to 240 MBq (7.56 mCi, for
BMI> 28) was administered, followed by a biodistribution time of 60 + 5 min. PET
images were acquired for 2 min/bed position, and reconstructed to 4 mm isotropic
voxels. An unenhanced CT (120-140 kV, 40 mAs, reconstructed to both 5 mm and
2 mm slice thicknesses and intervals) was performed for attenuation correction and
anatomical correlation. The routine field of view (FOV) included the skull base to the

inguinal region.

Image evaluation

The image evaluation process is schematically illustrated in Figure 2.

: CRF1

- CRF 2
conversion to CRF |— MRI
integrated reporting using CRF || CRF 3
(nuclear medicine physician + radiologist) PET/CT + MRI

Figure 2. Schematic outline of the scoring process.
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A standardized case report form (CRF) was constructed for the purpose of this study,
which listed seven pre-defined anatomical regions: (1) primary tumor location, (2)
loco-regional lymph nodes, (3) distant lymph nodes, (4) liver, (5) lung, (6) bone, (7)
peritoneum. Each region was scored using a 5-point confidence level score reflecting
the confidence of presence/absence of tumor within that particular region: 1 =
definitely no tumor, 2 = probably no tumor, 3 = possible tumor/possibly no tumor

(equivocal), 4 = probably tumor, 5 = definitely tumor.

Cases were scored in threefold and recorded in three separate CRFs:
1. Based on the original clinical PET/CT report
(by a nuclear medicine physician alone)
2. Based on the original clinical MRI report (by a radiologist alone)
3. Through integrated side-by-side reading of PET/CT and MRI

(by a nuclear medicine physician and a radiologist in consensus)

CRFs 1 and 2: scoring of PET/CT and MRI based on original clinical reports

Original clinical reports were collected from the electronic patient records. All MRIs
were reported by board-certified radiologists and all PET/CTs (including low-dose non-
enhanced CT) were reported by board-certified nuclear medicine physicians according
to routine practice at our institution. An independent reader (LM) interpreted the
free-text reports and converted the reported findings to a confidence score for each
region. Terms expressing a high certainty of tumor (‘tumor mass’, ‘pathologic node’,
‘suspicious for metastasis’) were assigned a confidence score of 4 or 5, while terms
indicating a benign etiology (‘'normal’, ‘benign’, ‘reactive’) were assigned a confidence
score of 1 or 2. Inconclusive terms such as ‘borderline enlarged’, 'differential diagnosis
reactive or metastasis’, and ‘unable to differentiate’ were assigned equivocal scores.
In case of doubt, the reader could consult any of the other readers (not involved in
the integrated reading of that particular case). For the MRI-CRF (CRF 2), no score was
assigned for regions that were not included in the MRI-FOV.

CRF 3: integrated reading of PET/CT and MRI

In a separate reading session, the MRI and PET/CT images were assessed side-by-
side by a two-reader team, consisting of one board-certified radiologist (DL, ML, or
MM; each with a similar experience level) and one board-certified nuclear medicine
physician (WV, EV, or MD; each with a similar experience level), in randomly assigned
duos. The readers were blinded to the original imaging reports and to all medical

information of later date (including further follow-up imaging, multidisciplinary team
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discussions, and treatment outcomes), but had access to earlier imaging exams, the
clinical information and question provided with the exams, and all relevant previous
medical history up to the original date of the exam. This setup was chosen to resemble
the original clinical evaluation and reporting as closely as possible. The two readers
together (in consensus) assigned a confidence score for each region. An independent

observer (LM) was present during the scoring to ensure adherence to this protocol.

Data analysis

Data analysis was performed using IBM-PSS Statistics 22 (IBM Corp.) and Stata
Statistical Software: Release 13 (StataCorp). The confidence scores from the integrated
reading (CRF 3) were compared with the scores derived from the original FDG-PET/
CT and MRl reports (CRFs 1 and 2) using McNemar's test for each region. A distinction
was made between regions that were within the FOV of both the MRI+PET/CT,
representing a cumulative effect of combining two imaging modalities and readers
from two disciplines (further referred to as ‘fully integrated’ reading), and regions
that were outside the MRI-FQV, reflecting mainly effects of combining readers from
two disciplines to assess the PET/CT images (further referred to as 'partly integrated’
reading). For each region, the scores of the integrated reading (vs. the original reports)
were classified as ‘concordant’, ‘discrepant’, ‘increase in confidence’, or ‘decrease in
confidence’ according to the system explained in Table 1. The proportions of regions
with an increase in confidence were compared with the proportions of regions with
a decrease in confidence using X? or Fisher's exact test. Agreement between the

modalities/readings was quantified using weighted Kappa statistic with linear weights.

Discussion of discrepant findings in simulated multidisciplinary team (MDT)

For cases where integrated reading led to >1 discrepant findings compared with the
original PET/CT and/or MRI reports, full clinical patient records (clinical and imaging
FU, MDT-reports, outcomes of surgery, histopathology, etc.) were analyzed and
discussed in a simulated MDT. This simulated MDT included a radiologist (DL), nuclear
medicine physician (WV), radiation oncologist (WV), and two oncologic surgeons
(MK, gastroenterology-oncology specialist; and HZ, gynecology-oncology specialist).
The MDT discussed the findings of the integrated reading and compared these with
the original clinical MDT-reports, using the flowchart in Figure 3. Discrepant findings
were defined to have clinical impact if they would have led to a change in overall
disease stage (i.e., tumor vs. no tumor, node-negative vs. node-positive disease, non-
metastasized vs. metastasized disease), and/or a change in clinical management (i.e.,

change in treatment or need for additional invasive diagnostic procedures).
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Table 1. Comparison of scores derived from original reports vs. scores from

integrated reassessment.

Score original report*

A W N -

5

H — —

+

Score integrated reading

2
!

!
+

*

3 4 5
| * *
| * *
= 1 !
! = !
! ! =

= indicates concordant (identical) confidence scores; # indicates discrepant (contradicting)
confidence scores; | indicates increased diagnostic confidence with integrated re-
assessment; | indicates decreased diagnostic confidence with integrated re-assessment.
*Scores were derived from the original clinical PET/CT or MRI report text. For the MRI report,
regions that were outside the MR field of view were recorded as such, and no score was

assigned.

59 cases

with discrepant findings

)

original MDT decision

(original reports) Vs T

simulated MDT meeting
(integrated reporting)

yes n=18

no n=2 yes n=16

no n=41

yesn=7

no n=34

CLINICAL IMPACT

NO CLINICAL IMPACT

Figure 3. Schematic outline of the clinical impact decision process and its results. The
potential clinical impact of the discrepant findings was determined by a simulated
MDT, who compared the findings of the integrated reading to that of the original
reports documented by the original MDT in the clinical patient records. Discrepant
findings were defined to have a clinical impact if they would result in a change in
the overall disease (i.e., tumor versus no tumor, node-positive versus node-negative
disease, metastasized versus non-metastasized disease) and/or a change in clinical
management (i.e., change in treatment or need for additional invasive diagnostic

procedures such as image-guided biopsy).
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RESULTS

Baseline characteristics

Baseline study characteristics are described in Table 2. The main types of malignancy
were gynecological (41%), colorectal (39%), and anal carcinomas (14%). The most
common imaging indication was staging of a newly diagnosed malignancy (49%).
Median interval between MRl and PET/CT was 7 days (range 0-14 days). In the majority
of cases (60%), MRI was performed first. In 30%, PET/CT was done first (for example
to screen for suspected recurrent disease). The remaining 10% of patients underwent

both studies on the same day.

Discrepant findings and clinical impact

Integrated reading led to discrepant findings in 59 of 201 patients (29%). According
to the simulated MDT meeting, these discrepancies would have had a clinical impact
in 25 of 59 patients (12% of the total patient cohort). These 25 ‘clinical-impact’ cases
are described in detail in Supplementary Table 1. Fifteen of these 25 cases concerned
lymph nodes, and five concerned the differentiation of residual/recurrent disease
after treatment. In total, 13 of 25 cases were upstaged and 12 were down-staged after
integrated reading: in 8 cases, this led to a correct change in disease stage (based
on final histopathology and/or long-term clinical follow-up data as the standard of
reference); in 7 cases, integrated reading was incorrect; and in the remaining 10, no
standard of reference was available to draw any conclusions. Six of the eight cases
that were correctly changed after integrated reading concerned lymph nodes. In the
seven incorrectly changed cases, discrepant lymph node findings also constituted the
majority (4/7). Overall, discrepancies occurred more frequently in comparison to the
original MRI reports than to the PET/CT reports (11.3% vs. 4.9%, p= 0.0002).

Effects of diagnostic confidence

Figure 4 summarizes the effects of the integrated reading on diagnostic confidence.
Subgroup analyses for different types of malignancies, anatomic subsites, and imaging
indications are presented in Table 3. A fully integrated reading was available for 407
(25%) of the total of 1607 regions scored, included in the FOV of both the MRl and PET/
CT. For the remaining 1200 regions outside the MRI-FOV, a partly integrated reading
of the PET/CT images was performed.
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Table 2. Baseline patient and imaging characteristics

Variable

Median age (range)
Sex

Male

Female

Primary tumor type

Gynecological (cervix, endometrium, ovary, vagina, vulva)

Colorectal
Anal
Urological (bladder, urethra)
Upper gastrointestinal tract (stomach, esophagus)
Sarcoma
Indication for imaging
Staging of primary malignancy
Response evaluation
Detection and/or staging of recurrent malignancy
Order of imaging examinations
MRI first (median interval)
PET/CT first (median interval)
MRI and PET/CT on the same day
MRI characteristics
Field of view
Upper abdomen/liver
Lower abdomen/pelvis
Diffusion-weighted sequence available
Yes
No
Contrast-enhanced sequence available
No

Yes?®

Number (%)
total n= 201

61 (26-93)

62 (31%)
139 (69%)

41%)
39%)
14%)
3%)

%)
%

83 (
7 (
29 (
(
(1
(1%)

7
2
2

99 (49%)
32 (16%)
70 (35%)

120 (7 days)
60 (7 days)
21

36 (20%)
144 (80%)

185 (92%)
6 (8%)

146 (73%)
55 (27%)

@ Contrast-enhanced abdominal MRIs were liver MRIs in 39 of 55 (71%) and pelvic MRIs in

16 of 55 (29%)

MRI, magnetic resonance imaging; PET/CT, positron emission tomography (PET) with

computer tomography (CT)
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Fully integrated reading (PET/CT+MRI)

The fully integrated reading was in excellent agreement with the original PET/CT
reports (k= 0.81) and in good agreement with the original MRI reports (k= 0.68).
After integrated reading, 3.2% of regions were assigned an inconclusive/equivocal
(confidence level 3) score, compared with 5.7% for the original PET/CT (p= 0.05) and
5.4% for the original MRI reports (p= 0.14). Compared with the original PET/CT and
MRI reports, there was an overall trend toward more increase, rather than decrease in
confidence, although the results did not reach statistical significance: an increase in
confidence was observed in 8.9% and 9.6% of regions, respectively, versus a decrease
in confidence in 6.6% and 6.9% (p= 0.18 and p= 0.24). In the subgroup analyses, the
increase in confidence was most pronounced for assessment of lymph nodes when
compared with the original MRI reports (11.4% increase vs. 6.0% decrease, p= 0.08)
and for cases concerning cervical cancer (11.7% increase vs. 3.9% decrease, p=0.03).
Compared with the original PET/CT reports, the increase in confidence was most
pronounced for recurrent disease cases (11.6% increase vs. 5.1% decrease; p= 0.06).
The only subgroup with an overall trend toward a decrease in confidence was res-
ponse evaluation after treatment, though results did not reach statistical significance
(p=0.41-0.817).

Agreement of the partly integrated reading with the original PET/CT reports was good
(k= 0.74). There was no net effect on diagnostic confidence (3.7% increase vs. 3.7%
decrease in confidence compared to the original PET/CT reports), nor was there a
statistically significant change in the proportion of equivocal scores after the integrated
reading (1.4% vs. 1.8%, p= 0.45).

The chronologic order in which the imaging examinations were performed (PET/CT

or MRI performed first) did not significantly affect results when comparing agreement

between the integrated and original reports, p= 0.44-0.83).
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DISCUSSION

This study compared integrated side-by-side reading of F-18 FDG-PET/CT and ab-
dominal MRI by a radiologist and a nuclear medicine physician with the conventional
clinical approach of separate reading and reporting of the two exams. Our results
show that, in approximately one-third of patients, this integrated reading led to
discrepant findings compared to the original reports, which would have had a
potential clinical impact in 12% of the total study cohort. In addition, we observed a
trend toward a small relative increase in diagnostic confidence (particularly in lymph
nodes, gynecological cases, and recurrent disease) and a reduction in the proportion
of inconclusive outcomes in regions that were covered by both the PET/CT and MRI
FOV, i.e., regions where a fully integrated reading of PET/CT and MR images could
be achieved. In regions outside the MRI FOV, combined partly integrated reading of
the PET and low-dose CT images by a nuclear medicine physician and a radiologist
did not alter staging compared to the original PET/CT reports. In a previous report,
Catalano et al compared hybrid PET/MRI to same-day PET/CT in a mixed cohort of
134 patients. They reported that the PET/MRI approach led to a potential change in
clinical management in 26 of 134 (19%) of patients.” This number is similar to the 12%
of patients with clinically significant discrepant findings in our current study cohort.
The majority of discrepant findings in our study occurred in lymph nodes. The lymph
node regions were also the regions where the most pronounced effect on diagnostic
confidence was observed, particularly when compared to the original MRI-reports:
an increase in confidence was observed in 11.4% (vs. a decrease in 6.0%, p= 0.08).
It is well known that staging of lymph nodes on MRI is challenging due to a lack of
reliable criteria. Size is one of the main criteria used, but no optimal cutoff exists.
In small nodes, metastases can easily be missed, while reactively enlarged lymph
nodes are often over-staged.® In specific cancer types, such as cervical cancer, PET is
known to be of value to help differentiate lymph node positive disease.¥¥ In these
cases, a combined reading of MRI and PET/CT can be beneficial, as the soft tissue
detail of MRI can aid in anatomically localizing lymph nodes, whereas the metabolic
information from PET can be used to distinguish the metastatic ones. This ultimately
may lead to a more confident and uniform diagnosis of the N-stage. Changes in nodal
stage after integrated reading had a potential clinical impact in 15 cases. These were
mainly cases where up- or downstaging of nodes would change the extension of the
radiotherapy field, for example to cover para-aortic nodes in cervical cancer, or change
the need for additional resection of para-iliac lymph nodes in rectal cancer. In two

patients, downstaging of nodes after integrated reading could have avoided invasive
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additional diagnostic procedures (Figure 5). In the cases for which histopathology
(or an alternative standard of reference) was available, it was found that integrated
reading correctly altered the nodal stage in six cases. However, there were also four
cases in which integrated reading led to an incorrect change in nodal stage. This
reflects that - despite an overall trend toward increased confidence when combining
the information from PET/CT and MRI - nodal staging remains a challenging task with

a risk for erroneous image interpretation.

Figure 5 Example of clinically significant discrepant case. T2-weighted MRI (a) and PET/
CT fusion (b) images of a female patient staged for primary cervical carcinoma. The
primary tumor in the cervix (arrowhead) was recognized in both original reports as well
as after integrated reading (assigned a confidence score of 5 in all CRFs). In the original
MRI report, a suspicious (confidence score 4) left inguinal lymph node was reported
(arrow in a). In the original PET/CT report, the same node (arrow in b) was reported to
be benign (confidence score 1). Additional ultrasound-guided fine-needle aspiration
(FNA) was performed, which confirmed a benign lymph node. Integrated reading of
the images resulted in the correct diagnosis of a benign node (confidence score 2).
Compared to the original separate (and discrepant) reports, integrated reading would
thus have led to a more uniform diagnosis, which could have prevented unnecessary
FNA.
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The second most observed cause of discrepancy was the post-treatment differentiation
of locally recurrent (or residual) disease. Interestingly, evaluation of recurrent disease
was also one of the settings where the effect on diagnostic confidence was most
evident in the subgroup analyses, with a borderline significant increase in confidence
compared to the original PET/CT reports (11.6% increase vs. 5.1% decrease in
confidence; p= 0.06). In these cases, the morphologic detail of MRI, combined with
the expert anatomical input from a trained radiologist, can be of added value to help
the nuclear medicine physician make a more confident distinction between recurrent
disease and alternative causes of increased FDG accumulation such as abscesses,
fistulas, or treatment-related inflammation. Incidentally, discrepant findings concerned
additional detected lesions such as peritoneal (Figure 6) or lung metastases that were
not identified in the original reports or vice versa. Interestingly, the subgroup of cases
assessed for evaluation of treatment response was the only group where we observed
an overall trend (albeit not statistically significant) toward a decrease in confidence
after integrated reading. Although speculation should be avoided because of the small
number of events in this subgroup (constituting only 64 of the total of 1607 regions
analyzed), this decrease in confidence may be attributed to difficulties of anatomical
MRI to differentiate vital tumor remnants in areas of post-radiation fibrosis,*> and the

decreased sensitivity of PET to detect small-volume residual disease after treatment.*!

The overall positive trend toward a small increase in diagnostic confidence from
combining PET/CT and MRI found in this study is in line with previous reports that also
found a positive effect for integrated reading of PET(-CT) and MR, either acquired
sequentially or using hybrid PET/MRI systems.®!-132142-44 Reduction in equivocal scores
(3.2% for the integrated reading vs. 5.7% and 5.4% for the separate PET/CT and MRI
reports, respectively) is similar to that previously reported. Brendle et al. compared
integrated (hybrid) PET/MRI to separate PET/CT and MRl reading in a small cohort of 15
colorectal cancer patients. They showed that integrated PET/MRI reading resulted in a
lower proportion of equivocal scores (2.8%) compared with PET/CT (3.9%) or MRl alone
(7.8% with DWI and 10.6% without DWI), but only when the PET/MRI reading protocol
included a DWI sequence.™ The latter confirms the findings of several other reports
that a DWI sequence benefits the MRI detection of malignant lesions (in various types
of malignancies).*** DWI is routinely performed in the majority of MRI protocols in our
institute, and was available in 92% of MRI examinations of the current study cohort. In
the subgroup of regions that were not included in the MRI-FOV, integrated reading
merely consisted of combined assessment of the PET and low-dose CT images by a

radiologist and a nuclear medicine physician. This partly integrated reading did not
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Figure 6 Example of clinically
significant discrepant case.
T2-weighted MRI (a) and PET/
CT fusion (b) images of a

male patient 1.5 months after
cytoreductive surgery with HIPEC
(hyperthermic intraperitoneal
chemotherapy) for metastasized
mucinous-type sigmoid cancer.
After integrated reading, the
readers together identified two
lesions (arrow and arrowhead)
which they classified as

recurrent peritoneal metastases
(confidence score ). In the
original MRI report, the ventral
lesion (arrow) was interpreted as
postoperative fluid and assigned
a confidence score 1 and the
dorsal lesion (arrowhead) was not
reported. In the original PET/CT
report, the ventral lesion was not
reported and the dorsal lesion
was interpreted as urine activity
in the left ureter (confidence
score 1). On the follow-up CT
performed 2.5 months later (c),
both lesions progressed to large
peritoneal masses (in circles),
confirming recurrent disease.

In this case, integrated reading
would have led to a change in
both disease stage and clinical
management.
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alter staging results compared to the original separate imaging reports. Apparently,

the contribution provided by the radiologist in this setting is of no additional value.

There are some limitations to our study design, in addition to its retrospective nature.
First, it was not possible to analyze the clinical effect of our discrepant findings in
terms of diagnostic accuracy, since for most of the individual regions analyzed in this
study histopathologic confirmation was not available and/or clinical follow-up was
insufficient to serve as a standard of reference. This is why we chose to primarily focus
on clinical impact and diagnostic confidence. Second, due to the time-consuming
nature of the study, we chose to extract the scores for the separate MRl and PET/CT
assessments from the original clinical reports and to perform the integrated reading
by one team (of two readers) which does not account for inter-reader variations.
The retrospective extraction of scores from the clinical reports may have introduced
some bias, since assigning a confidence score based on free-text reports is inherently
subject to some degree subjectivity. In addition, the clinical reports originated from
a multitude of readers (with varying levels of expertise), while the integrated team
readings were done by a consistent group of readers with similar experience levels.
Third, to represent a broad spectrum of indications for combined PET/CT and MRI (and
to allow for meaningful analyses in a sufficiently large cohort), the studied population
was heterogeneous in terms of primary tumor type and indication for imaging, which
could make it more difficult to translate our results to specific clinical settings. We did
perform additional subgroup analyses for specific tumor types/indications, but these
results need to be interpreted with caution given the small and unevenly distributed
size (and therefore limited statistical power) of these subgroups. Fourth, a fully
integrated reading could only be achieved in the minority (25%) of anatomical regions
that were included in the FOV of both the PET/CT and MRI, since the MRIs included
our study were all ‘regional’ and not ‘whole body’ examinations. Finally, the need to
have two medical specialists sit together to perform an integrated reading can prove
to be difficult to accomplish in busy daily clinical practice. To facilitate this, as well as
the adoption of hybrid PET/MRI in the future, a change in workflow to further integrate

radiology and nuclear medicine disciplines will be required.
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CONCLUSIONS

Integrated side-by-side reading of FDG-PET/CT and abdominal MRI by a multi-
disciplinary team of a nuclear medicine physician and a radiologist can change
staging outcomes in a substantial proportion of cases, with potential clinical impact
in approximately 1 out of 9 patients in our cohort. In addition, integrated PET/MRI
reading can have a small positive effect on diagnostic confidence and to help reach a
more uniform diagnosis particularly in lymph nodes and in cervical cancer cases and
to differentiate recurrent disease from benign post-treatment changes. These findings

support further collaboration between radiology and nuclear medicine disciplines.
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INTEGRATED VERSUS SEPARATE READING OF F-18 FDG-PET/CT AND MRI FOR ABDOMINAL
MALIGNANCIES — EFFECT ON STAGING OUTCOMES AND DIAGNOSTIC CONFIDENCE
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CHAPTER 4

ABSTRACT

Objectives
To explore the value of multiparametric MRI combined with FDG-PET/CT to identify
well-responding rectal cancer patients before the start of neoadjuvant chemoradiation.

Methods

Sixty-one locally advanced rectal cancer patients who underwent a baseline FDG-PET/
CT and MRI (T2W + DWI) and received long-course neoadjuvant chemoradiotherapy
were retrospectively analysed. Tumours were delineated on MRI and PET/CT from
which the following quantitative parameters were calculated: T2W volume and ent-
ropy, ADC mean and entropy, CT density (mean-HU), SUV maximum and mean,

metabolic tumour volume (MTV,..) and total lesion glycolysis (TLG). These features,

42%
together with sex, age, mrTN-stage (“baseline parameters”) and the CRT-surgery
interval were analysed using multivariable stepwise logistic regression. Outcome was
a good (TRG 1-2) versus poor histopathological response. Performance (AUC) to
predict response was compared for different combinations of baseline + quantitative
imaging parameters and performance in an ‘independent’ dataset was estimated

using bootstrapped leave-one-out cross-validation (LOOCV).

Results

The optimal multivariable prediction model consisted of a combination of baseline +
quantitative imaging parameters and included mrT-stage (OR 0.004, p<0.001), T2W-
signal entropy (OR 7.81, p= 0.0079) and T2W volume (OR 1.028, p= 0.0389) as the
selected predictors. AUC in the study dataset was 0.88 and 0.83 after LOOCV. No PET/

CT features were selected as predictors.

Conclusions

A multivariable model incorporating mrT-stage and quantitative parameters from
baseline MRI can aid in identifying well-responding patients before the start of treat-
ment. Addition of FDG-PET/CT is not beneficial.
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RECTAL CANCER PATIENTS BEFORE THE START OF NEOADJUVANT CHEMORADIATION

INTRODUCTION

Current standard treatment for locally advanced rectal cancer (LARC) consists of long-
course neoadjuvant chemoradiotherapy (CRT) followed by surgery. In 15-25% of these
patients, no residual tumour is found in the resection specimen.? This has raised
the question whether for this group surgery may be avoided.3* Organ-preserving
treatments like the ‘watch-and-wait’ approach (W&W) are nowadays increasingly
considered as an alternative to surgery, with good reported functional outcome,

disease-free and overall survival.>?

At this point, there is no pre-therapy classification method to predict how patients will
respond to CRT. Although this information would currently not likely impact treatment,
predicting response before the start of therapy could have a clinical impact in the future:
in patients likely to respond well, neoadjuvant treatment may be further intensified to
increase the chance of organ preservation, while in predicted non-responders futile
CRT may be avoided. Pre-treatment response prediction may furthermore help create
opportunities to select small and low-risk tumours (now typically managed with surgery
without neoadjuvant treatment) to undergo CRT in case of a predicted good response,
with the specific aim to achieve organ preservation.”® These developments urge the

need for accurate predictive biomarkers.

There is a growing interest in the value of imaging as a potential source for these
biomarkers, with numerous reports exploring the potential of metabolicimaging (FDG-
PET/CT)""and MRIwith the addition of functional imaging sequences such as diffusion-
weighted imaging (DWI).">? Most studies so far have focused on single-modality
imaging and included only one or a few imaging markers. Linking multiparametric
data from PET and MRI may be beneficial to provide a more comprehensive insight
into underlying tumour biology. The few reports that have investigated such a
multimodality PET/CT + MRI assessment in rectal cancer, suggested its potential, in
particular when applying sequential imaging (pre- and post-CRT) and for higher-order
(radiomics) imaging variables.”™?

This study aims to further explore the value of combining baseline FDG-PET/CT and

multiparametric MRI to identify before onset of treatment those patients that will

respond well to neoadjuvant chemoradiation.
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CHAPTER 4

METHODS

This study was approved by the local institutional review board. Informed consent

was not required due to the retrospective nature of this study.

Patients

From 2008 to 2015, a cohort of 104 locally advanced (>T3 and/or N+) rectal cancer
patients was identified from the local institutional database of the department of
Radiation Oncology of Maastricht University Medical Center (Maastro Clinic), that
underwent both routine MRI for primary tumour staging and an additional FDG-PET/
CT at baseline (prior to any treatment), either as part of a previous study protocol
(trial number NCT00969657) or for standard of care radiotherapy planning. From
this cohort, 61 patients were selected based on the following inclusion criteria: (1)
treatment consisting of long-course CRT followed by surgery or W&W, and (2)
sufficient information to establish the treatment response outcome (histopathology or
> 2 years of clinical follow-up in case of W&W-surveillance). The standard CRT protocol
consisted of 50.4 Gy with concurrent capecitabine-based chemotherapy. Patients who
received a non-standardised treatment, had insufficient quality imaging or mucinous

tumour histology were excluded (see Figure 1).

MRI

MRIs were performed at 1.5 Tesla (Intera (Achieva) n= 43 or Ingenia n= 18, Philips
Healthcare) and included a T2W-sequence in 3 orthogonal directions, and an axial
DWI-sequence including b-values b= 0 and b= 1000 s/mm?. Apparent diffusion coef-
ficient (ADC) maps were calculated by fitting a mono-exponential decay function to
the b= 0 and b= 1000 s/mm? images. The axial T2W-MRI and DWI were angled in
identical planes, perpendicular to the tumour axis. Further protocol details are given

in Table 1. Patients received no spasmolytic or bowel preparation/filling.

FDG-PET/CT

18F-FDG-PET/CT was performed on a Siemens Biograph 40 TruePoint PET/CT scanner
(SIEMENS medical). A bolus of 2-deoxy-2-[18F]fluoro-D-glucose (18F FDG, from here
on: FDG) of 2.5 MBg/kg (n= 52) or 4.0 MBg/kg (n= 9) was administered intravenously,
after a 6-h fast (blood glucose level <10 mmol/L). Scanning started after an incubation
time of 60 (+ 5) min, with 5 min per bed position, and ran from the skull base to upper-
thighs (reconstructed to 3 mm slice thickness, 4.07 mm in-plane resolution). A non-
enhanced CT scan (120 KVp, 113-297 mAs with automatic dose modulation) was
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n=104
LARC patients with
pre-therapy PET/CT and MRI

Incomplete/inadequate imaging
n=13 n=3; no DWI sequence available
n=>5; severe artefacts on T2
n=5; severe artefacts on DWI

Non-standard neoadjuvant treatment

5o n=16; CRT < 45 Gy

EEEEEE— n=1; short course RTx (5x5Gy)

n=1; palliative w/o follow up

n=3; adjuvant chemo administered pre-surgery

No valid standard of reference
n=2; TRG not reported
> n=1; patient waived surgery
n=1; W&W recurrence <2 years after CRT
n=1; delayed surgery due to metastasised disease

n=4 -
> | mucinous tumour*

\4

n=61
patients included

Figure 1. Patient in- and exclusion flowchart.

CRT chemoradiotherapy, LARC locally advanced rectal cancer (T3 and/or N+), RTx
radiotherapy, TRG tumour regression grade (Mandard's), W&W watch-and-wait. *
Predominantly mucinous tumours were excluded because these typically exhibit
distinctly different characteristics on PET and MRI and show a different response to
CRT.

acquired for attenuation correction, anatomical correlation and radiotherapy planning

(reconstructed to 3 mm slice thickness, 0.98 mm in-plane resolution).

Quantitative MRI and PET/CT parameters

The image analysis workflow is illustrated in Figure 2. PET/ CT and MR images were
transferred to an offline workstation for tumour segmentation, performed using
dedicated software (3D Slicer, version 4.8.1). Feature extraction was performed using

the open-source software PyRadiomics (version 2.1.2).%"
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Table 1. MRI protocol

T2-weighted Diffusion-weighted
Echo time (ms) 130-150 65.74-84.88
Repetition time (ms) 3427-16,738 2480-5545
Echo train length 25-28 53-87
Slice thickness (mm) 3-5° 5
Slice gap (mm) 3.3-7.03 4-6.02
In-plane resolution (mm) 0.78125 1.25-1.71875
Number of averages 2-6 3-10
b-values (s/mm?2) - 0, 1000°
Fat suppression - STIR (n= 32), SPIR (n=7), SPAIR (n= 22)

STIR short-Tl inversion recovery, SPIR spectral presaturation with inversion recovery, SPAIR
spectral attenuated inversion recovery

 n= 23 patients were scanned with 5 mm and n= 38 with 3 mm axial slice thickness
®Protocols included 3-7 b-values ranging from b0 to b2000 s/mm?, but for the purpose of
this study only the b= 0 and b= 1000 s/mm? series were used for analyses and to calculate
the ADC map

61 LARC patients with pre-therapy multi-parametric MRI and FDG-PET/CT

pre-therapy T2-weighted MRI pre-therapy DWI pre-therapy PET/CT

segmentation and image analysis

T2Wyolume DWiyoiume SUVinean CT-HUpean
T2W-signalentropy ADCean MTV,29
ADCentropy TG
S Candidate baseline and imaging variables: Multivariable stepwise logistic regression
S
% GOOD li MRI: PET/CT: A. Comparison of baseline + imaging models:
g (TRGlil-z) * Age *© T2Wooume * SUViean « Baseline patient characteristics
£ * Sex * T2W-signalenropy  * SUVimax * MRI
8 « mrT-stage * DWlgiume o MV « PET/CT
3 * mrN-stage * ADC * TG « Baseline + MRI
2 mean
[} POOR response ¢ Interval + ADC, ¢ CT-HUpean * Baseline + PET/CT
2 (TRG3-5) entony
S « Baseline + MRI + PET/CT
o
a
2 B. Optimal prediction model

statistical analysis

Figure 2. Schematic study outline
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A board-certified radiologist (D.L., >9 years of rectal MRl experience) manually
delineated whole-tumour volumes on the axial T2W-MRI and b1000-DWI, respectively,
to calculate the following features: volume on T2W (T2Wvolume, mesh-volume in

PyRadiomics), entropy of the T2W signal intensity histogram (T2W-signal ), volume

entropy’

on DWI (DWlvolume, mesh-volume in PyRadiomics), mean ADC (ADCmean) and
entropy of the ADC intensity histogram (ADC ).

entropy

Metabolic tumour volumes (MTV,,,)

by one of the researchers experienced in PET segmentation (NS) by placing a volume

on PET/CT were semi-automatically segmented

of interest (VOI) over the tumour while taking care to avoid inclusion of physiologic
uptake in the bladder. From this VOI, the metabolic tumour volume was calculated

),

according to methods previously described.?”?* The MTV,,, was used to calculate the

using a threshold of 42% of the maximum standardised uptake value (SUV__
mean standardised uptake value (SUV__ )

SUV___ x MTV,,,). The MTV,,,, segmentation was transferred to CT to calculate the
mean Hounsfield unit (HU) (CT-HU ).

and total lesion glycolysis (TLG; defined as

mean

The specific MRI and PET features described above were chosen as they represent
relatively straightforward (first order) variables reflecting tumour size, heterogeneity,
cellularity and metabolism, which have all shown potential in previous reports and

which are relatively simple to reproduce.'¢%%

Baseline patient characteristics

The following clinical baseline patient characteristics were documented: sex, age and
T- and N-stage derived from routine clinical staging with MRI (further referred to as
mrT-stage and mrN-stage). The latter were dichotomised as mrT3c-4 vs. mrT1-3b and

mrN+ vs. mrNO, respectively.

Response to chemoradiotherapy (standard of reference)

The primary outcome was the histopathological tumour regression grade (TRG) by
Mandard.® Patients were classified as good responders (TRG1-2) or poor responders
(TRG3-5). For W&W patients, a recurrence-free follow-up of >2 years was used as
a surrogate endpoint of a complete response. For the purpose of this study, these
patients were considered complete responders (TRG1) and classified in the good

responders group.
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Statistical analysis
Statistical analysis was performed using R software (version 3.4.3; R Foundation for
Statistical Computing).

The value of the quantitative MRl and PET/CT features and baseline patient charac-
teristics to predict a good response was analysed by multivariable logistic regression,
consisting of a forward stepwise feature selection method based on the Akaike
Information Criterion (AIC). The AIC describes model quality as a tradeoff between
model fit and model complexity (i.e. the number of variables). A lower AIC indicates
a better model, and is achieved by a better goodness of fit or fewer variables.®'* The

analysis workflow is summarised as follows:

— As described above, only a limited number of parameters (T2Wvolume, T2W-
signal DWI ADC DC MTV SUV SUvV TLG, CT-HU, mrT-

entropy’ volume’ mean’ entropy’ 42%"

stage, mrN-stage, age, sex) were assessed to limit overfitting. These parameters

max’ mean’

were defined before the onset of the study based on previous literature showing
their potential promise as predictors of response.'®?? The interval between the last
radiotherapy fraction and the final response evaluation (dichotomised as <10 vs. >10
weeks) was added as an additional variable, as longer intervals have been reported to

result in higher response rates and could thus act as a potential confounder.®

— When two features showed a strong correlation (Pearson’s correlation coefficient
p> 0.8), only one was entered in the feature selection process to reduce effects of

multicollinearity.

— The multivariable modelling process was repeated separately for different subsets and
combinations of baseline and/or imaging variables (baseline only, MRI only, PET/ CT
only, baseline + MRI, baseline + PET/CT, baseline + PET/CT + MRI). To limit effects of
overfitting, the number of variables selected for each model was set to a maximum of 1

feature per 10 patients in the smallest outcome group (3 features in total).

— Predictive performance of each model was assessed by calculating the area under the
receiver operating curve (AUC). Since our cohort size did not allow splitting of the data
in a test and validation set, performance in an ‘independent’ dataset was estimated
by performing leave-one-out cross-validation (LOOCV) with 500 bootstrap samples (to
calculate confidence intervals). LOOCV involves building a model using the original

dataset multiple times, while excluding one different patient each time to predict the
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outcome. The cross-validated AUC is determined on the collective of these different

predictions, and approximates the AUC in independent data.

To provide a complete overview of all investigated features, additional univariable
logistic regression analysis was performed for each baseline and quantitative imaging
variable. This was done independent of the multivariable analysis. P values <0.05 were

considered statistically significant.

RESULTS

Patient characteristics

Baseline patient characteristics are reported in Table 2. In total, 54/61 patients underwent
surgery: 6 (10%) had a TRG1, 18 (30%) TRG2, 19 (31%) TRG3, 11 (18%) TRG4 and 0
(0%) TRG5. The remaining seven patients (12%) were monitored with W&W and had a
sustained clinical complete response (median follow-up of 59 months, range 26-89). This
resulted in 31 good responders (51%, TRG 1-2) and 30 poor responders (49%, TRG 3-5).

Comparison of different baseline and imaging models and their combinations
Results of the stepwise feature selection process including the different combinations
of baseline patient characteristics, MRl and PET/CT variables are shown in Table 3A.
The best fitting model (based on the smallest AIC) was the baseline + MRI model.
The PET/CT-only model had the poorest fit and addition of PET/CT features to the
‘baseline-only’ or 'baseline + MRI" model was not beneficial. AUCs were 0.81 (baseline-
only), 0.70 (MRI-only), 0.50 (PET/CT-only), 0.88 (baseline + MRI), 0.81 (baseline + PET/
CT) and 0.88 (baseline + MRI + PET/CT), respectively.

Optimised multivariable model

The optimised baseline + MRI model is summarised in Table 3B, and included mrT-
stage (OR 0.004; 95% CI 0.00-0.09 for cT3c-4 vs. cT1-3b), T2W—signa|erltropy (OR per IQR
4.33;95% C11.47-12.77) and T2W OR 1.028 per cm?; 95% CI 1.00-1.05). The model
had an AUC of 0.88 to predict good responders within our dataset, with a sensitivity
of 0.68 (95% CI 0.49-0.83) when the ROC threshold was set at a specificity of 0.90.
With leave-one-out cross-validation the found AUC was 0.83 (95% Cl 0.70-0.96) with a
sensitivity of 0.61 (95% CI 0.42-0.78) at a specificity of 0.90.

volume (
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Table 2. Baseline characteristics of study population

Male / female 47 (77%) / 14 (23%)
Age mean (sd) 68 (9)
MRI-based T-stage (mrT-stage)

Early stage (mrT1-3b)

mrT1-2 5 (8%)
mrT3a 0 (0%)
mrT3b 34 (56%)
Advanced stage (mrT3c-4b)
mrT3c 15 (25%)
Baseline + mrT3d 1(2%)
staging
mrT4a 2 (3%)
mrT4b 4 (7%)
MR-based N-stage (mrN-stage)
mrNO 16 (26%)
mrN1 30 (49%)
mrN2 15 (25%)
Treatment post-CRT
Surgery 54 (88%)
W&W 7 (12%)
TRG (Mandard)
1 13 (21%)
2 18 (30%)
Outcome 3 19 (31%)
4 11 (18%)
52 0 (0%)
Good response (= TRG1-2) / 31% (51%) /
Poor response (= TRG3-5) 30% (49%)
RT treatment duration 37 (36-51)
Time from MRI to start CRT 27 (9)
Treatment Time from PET to start CRT 7(2)
intervals Time between PET and MR 20 (9)

(Median no. days
and interquartile
range)

Time from last RT fraction to surgery
(n= 54 patients)

Time from last RT fraction to W&W
inclusion 56 (4)
(n=7 patients)

71(8)

CRT chemoradiotherapy, W&W watch-and-wait follow-up, TRG tumour regression grade,

RT radiotherapy

27/13 patients were followed up according to a watch-and-wait program and had a sustained
clinical complete response for at least 2 years (median follow-up 59 months, range 26-89).
This was used as a surrogate endpoint for a pathological complete response (TRG1)
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Table 3. Multivariable stepwise logistic regression analysis

A. Comparison of baseline + imaging models

Candidate AUC .
variable subset AIC (training dataset) Selected variables
mrT-stage (mrT1-3b vs.
|. Baseline pa“uent 679 0.81 mrT3c—4d),
characteristics time to surgery
(<10 vs. >10 weeks)
II. MRI T2W-signal_, __ (per unit),
837 0.70 ADC_,_ (per unit)
. PET/CT 86.5 0.50 —
mrT-stage (mrT1-3b vs.
V. Baseline + MRI 58.0 0.88 mrT3c-4d) T2W-signal

entropy

(per unit), T2W (per cmd)

volume
mrT-stage (mrT1-3b vs.

67.9 0.81 mrT3c-4d), time to surgery
(<10 vs. >10 weeks)

V. Baseline +
MRI + PET/CT

mrT-stage (mrT1-3b vs.
58.0 0.88 mrT3c-4d), TZW—signaIentropy
(per unit), T2W (per cm?)

me

VI. Baseline +
MRI + PET/CT

B. Optimal prediction model (baseline + MRI model)

Modalit Selected Odds ratio value
y variable (95% Cl) P
mrl-stage
. 0.004
Baseline (mrT1-3b vs. <0.001
mrT3c.4d) (0.00017-0.092)
T2W-signal__ 7.810
VIR (per unit)( . (1.713-35.612) 0.0079
T2W, e 1.028
(per cmq) (1.001-1.054) 0.0389
AUC 0.88
(training dataset)
AUC 0.83 (bootstrap 95% Cl: 0.70-0.96)
(LOOCV)

AIC Akaike Information Criterion, which reflects the relative efficiency of a statistical model
compared to other models, with a lower value indicating a more efficient model, AUC area under
the receiver operating characteristic curve, LOOCV leave-one-out cross-validation, Cl confidence
interval

2No variables were selected as predictors when only PET/CT variables were offered to the model.
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Supplementary Table 1 illustrates the results of the univariable analysis (which
was performed independently of the multivariable feature selection process) and
correlation analysis for all baseline and imaging variables. Since there was a strong
correlation between DWI  and T2W (o= 0.96), SUV__ and SUV__ (o= 0.99)
and MTV,,., and TLG (p= 0.80), only T2W SUV,__.. and TLG were entered in the

multivariable selection process described above.

42% volume’

DISCUSSION

This study explores the value of combining quantitative imaging features from baseline,
pre-treatment FDG-PET/CT and MRI with common baseline patient characteristics to
predict response to neoadjuvant CRT in rectal cancer. Our findings demonstrate that
a multivariable model incorporating mrT-stage, combined with (semi-) quantitative
MRI features (T2W-signal entropy and tumour volume) can aid in identifying good
responders before the start of treatment, with an estimated predictive performance of
AUC 0.83. Addition of FDG-PET/CT variables was not beneficial.

Our results indicated mrT-stage as the strongest baseline predictor of response, with
a higher mrT-stage resulting in a lower probability of achieving a good response. This
is in line with previous studies, including a pooled analysis of >3000 patients that
showed that higher T-stage is negatively associated with complete response rates
after CRT." More recent large retrospective cohort studies by Joye et al. and Al-Sukhni
et al. confirmed T-stage to be amongst the main baseline predictors of response.3%
In these two previous works, contradictory results were reported for the predictive
value of N-stage: while Joye et al. reported higher N-stage to be associated with a
favourable response, Al-Sukhni reported the opposite. mrN-stage was not identified
as a significant predictor in our study. These conflicting findings are likely related to the
known inaccuracies of imaging for lymph node staging.**” Al-Sukhni et al. also found
a longer interval between CRT and surgery to be associated with a higher probability
of response, which is consistent with several other reports.33%4? For this reason, we
chose to include time to surgery as a potential confounder in our analyses (although
it can clearly not be used as a pre-therapy predictor). While it was indeed associated
with response, it was not amongst the strongest parameters ultimately included in the

optimal predictive model.
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In addition to mrT-stage, only the MRI-based quantitative features significantly
contributed to the optimal prediction model. A positive predictive effect was

observed for T2W-signal indicating that tumours with a higher entropy (i.e. a

entropy’
more heterogeneous texturegyhave a higher probability of achieving a good response.
Similarly, a recent prospective study by Shu et al. found entropy on pre-CRT T2W MRI
to be higher in patients who achieved a complete response after CRT.? In contrast,
Meng et al. found lower pre-treatment T2W entropy to be associated with complete
response,” while a third report by De Cecco et al found no significant differences at all
in baseline tumour entropy between response groups.* Although in literature tumour
heterogeneity is generally regarded as a factor associated with tumour aggressiveness,
the precise relation between heterogeneity (as assessed on imaging) and response to
treatment is not well understood. In addition, variations in methodology concerning
patient selection, image processing, outcome definition and statistics may have
contributed to inconsistent findings between reports. The baseline tumour volume
(T2W,gyme

effect was relatively small. This is in line with data from previous studies that reported

) was the third independent predictor included in the model, though its
suboptimal performance for pre-therapy tumour volumetry to predict response.*>>3

Interestingly, our study showed limited predictive value for baseline PET and DWI
variables. This confirms previous evidence showing disappointing or conflicting
results for pre-treatment response prediction based on DWI (using mainly ADC) and
PET (SUV__
predictive performance was reported in the pre-treatment setting for both PET (SUV__
pooled sensitivity 0.78; pooled specificity 0.35) and DWI (ADC
0.69; pooled specificity 0.68).”7 More positive results for PET or DWI were mainly

Land SUV__)."%" In a systematic review by Joye et al., suboptimal pooled

al

oy POOlEd sensitivity
reported when (sequential) imaging data acquired during and/or after completion of
CRT, rather than at baseline was used.'®”"” To our knowledge, only two other groups
have performed a multivariable analysis combining pre-treatment PET/CT and MRI
to predict rectal tumour response. Joye et al. combined PET/CT and DWI features
measured before, during and after CRT, together with volume on T2W-MRI. Their
multivariable model reached an AUC of 0.83 to predict a good response (ypT0-1NO).
However, only features dependent on post-treatment measurements (post-CRT and
ACRT) were selected as predictors and no pre-treatment features were included,
again indicating the limited value of PET and DWI in the pretherapy setting.” The
second study, by Giannini et al. specifically focused on image texture and combined
first-order and second-order texture features derived from pre-treatment PET, DWI
and T2W-MRI together with PET volume. Their multivariable model reached an AUC
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of 0.86 in which notably 5 out of é selected variables were based on PET. However,
this good result was achieved in a test dataset without further (cross-)validation.?
Validation is required to estimate the performance of a model in actual clinical practice
(unseen data), since the accuracy as established in a test dataset will likely be an
overestimation. Unfortunately, our current dataset was too small to allow splitting of
the data into a test and validation set. Therefore, we chose to simulate validation on an
‘independent’ dataset by performing leave-one-out cross-validation (LOOCV), which
resulted in an AUC of 0.83. Apart from the relatively small size, our study is limited
by its retrospective nature. As a consequence, variations in scanning protocols (in
particular MRI) and hardware used over time may have introduced heterogeneity not
related to the treatment outcome. The study further used a single-reader design for
image segmentation, which does not account for inter-observer variations, particularly
for the manual (MRI) delineations. These effects are expected to be limited, however,
based on previously reported excellent inter-reader reproducibility.®#4 Along the
same line, some of the baseline characteristics included in the analyses were based
on radiological staging (mrT-stage and mrN-stage) which are also known to be subject
to inter-observer variations. An in-depth analysis of such effects, however, was beyond
the scope of the current study. Histopathologic response evaluation was not available
for all patients due to the inclusion of W&W patients, for which the surrogate endpoint
to establish the treatment outcome was a recurrence-free follow-up of at least 2-years
(median 59 months). Since locoregional regrowths indicating incomplete response
occur almost exclusively within these first 2 years, we believe this can be considered
an acceptable endpoint in these cases.® Future validation and replication of this
work may be limited by the fact that PET/CT is typically not routinely performed as a
first-line staging modality. Finally, for this study we deliberately chose to explore the
predictive value of only a selective number of relatively well-known and reproducible
variables (reported to be of potential value in previous literature), to prevent overfitting
of a large number of features to a small sample size. As a result, alternative useful
predictors may have been neglected. This would be an interesting area for further
research in larger datasets (using radiomics or deep learning approaches) and should
also include a more comprehensive integration of imaging features with other clinical,

immunological, histological and genetic variables.

Conclusion and clinical outlook
Prediction of response to neoadjuvant treatment is an increasingly relevant issue in
rectal cancer, especially given the growing interest in organ-preserving treatment

programs. Our findings demonstrate that a model incorporating (semi-)quantitative
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imaging features from routine staging MRI combined with mrT-stage can aid in
identifying patients likely to show a good response to neoadjuvant chemoradiation.
Addition of PET/CT variables was not beneficial, indicating that pre-treatment PET/CT
(which is currently not typically used as a first-line modality for rectal cancer staging)
probably has a limited added value for pre-therapy response prediction. These results
are an encouragement for further development of clinical response prediction models
incorporating routine pre-therapy MR imaging in rectal cancer, which will need to be

further studied and validated in large prospective patient cohorts.
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Supplementary Table 1. Univariable logistic regression analysis for predicting
good response

Modality Variable Odds Ratio (95% Cl)  P-value
Baseline patient = Age (per year) 1.10 (0.63-1.91) 0.731
characteristics
Sex (female vs. male) 0.66 (0.20 — 2.20) 0.499
mrT-stage (mrT1-3b vs. mrT3c- | 0.06 (0.02 — 0.25) <0.001
4d)
mrN-stage (mrNO vs. mrN+) 1.05(0.33-3.27) 0.939
Time to surgery/W&W 0.55(0.20 - 1.53) 0.254
inclusion
(<10 vs. >10 weeks)
MRI T2W, . (per cm?)? 0.99 (0.98 - 1.01) 0.485
T2W—signa|entropy (per unit) 1.84 (0.92 -3.70) 0.085
DWI ... (per cm?) 0.99 (0.98 - 1.01) 0.425
ADC__ (per 10° mm?/s) 0.57 (0.01 = 22.57) 0.766
ADC_,., (Per unit) 3.99(0.98 - 16.30) 0.054
PET/CT MTV,,, (per cm3)P° 0.98 (0.95-1.01) 0.243
SUV__ (per unit) 0.96 (0.90 - 1.02) 0.219
SUV__ (per unit) 0.93 (0.83 - 1.05) 0.242
TLG (per unit)° 0.99 (0.98 - 1.01) 0.403
CT-HU__ (per HU) 0.98 (0.96 - 1.01) 0.207

mean
W&W: watch-and-wait follow-up; HU: Hounsfield Unit; Cl: confidence interval.
2T2W . and DWI correlated with Pearson’s rho p=0.96. Since T2Wimaging is more
readily available and less susceptible to geometric distortions, DWI was excluded from
multivariable analysis.
® MTV,,, and TLG correlated with Pearson’s rho p=0.80. Since MTV,,,, describes tumour
volume and T2W,_ was also included
as a variable, MTV,,, was excluded from multivariable analysis.
<SUV,__ and SUV__ correlated with Pearson’s rho p=0.99. Since the SUV __ value is derived
from a single pixel and therefore is more susceptible to noise than the mean SUV value,
SUV_ _ was excluded from multivariable analysis.
Between all other variables Pearson'’s rho was p<0.80.

volume
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CHAPTER 5

ABSTRACT

Background
Early prediction of response to concurrent chemoradiotherapy (cCRT) could aid to
further optimize treatment regimens for locally advanced cervical cancer (LACC) in the

future.

Purpose

To explore whether quantitative parameters from baseline (pre-therapy) magnetic
resonance imaging (MRI) and FDG-PET/computed tomography (CT) have potential as
predictors of early response to cCRT.

Material and Methods
Forty-six patients with LACC undergoing cCRT after staging with FDG-PET/CT and
MRI were retrospectively analyzed. Primary tumor volumes were delineated on FDG-
PET/CT, T2-weighted (T2W)-MRI and diffusion-weighted MRI (DWI) to extract the
; DWI volume; ADC

mean’

following quantitative parameters: T2W volume; T2W signal
ADC_; MTV,

42%;
the residual tumor volume on MRI 3-4 weeks after start of external beam radiotherapy

mean’

and SUV__. Outcome was the early treatment response, defined as

with chemotherapy (before the start of brachytherapy): patients with a residual tumor
volume <10 cm3were classified as early responders. Imaging parameters were analyzed
together with FIGO stage to assess their performance to predict early response, using
multivariable logistic regression analysis with bi-directional variable selection. Leave-
one-out cross-validation with bootstrapping was used to simulate performance in a

new, independent dataset.

Results

T2W volume (OR 0.94, P= 0.003) and SUV__ (OR 1.15, P= 0.18) were identified as
independent predictors in multivariable analysis, rendering a model with an AUC of
0.82 in the original dataset, and AUC of 0.68 (95% CI 0.41-0.81) from cross-validation.

max

Conclusion

Although the predictive performance achieved in this small exploratory dataset was
limited, these preliminary data suggest that parameters from baseline MRI and FDG-
PET/CT (in particular pre-therapy tumor volume) may contribute to prediction of early

response to cCRT in cervical cancer.
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INTRODUCTION

In cervical cancer, disease stage is typically determined at diagnosis by a combination
of clinical examination and pelvic magnetic resonance imaging (MRI), complemented
with whole-body 18F-fluoro-deoxyglucose (FDG) positron emission tomography/
computed tomography (PET/CT) for evaluation of lymph nodes and distant metastases
in more advanced cases. Current treatment standard for locally advanced cervical
cancer (LACC; International Federation of Gynecology and Obstetrics (FIGO) stage
>B2 or node-positive) is definitive concurrent chemoradiotherapy (cCRT), consisting of
weekly cisplatin in combination with external beam radiotherapy (EBRT), followed by

brachytherapy.’

To date, the radiotherapy schedule is generally identical for all patients, irrespective
of tumor stage or other prognostic characteristics. In the vast majority, this regime
results in a complete local response,? but there is considerable variation in the course
of response between individual patients. In some patients, a significant tumor residue
remains after the first weeks of EBRT (before brachytherapy), while others are “early
responders” that already show a (near-)complete volume reduction at this stage.® In the
future, these “early responders” might benefit from an early start of the subsequent
brachytherapy, aiming to reduce overall treatment time, or from dose de-escalation to

limit treatment toxicity while maintaining a good oncological outcome.* To facilitate

such personalized treatments, tools to predict early response will be required.

One approach could be to extract such predictive information from imaging. Studies
in various cancer types have shown promising results for imaging biomarkers derived
from MRI and FDG-PET/CT as predictors for response and prognosis.>® For cervical
cancer, there have been reports that markers from pre-treatment MRI or FDG-PET/CT
have potential to predict “late” outcomes, including disease-free and overall survival’'®
or final treatment response after completion of cCRTV-%; however, so far, no studies
have focused specifically on prediction of early treatment response. Furthermore, of
the existing studies, only a few combined FDG-PET/CT and MRI within one patient

cohort.?121827

The aim of the present study was to determine whether quantitative imaging markers
from baseline staging MRI and FDG-PET/CT have potential as predictors of early
response to cCRT in LACC, and whether combining parameters from both modalities

has complementary value.
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MATERIAL AND METHODS

This retrospective study was approved by the institutional ethical review board,

informed consent was waived. The study workflow is illustrated in Figure 1.

Patients and treatment

Patients who underwent FDG-PET/CT and MRI in our institution for pre-treatment
staging of primary cervical cancer (January 2011 to March 2018) were identified. From
this group, 46 patients met the inclusion criteria: (i) LACC (FIGO stage 2B2 or node-
positive?; (ii) treatment by cCRT (with curative intent) and at least four of six weekly
cycles of cisplatin completed; (iii) pre-treatment MRI at 3.0 T including T2-weighted
(T2W) and diffusion-weighted imaging (DWI); and (iv) available MRI at 3-4 weeks after

EBRT initiation, to determine “early response.”

46 LACC patients with pre-treatment multi-parametric MRI and ['®F]FDG-PET/CT before cCRT

['®F]FDG-PET/CT pre-treatment

DWI pre-treatment

T2-weighted MRI pre-treatment

segmentation and image analysis

T2W-volume DWIi-volume MTV 20,
T2W-signalmean ADCrnean SUVax
ADCsp

————

T2-weighted MRI
-4 weeks of EBRT+cisplatin 2

Analysis of predictive accuracy:

5 > %

= % Univariable

c . e . .

5 (logistic regression analysis) g
o =
£ OUTCOME AND g
38 Residual T2W-volume =
3 <10cm® Multivariable %
2 (early response) (logistic regression analysis) =
S T @
o

7]

2

Leave-one-out cross-validation

T2Wootume

Figure 1. Study workflow.

@ MRI acquired during cCRT for clinical brachytherapy planning. For the purpose of
this study, this MRI was used for volumetric response measurement. cCRT, concurrent
chemoradiotherapy; MRI, magnetic resonance imaging.
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Table 1. MRI protocol used for primary staging and quantitative imaging evaluation

T2W FSE Single-shot EPI DWI
Repetition time (ms) 2515.84-4865.10 1200.0-8824.4
Echo time (ms) 110-150 54.03-97.97
Slice thickness (mm) 3-4 2.7-3
Slice gap (mm) 34 3.2-35
In-plane resolution (mm) 0.25x0.25 — 0.49x0.49 0.56x0.56 — 1.48x1.48
Echo train length 25-28 67-113
No. signal averages 1-2 1-5
b-values
(used for calculation of ADC)  — 0, 200, 800*
(s/mm?)
Fat suppression - SPAIR

*Some changes in protocol and sequence parameters occurred during the study period: in 18
patients, ADC was calculated using slightly different b- values: 0, 188, 750. In two patients, ADC
was calculated using b-values 0, 200, 1000.

ADC, apparent diffusion coefficient; DWI, diffusion-weighted imaging; EPI, echo planar
imaging; FSE, fast spin echo; MRI, magnetic resonance imaging; SPAIR, spectral attenuated
inversion recovery; T2W, T2-weighted.

Routine cCRT consisted of pelvic EBRT of 46 Gy (2 Gy/fraction, five fractions/week).
The radiation field was extended to the level of the renal veins in cases of suspicious

para-aortic nodes. A sequential boost (14 Gy, 2 Gy/fraction, five fractions/week) was
administered to suspected sites of pelvic lymph-node involvement. EBRT was followed
by brachytherapy to a total dose equivalent of 90 Gy on the high-risk clinical target
volume (cervix and tumor), in 3-4 fractions. Radiotherapy was accompanied by weekly

cisplatin (40 mg/m? body surface area) for six weeks, starting on day 1 of EBRT.

MRI

Pre-therapy pelvic MRl was performed at 3.0 T (Intera Achieva (+/- dStream) or Ingenia
system, Philips Healthcare) with an external surface coil. The protocol included
anatomical fast spin echo (FSE) T2W sequences in three orthogonal planes and an
axial single-shot echo planar imaging (ssEPl) DWI sequence, with three b-values
(b 0 up to b 750-1000). Axial T2W and DWI sequences were angled in identical
planes (perpendicular to the cervical canal). Protocol details are provided in Table 1.

Spasmolytics were not administered.
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FDG-PET/CT imaging

FDG-PET/CTs were performed on a hybrid PET/CT scanner (either Gemini TF 16 or
Gemini TF Big Bore, Philips Healthcare). After 6 h of fasting (target blood glucose
level <10 mmol/L), patients received an intravenous 2-deoxy-2-[18F]fluoro-D-glucose
(FDG) bolus of 180 MBq (for body mass index (BMI) 28 kg/m?) or 240 MBq (BMI>28
kg/m?), followed by an accumulation period of 60 +5 min. Scanning ran from the skull
base to upper thighs, with 2 min/bed position (reconstructed to 4-mm slices, 4 x4 mm
pixels), with a non-enhanced CT (120-140 kV, target energy 40 mAs with automatic
dose modulation) for attenuation correction and anatomical correlation (reconstructed

to 2 mm and 5 mm slices, 1.17 x 1.17 mm pixels).

Tumor segmentation

A board-certified abdominal radiologist (DL, with =7 years of pelvic MRl experience)
manually segmented whole-tumor volumes on the primary staging axial T2W-MRI and
subsequently (in the same session) on high b-value DWI, using dedicated open-source
software (3D Slicer, version 4.8.1). To assess inter-observer variation, a random subset
of 15 cases was additionally segmented by a second board-certified radiologist (MM,
with similar experience level), blinded for the results of the first reader.

FDG-PET/CT images were processed by a nuclear medicine physician (WV, with 13
years of experience), using the same software. The FDG-avid tumor volume was
first manually segmented, while carefully excluding adjacent structures with high
physiological FDG signal (e.g. urine in the bladder). The metabolic tumor volume was
derived semi-automatically from this segmentation using a threshold of 42% of the
SUV__ (MTV,

max 42%"

according to methods previously reported '1327),

Quantitative image analysis
Using the open-source software PyRadiomics (version 2.1.0 ®) the following quantitative
parameters were extracted from the segmented volumes: T2W volume; DWI volume;
mean T2W signal (T2W-signal___); mean apparent diffusion coefficient (ADC

the SD of the ADC (ADC,.); SUV and MTV,

selected as they represent relatively simple (first-order) parameters reflecting tumor

meand’
. - These specific parameters were
size, cellularity, heterogeneity, and metabolism, all of which have shown potential for
response prediction in previous studies.'®®72* ADC values were calculated using a
mono-exponential decay model including three b-values (b1/40, b1/488/200, b1/4750/
800/1000 s/mm?). MRI data were resampled to account for variation in the voxel
dimensions, and signal intensity was normalized (by subtracting the image mean value

and dividing it by the SD).
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Outcome definition (early response)

The primary study outcome was the early response to cCRT, defined as the residual tumor
volume on MRI (routinely performed for the purpose of brachytherapy planning) after
3-4 weeks of cCRT. This outcome was chosen as the residual tumor volume after EBRT
but before brachytherapy has previously been described to correlate with final local
control after completion of treatment.'”*'32 The volume threshold was set at <10 cm?,
based on a previously reported cut-off."” The tumor volume after EBRT was segmented
on T2W-MRI by the same reader and using the same procedure and segmentation
methods as for the initial tumor segmentations. In 29/46 patients, response evaluation
was performed on a 1.5-T scanner (Intera Achieva, Philips Healthcare) using similar

protocols as the standard 3.0-T protocol described above and in Table 1.

Statistical analysis
Inter-observer variability was determined with the intraclass coefficient (ICC) in a two-way
random effects model. The predictive value of the different imaging parameters (T2W
DWI volume, ADC ADC_, SUV__, MTV

volume, T2W signal ot o)
clinical FIGO stage, to predict early response to cCRT was assessed using multivariable

o , together with

mean’ mean’

logistic regression analysis with bi-directional stepwise selection based on the Akaike
Information Criterion (AIC).® FIGO stage was derived from the patients’ electronical
medical records (according to the 2009 FIGO staging system, routinely used during

the inclusion period of the present study).?® In case of strong correlation between

different imaging parameters (Pearson’s correlation coefficient p> 0.8), only one of these
parameters was used in the variable selection process to avoid effects of multicollinearity.
Model performance was determined by calculating the area under the receiver operating
characteristic (ROC) curve (AUC), and odds ratios (ORs) were calculated for all parameters
selected in the model. To assess model performance in new, “independent” data, leave-
one-out cross-validation (LOOCV) was performed. For LOOCYV, each patient is left out
of the dataset once and a prediction model is generated on the remaining cases (46
iterations for this study). Probability of early response is calculated by the model for the
left-out patient. The cross-validated AUC is determined on the total of these predictions.
A 95% bootstrap confidence interval for the cross-validated AUC was obtained by
repeating the cross-validation process using 1000 bootstrapped samples. Univariable
logistic regression analysis for the individual variables was performed independent of
the multivariable analysis. Baseline variables were compared between outcome groups
using Wilcoxon Mann-Whitney U test for independent samples or Fisher's exact test.

Statistical analyses were performed using R version 3.4.3 (R Foundation for Statistical

Computing, Vienna, Austria).
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RESULTS

Baseline characteristics

Baseline patient characteristics are given in Table 2. The median age was 51 years (age
range: 27-75 years). Most patients had FIGO stage [I1B: 34/46 (74%). In total 30/46 (65%)
patients were classified as early responders (residual T2W volume <10 cm?). Total treatment

time (EBRT+brachytherapy) was in the range of 5.3-8.3 weeks (median 6.3 weeks).

Table 2. Baseline characteristics of included patients (n= 46)

Residual T2W P
volume <10 cm®  Residual T2W value*
(good early volume >10 cm?
response)
Patients (n) 30 16 n/a
Age (years) 49 (28-61) 52 (27-75) 0.188
IB2 2(6.7) 1(6.3)
IIA-IIB 23(76.7) 11 (68.8)
FIGO staget
IHA-I1IB 4(13.3) 3(18.8)
I\ 1(3) 1(6.3) 0.549
Node-positive
disease 20 (66.7) 13 (81.3) 0.493t
Squamous cell o g0 11 (68.8)
carcinoma
Tumor histology Adenocarcinoma | 1(3) 4 (25)
Other
(adenosquamous, | 2 (6) 1(6.3) 0.079%
undefined)
Median interval
between start
of EBRT and 23 (16-25) 23 (16-24) 0.228
second MRI
(days)

Values are given as n (%) or median (range). *P>0.05 was considered statistically significant. TStage
according to the FIGO staging system of 2009. fFisher's exact test, others: Wilcoxon Mann-
Whitney U test (independent samples).

EBRT, external beam radiotherapy; FIGO, International Federation of Gynecology and Obstetrics;
MRI, magnetic resonance imaging; T2W, T2-weighted.

114



PRE-TREATMENT PREDICTION OF EARLY RESPONSE TO CHEMORADIOTHERAPY BY QUANTITATIVE
ANALYSIS OF BASELINE STAGING FDG-PET/CT AND MRI IN LOCALLY ADVANCED CERVICAL CANCER

Table 3. ICC for MRI parameters

Variable ICC (95% ClI)

T2W volume 0.972 (0.920 - 0.990)
DWI volume 0.916 (0.772-0.971)
T2W-signalmean 0.995 (0.985 — 0.998)
ADCmean 0.992 (0.976 - 0.997)
ADCSD 0.944 (0.845-0.981)
Post-EBRT T2Wvolume 0.932 (0.769 - 0.978)

ADC, apparent diffusion coefficient; Cl, confidence interval; DWI, diffusion-weighted imaging;
EBRT, external beam radiotherapy; ICC, intraclass correlation coefficient; MRI, magnetic
resonance imaging; T2W, T2- weighted.

Inter-observer variability
Inter-observer agreement was excellent for all quantitative image parameters, with
ICCs in the range of 0.916-0.995 (Table 3).

Univariable analysis

Results of the univariable analysis are provided in Table 4. Among the quantitative
imaging parameters, all parameters related to the pre-therapy primary tumor volume
(T2W volume, DWI volume, and MTV
response, with ORs in the range of 0.94-0.95 (per cm?), indicating that a smaller tumor

) Were significantly associated with early
volume is associated with early response to cCRT. Of the other parameters, only ADC_
and T2W-signal___showed borderline significant associations (OR 1.06, P= 0.07 and
OR 0.98, P=0.09, respectively). FIGO stage category was not significantly associated
with early response (OR 0.60, P= 0.50).

mean

Multivariable prediction model
Multivariable analysis was performed independently of the univariate results. Since
a strong correlation (P= 0.8-0.9, P <0.01) was found between the three volume

parameters (T2W volume, DWI volume, and MTV,_.), T2W volume was chosen as the

42%)
only volume-based parameter entered in the variable selection process because it

corresponds best with the outcome definition (volume on T2W-MRI after EBRT).
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Table 4. Univariable association with early response.

Variable OR (95% CI) P value
FIGO stage (IlI-IV vs. I-1l) 0.60 (0.14 - 2.65) 0.50
T2W volume (cm?) 0.94 (0.91 - 0.98) <0.01*
T2W-signal___ (unit; normalized) 0.98 (0.96 - 1.00) 0.09
DWI volume (cm?q) 0.95 (0.91 - 0.98) <0.01*
ADCmean (unit; normalized) 1.01 (0.99 - 1.04) 0.38
ADC, (unit; normalized) 1.06 (1.00-1.12) 0.07
MTV,,, (cm?) 0.94 (0.90 - 0.98) <0.01*
SUV__ (unit) 0.96 (0.86 - 1.07) 0.44

*P values <0.05 were considered statistically significant.

ADC, apparent diffusion coefficient; Cl, confidence interval, DWI, diffusion-weighted imaging;
EBRT, external beam radiotherapy; FIGO, International Federation of Gynecology and
Obstetrics; MTV, metabolic tumor volume; OR, odds ratio; T2W, T2-weighted.

Table 5. Multivariable logistic prediction model.

Variable OR (95% Cl) P value
T2W volume (cm?)* 0.93(0.89-0.98) <0.01
SUV__, 1.15 (0.94-1.40) 0.18
AUC 0.82

AUC LOOCV! 0.68 (0.41-0.81)

*There was a strong correlation (r= 0.8-0.9, P <0.01) between T2W volume, DWI volume,
and MTV,,... Therefore, only T2W volume was used in the variable selection process.

TLOOCV with bootstrapping was used to account for overfitting and to estimate how the
model would perform on new, independent data. ADC, apparent diffusion coefficient; AUC,
area under the receiver operating characteristic curve; Cl, confidence interval, LOOCV, leave-
one-out cross-validation; OR, odds ratio; T2W, T2-weighted.

Results are summarized in Table 5. The multivariate prediction model included T2W
volume (OR 0.94, P= 0.003) and SUV__ (OR 1.15, P= 0.18) as the selected predictors.
Median pre-CRT T2W volume was 24.8 cm? (range 7.2-53.7 cm?®) for the early responders
versus 64.1 cm? (range 21.2-134.9 cm?) for the remaining patients. Median SUV__ for the
early responders was 15.3 (range 6.7-26.1) versus 15.9 (range 4.8-33.6) for the remaining
patients. The model’s performance to predict early response was AUC 0.82 within the
current dataset. AUC by cross-validation (LOOCV) was 0.68 (95% Cl 0.41-0.81).
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DISCUSSION

Previous studies have shown that pre-therapy quantitative imaging markers from
FDG-PET/CT and MRI have potential to predict “late” outcomes including the final
treatment response'2224% and survival®' in patients with LACC. In addition to
these previous works, the present study specifically assessed whether quantitative
imaging parameters from baseline staging MRI (including DWI) and FDG-PET/CT
may also have potential as predictors of early response to cCRT and could thus play
a possible role in future optimization of treatment regimens. Our exploratory results
indicate that the pre-therapy tumor volume is the best predictor (with similar results
for volumes derived from T2W-MRI, DWI, and FDG-PET/CT in univariable analysis)
for early response to EBRT (i.e. response before onset of brachytherapy), with smaller
baseline volumes (median 24.8 vs. 64.1 cmd) for the early responders. Of the other
parameters, only SUV__ may have some complementary value, though the SUV__
values between both outcome groups overlapped considerably. FIGO stage was not
identified as a significant predictor for early response, nor were any of the DWI-related

parameters (ADC and ADC_ ). Overall, the estimated predictive performance

achieved with cross-validation was only moderate (AUC ~ 0.7) and ORs of the selected
parameters were in the range of 0.94-1.15, indicating a limited predictive value, which
is typically not considered sufficient for clinical decision-making. The present study was

exploratory, however, and further and more in-depth research is obviously required

to investigate if other (combinations of) imaging and clinical parameters yield higher
predictive potential.

It is difficult to directly compare our current results with those reported by previous
authors, because their studies were aimed at later endpoints (disease-free and overall
survival) or final response after cCRT, while the current study focuses specifically on
predicting early response to EBRT. Furthermore, few studies have combined MRI and
FDG-PET/CT parameters for prediction of outcome in cervical cancer. Studies that
did, in most cases found FDG-PET-based pre-therapy parameters were associated with
the final outcome, including a smaller baseline metabolic tumor volume' and higher
SUV__ '8 corresponding to a favourable outcome. In contrast, high pre-therapy SUV,
was reported to predict a poor final treatment response by Kidd et al.’*? looking at
PET parameters only, yet others were unable to confirm an association.’®* In three
MRI-based studies that included the tumor volume on pre-treatment T2W-MRI to
predict final treatment response, this parameter was not found to be a significant
predictor.’>?>® However, a study by Schernberg et al.3' did show a significant association

between pre-treatment tumor volumes and survival.
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We were unable to detect a significant association between the DWI-derived para-
meters and early treatment response. Although association of ADC_ nearly reached
significance in univariable analysis, this parameter was not identified as an independent
predictor in the multivariable analysis. Previous reports on ADC-based parameters to
predict response to cCRT in cervical cancer have so far shown conflicting results. Some
studies found low pre-treatment ADC___to be associated with a good final response
to cCRT,"7224 while others found no significant results.'1521253 The role of DWI to
predict treatment response in cervical cancer thus remains unclear but appears to be

relatively limited.

When tested within our original dataset, the multivariable model (including T2W volume
and SUV__ as predictors) yielded an AUC of 0.82. This is likely an overestimation of its
actual performance in hypothetical clinical application. Because our limited cohort size
did not allow splitting of the dataset into separate training and validation sets, cross-
validation of the bi-directional stepwise modelling process was used to simulate model
performance on a new independent dataset (i.e. to estimate its clinical potential).
This resulted in an AUC of 0.68, which is likely a more realistic approximation of the
model’s actual performance. As mentioned, this is certainly not sufficient for clinical
decision-making, and further optimization (and larger scale validation) will obviously
be required. While FIGO stage—though specifically developed for prognostication—
did not contribute to the current model, it will be worthwhile to further explore the
added value of clinical factors, as well as additional histological, immunohistochemical,
or genetic factors to generate stronger and more comprehensive clinical prediction
models. It would also be worthwhile to see if the recently updated FIGO staging
system would render different results than the 2009 FIGO staging system routinely
used during the clinical inclusion period of the current study. Finally, sophisticated
methods of image analysis and postprocessing such as Radiomics or deep learning,
often used to assess large sets of variables, may prove to be of added value as the first
available publications on these relatively novel methods have shown some promising
preliminary results.”®% In the present study, we consciously limited the number of
variables to prevent overfitting in a small dataset and identified a small set of relatively
intuitive (first-order) features based on previous works. We acknowledge, however,
that with this approach other potentially valuable imaging biomarkers may have been

overlooked.

The present study has some limitations, in addition to the aforementioned small patient

cohort. First, some variations in MR acquisition protocols occurred over time, which are
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difficult to avoid during retrospective analysis of clinical data. We aimed to account
for this by normalizing the MRI signal intensity (T2W and ADC). Second, a validated
reference standard to classify early response during cCRT does not exist. We therefore
chose the residual volume on T2W-MRI after 3-4 weeks of EBRT as a measure of early
response, using a volume threshold of <10 cm® derived from a study by Mongula et
al.,’”” who reported this as a cut-off that correlates with local control after brachytherapy.
Finally, part of the MRIs used for response classification were acquired at 1.5 T instead
of 3.0 T (29/46 patients). Given the comparable visual quality and resolution, this likely

had little impact on the tumor volumes used for response classification.

In conclusion, these preliminary data suggest that parameters from baseline MRI and
FDG-PET/CT (particularly primary tumor volume) may contribute to prediction of early
response to cCRT in LACC, although the predictive performance achieved was limited.
Future larger-scale studies are required to expand this research, by combining imaging
markers with other potential predictors and by exploring more sophisticated image
analysis techniques, to build prediction tools that can truly aid in further treatment

personalization in cervical cancer.
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CHAPTER 6

ABSTRACT

Purpose

To build and explore the value of a multivariable predictive model incorporating semi-
quantitative variables from FDG-PET/CT and clinicopathological prognostic factors
to predict locoregional treatment failure before the start of treatment in anal cancer
patients treated with cCRT.

Methods

Retrospective study of 99 patients treated with cCRT for anal cancer (squamous cell
carcinoma) with a minimum follow-up of >1 year after completion of treatment. Pre-
treatment FDG-PET/CTs were analyzed and the following parameters were extracted
from the primary tumour: MTV,,,, SUVmax, SUVpeak, SUVskewness, SUVentropy,
SUVuniformity and TLG. Age, sex, cTN-stage, high-risk HPV (hr-HPV) status and
whether patients underwent a sequential radiotherapy boost were also documented.
The value of different combinations of clinical baseline, hr-HPV and PET/CT-derived
variables to predict locoregional treatment failure (within <1 year after treatment) was
analyzed using penalized multivariable logistic regression analysis, using the least
absolute shrinkage and selection operator (LASSO). Leave-one-out cross validation
(LOOCV) was used to estimate the performance of the resulting prediction models in

an "unseen” dataset.

Results

Nineteen patients (19%) experienced 1-year locoregional treatment failure. A “clinical”
model incorporating male sex (Odds Ratio (OR) 9.41), cN+ stage (OR 1.99) and hr-HPV+
status (OR 0.17) showed the best performance to predict locoregional failure with an
AUC 0f0.89 (0.81 after LOOCV). Adding PET/CT-derived variables to this clinical model
did not improve performance: AUC 0.90 (0.79 after LOOCV). Of the PET/CT-derived
parameters only MTV,,, was identified as a predictor (OR 1.22). Model performance

when including only PET-variables was poor (AUC 0.64; 0.36 after LOOCV).

Conclusions

The combination of hr-HPV-negative, node-positive tumour stage and male sex
provides the strongest predictive value to estimate the risk of locoregional failure after
cCRT before onset of treatment. Semi-quantitative pre-treatment PET/CT-derived

parameters do not offer complementary value.
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INTRODUCTION

Squamous cell carcinoma (SCC) of the anal canal is a relatively rare malignancy,'?
which is treated with concurrent chemo-radiotherapy (cCRT) in most cases (T2-4 stage
and T1 if >1cm).>* To date, there is no definitive consensus about the optimal cCRT
schedule.”® Even though up to 90% of patients achieve a complete response after cCRT,
the disease recurs in 15-30% of patients, the majority (up to 85%) being locoregional
treatment failures within the first two years after cCRT.*"" In case of local or locoregional
failure, salvage surgery is considered the only potentially curative treatment modality,
provided that a radical resection is feasible. These salvage procedures often entail
extensive surgery with high morbidity, and a relatively high complication and relapse

rate.'>"*

Pre-treatment prediction of the risk for locoregional failure after cCRT may help to
select patients for intensified treatment schedules (e.g. dose escalation) or more
intensive follow-up schedules, in order to improve cure rates.'>' Known risk factors for
treatment failure include larger tumour volume or length, node-positive disease, male
sex and high-risk human papillomavirus (hr-HPV)-negative tumours.'®%®"7-"? However,
individually, these parameters are insufficiently accurate to use for patient selection
and comprehensive prediction models incorporating these factors are currently not
available. In addition, little is known about the complementary value of imaging-

derived quantitative parameters or “biomarkers” for prediction of treatment failure.

Positron-Emission Tomography/Computed Tomography (PET/CT) is increasingly used
in the routine diagnostic workup (and treatment response evaluation) of anal cancer

patients, in particular for the clinically more advanced tumours with higher a priori risk

for nodal and/or distant metastases. There is growing evidence that PET/CT can have
a significant impact on staging - and hence affect the radiotherapy plan or the overall
treatment intent - in these cases.®? Several studies have shown that parameters derived
from PET/CT, such as the standardized uptake value (SUV) or metabolic tumour volume
(MTV), may also be of value as predictors of treatment response,”?' recurrence'’?'-28
and survival 222242630 However, due to the low incidence of anal carcinoma, many of
these studies are limited by small and/or heterogeneous patient cohorts. Moreover, in
most of these studies the PET/CT-derived parameters have not yet been compared or

combined with known clinical risk factors.
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Therefore, the aim of this study was to build and explore the value of a multivariable
clinical predictive model incorporating both semi-quantitative variables derived from
fluorodeoxyglucose- (FDG) PET/CT as well as known clinicopathological prognostic
factors such as cTN-stage and hr-HPV status to predict locoregional treatment failure
before the start of treatment in anal cancer patients treated with cCRT in a relatively

large and homogenous patient cohort.

METHODS

Patients and treatment

This retrospective study was approved by the institutional ethical review board. We
identified all patients that were treated with chemoradiotherapy at The Netherlands
Cancer Institute between 2008-2018 for primary anal cancer. A cohort of 99 patients

fulfilled all of the following inclusion criteria:

1. Histopathologically confirmed squamous cell carcinoma
2. Pre-treatment staging including FDG-PET/CT imaging
(with visible primary tumour in situ)
3. Treated with curative intent with concurrent chemoradiotherapy (cCRT)

4. Post-treatment follow-up of at least 1 year

The treatment protocol consisted of intensity-modulated radiation therapy (IMRT) or
volumetric-modulated arc therapy (VMAT) with a simultaneous integrated boost (SIB)
of 5940 cGy to the gross tumour volume (GTV) and 4950 cGy to elective lymph node
regions, combined with 825 mg/m?%BID capecitabine on radiation treatment days, or
750 mg/m? 5-fluorouracil (5-FU) for five consecutive days in the first and fifth week of
radiotherapy. On the first day of treatment a single dose of Mitomycin C (12 mg/m?,
max 20 mg) was administered. Patients with evidence of gross macroscopic residual
tumour in the fifth week of radiotherapy (as assessed by digital rectal examination and/

or MRI) received a sequential radiation boost of 3 x 1.8 Gy.

Outcome definitition

The primary outcome was first-year locoregional failure, defined as a recurrence or
residual disease after completion of cCRT occurring within the radiation field; from
the bifurcation of the external and internal iliac arteries to the superficial and deep

inguinal lymph node areas. The presence or absence of locoregional failure was
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assessed by routine three-monthly clinical examination, serum SCC antigen testing,
and radiological imaging upon indication. Each suspected locoregional treatment

failure was confirmed histologically by biopsy or resection.

FDG-PET/CT imaging

Pre-treatment staging FDG-PET/CTs were performed on a Gemini TF 16 or Gemini TF
Big Bore hybrid scanner (both Philips Healthcare, Best, The Netherlands) after >6 hours
of fasting (target blood glucose level <10 mmol/L) followed by administration of a 180
MBq or 280 MBq (if body mass index >28) intravenous bolus of 2-deoxy-2-[18F]flucro-
D-glucose (FDG). Scanning ensued after a resting period of £60 minutes from the skull
base to the mid-thighs, with 2 minutes per bed position. PET images were attenuation
corrected using native CT-images (acquired at 120-140 kV and with 29-324 mAs using
automatic dose-modulation) and reconstructed to 4 x 4 mm pixels and 4 mm slices.
CT images were reconstructed to 1.17 x 1.17 mm pixels and 2 mm slices with a 2 mm

slice spacing.

Image analysis

FDG-PET/CTs were transferred to an offline workstation for tumour segmentation, which
was performed semi-automatically using the open-source software 3D Slicer (version
4.8.1, slicerorg). PET parameters were subsequently extracted using PyRadiomics
(version 2.2.0, pyradiomics.readthedocs.io).’" A preliminary volume of interest (VOI)
was manually drawn around the primary tumour region in each slice of the FDG-PET
image (by LM, experienced in PET/CT segmentation), from which the metabolic tumour
volume (MTV) was automatically calculated using a threshold of 42% of the maximum
SUV within the VOI (MTV,
the MTV,,.,,
parameters were extracted from the MTV: SUVmax (maximum SUV in the tumour),
SUVpeak (mean SUV of the 3 x 3 x 3 voxel region with the highest average SUV),
SUVskewness (asymmetry of the SUV histogram), SUVkurtosis (‘peakedness’ of the

ws)s Using methods previously reported.3* In addition to

the following frequently reported (first-order) semi-quantitative PET/CT

histogram), SUVentropy (randomness of the histogram), SUVuniformity (homogeneity
of the histogram), and total lesion glycolysis (TLG: MTV,,, x SUVmean).

Clinical baseline variables

The following “clinical baseline” variables were collected from the medical patient
records: age at diagnosis, sex, cT-stage (dichotomized as cT1/2 vs. cT3/4) and cN-stage
(dichotomized as cN+ vs. cN-). cTN-stage was retrieved from the multidisciplinary team

reports and based on integrated assessment of routine staging procedures including
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physical examination, MRI, FDG-PET/CT and ultrasound +fine needle aspiration.
In addition, hr-HPV status was retrieved from the institutional patient record or the

national pathology database, when available.

Statistical analysis

Statistical analysis was performed in R statistical software (version 3.6.1, R Foundation
for Statistical Computing). From each pair of continuous variables with a Pearson
correlation at least 0.8, the variable with the greatest average correlation with all
other variables was excluded from further analyses. A schematic overview of the
study and analysis workflow is provided in Figure 1. Penalized logistic regression
models predicting 1-year locoregional failure were obtained using the least absolute
shrinkage and selection operator (LASSO).** Seven different models were obtained by
using seven pre-defined sets of predictor variables: (1) baseline variables (age, sex,
cTN-stage), (2) tumour hr-HPV status, (3) PET/CT parameters, (4) baseline variables
and tumour hr-HPV status, (5) baseline variables and PET/CT parameters (MTV
SUVpeak, SUVuniformity, SUVkurtosis after correlation analysis), (6) tumour hr-HPV

42%'

status and PET/CT parameters, and (7) baseline variables, tumour hr-HPV status and
PET/CT parameters. Whether patients underwent a radiotherapy boost in addition to
the standard treatment (boost yes vs. no), was included in each of the seven models as
a potential confounder. Since hr-HPV status was not available for all patients, models
using this variable were obtained by averaging coefficients over 100 models estimated
on 100 imputed datasets that were obtained using multiple imputation by chained
equations. Predictive performance of each model was assessed using the area under
the receiver-operating curve (AUC). For models without hr-HPV, Delong confidence
intervals (Cls) for the AUCs were obtained. Cls were based on the imputed datasets
for models with hr-HPV. Leave-one-out cross validation (LOOCV) with bootstrapping
(1000 iterations) was used for each set of variables to estimate the AUC in an
independent dataset. A detailed description of the statistical procedures is provided
in Supplementary Material 1.
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Figure 1. Schematic outline of the study and analysis workflow

RESULTS

Baseline characteristics

Detailed patient, tumour and treatment characteristics for the 99 study patients (43
male; median age 62 years) are given in Table 1. At baseline, the majority of patients
had cT2 (55%) or ¢T3 (30%) tumours and node-positive disease (62%). Data on hr-HPV
association was available for 70 patients (71%), and was positive in 62 (89%). In total,
19 patients (19%) experienced locoregional treatment failure within the first year after
cCRT (12 local tumour only, 2 regional nodes only and 5 local tumour and regional

nodes combined).
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Table 1. Baseline patient characteristics (n= 99)

Median age

Sex

High-risk HPV

cT-stagef

cN-stage*

Radiation therapy

Chemotherapy regimen®

Locoregional failure

Site of failure

Male
Female
Positive”
Negative
Unknown
cT1

cT2

cT3

cT4

cNO

cN1

cN2

cN3
IMRT
VMAT

Sequential boost (3 x 1.8 Gy)

Yes

No
Capecitabine
5-FU
No
Yes

Median time to failure

Primary tumour site only

Regional nodes only

Tumour + nodes

62 years (range: 34-80)
Number of patients
(%)

43 (43)

56 (57)

62 (63)

55 (54)
30 (30)
13 (13)
38 (38)
36 (36)
19(19)
6 (6)
25 (25)
74 (75)

35(39)
64 (65)
92 (92)

7 (7)
80 (81)
19 (19)

3.6 months
(range 0.8 - 10.5)

12 (63)
2 (1)
5 (26)

Note: unless indicated differently, numbers are absolute numbers of study patients.

HPV: human papillomavirus; IMRT: intensity-modulated radiation therapy; VMAT: volumetric-
modulated arc therapy; 5-FU: 5-fluorouracil
“ Tumour hr-HPV status was determined by polymerase chain reaction (PCR) in 44 cases, and

by immunohistochemistry (p16 as surrogate biomarker) in 18 cases.

T Staging was performed according to the UICC TNM Classification of Malignant Tumours 7%
edition (2009). cT-stage was routinely determined using digital rectal examination and MRI.
*cN-stage was determined by a combination of clinical assessment, FDG-PET/CT and
ultrasound with fine needle aspiration in case of suspected inguinal N+.

§ In addition to capecitabin/5-FU, a single dose of Mitomycin C was administered in all study
patients. One patient switched from capecitabine to 5-FU after one week of treatment due to
presumed cardiac side-effects (counted as 5-FU).
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Multivariable prediction models

The results of the multivariable regression analysis are summarized in Table 2. Of the
initial eight PET/CT parameters, only SUVpeak, SUVkurtosis and SUVuniformity were
included in the multivariable analysis. The remaining parameters were excluded from
further analysis because of strong correlations (0>0.8) (see Figure 2). Of the “single-
modality” predictive models (PET/CT parameters only, clinical baseline variables only
or hr-HPV status only), the clinical baseline model had the best predictive performance
(AUC 0.84 in the original dataset, AUC 0.71 after LOOCYV). Male sex was the strongest
single predictor within this model (odds ratio (OR) 10.61), but node-positive disease
was also associated with a higher predicted chance of locoregional failure (OR 1.50).
The model with PET/CT parameters only had the weakest performance (AUC 0.64,
AUC 0.36 after LOOCV), with MTV,,,, as the only predictive variable (OR 1.22). The
hr-HPV positive tumours were associated with a lower chance of locoregional failure
(OR0.12), resulting in an AUC of 0.70 (AUC 0.55 after LOOCV) for the model based on
hr-HPV status only.

Of the combined models, the model combining clinical baseline variables with hr-HPV
status had the best overall performance, with an AUC of 0.89 (AUC 0.81 after LOOCV).
Addition of PET/CT parameters to this model did not improve its performance (AUC
0.79 after LOOCV). The sequential radiotherapy boost that was administered in a
subset of patients (and was therefore included in all analyses as a confounding factor/
predictor) was associated with a higher likelihood of locoregional failure in some of the
models (OR 1.00-1.64).
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Table 2. Multivariable prediction models for locoregional failure within 1 year after cCCRT

Clinical baseline model

hr-HPV model

FDG-PET/CT model

Baseline + HPV model

Baseline + FDG-PET/CT model

FDG-PET/CT + HPV model

| — Separate models
Selected variables OR (CI)
10.61 (3.65 - 124.88)

AUC training” (CI)

Male sex (vs. female)

Age (years) 1.00 (0.94 - 1.03)

T-stage 3+4 (vs. T1+2) 1.00 (0.42 - 3.55) 0.84
o (0.76 -0.92)

N-positive 1.50 (1.00 - 6.68)

(vs. negative)

Boost yes (vs. no) 1.64 (1.00 — 6.50)

hr-HPV positive

(vs. negative) 0.12 (0.02 - 0.65) 0.70

(0.59 -0.80)

Boost yes (vs. no) 1.63(0.51-5.17)

MTV,,,, (cm?) 1.22 (1.00 - 2.44)

SUVpeak 1.00 (0.61-2.12)

) 0.64
SUVkurtosis 1.00(0.72 - 1.38) (050 - 0.78)
SUVuniformity 1.00 (0.50 — 1.00)

Boost yes (vs. no) 1.00 (1.00 - 4.21)
Il - Combined models

Variables OR (CI) AUC training’
Male sex (vs. female) 9.41 (3.70-110.07)
Age (years) 1.00 (0.94 - 1.03)
T-stage 3+4 (vs. T1+2) 1.00 (0.40 - 3.27)
N-positive 0.89
(vs. negative) 1.99 (1.00 - 8.27) (0.85—0.93)
hr-HPV positive 0.17 (0.05 — 0.96)
(vs. negative)
Boost yes (vs. no) 1.32(0.85 - 6.09)
Male sex (vs. female) 5.02 (3.24 - 73.86)
Age (years) 1.00 (0.94 - 1.02)
T-stage 3+4 (vs. T1+2) 1.00 (0.15 - 1.67)
N-positive 1.00 (1.00 - 4.34)
(vs. negative) 0.83
MTV,,,, (cm?) 1.09 (1.00 - 2.83) (0.73-0.93)
SUVpeak 1.00 (0.62 - 2.00)
SUVkurtosis 1.00 (0.78 - 1.75)
SUVuniformity 1.00 (0.37 - 1.00)
Boost yes (vs. no) 1.00 (1.00 - 5.92)
hr-HPV positive 0.27 (0.051.17)
(vs. negative)
MTV,,,, (cm?) 1.10 (0.98 — 2.54)
SUVpeak 1.00 (0.66 — 1.92) 0.78

) (0.68 —0.85)
SUVkurtosis 1.00 (0.85-1.37)

SUVuniformity 0.99 (0.56 - 1.02)

Boost yes (vs. no)

1.01 (0.81-3.72)
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0.71
(0-0.81)

0.55
(0.19-0.75)

0.36

(0-0.63)

AUC LOOCV!

0.81
(0.55-0.87)

0.62
(0-0.69)

0.44
(0.01-0.67)
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All combined Male sex (vs. female) 7.55 (2.85-137.17)
Age (years) 1.00 (0.94 - 1.02)
T-stage 3+4 (vs. T1+2) 1.00 (0.21 - 1.98)
N-positive 1,53 (0.98 - 5.46)
(vs. negative)
hr-HPV positive 021 (0.05-1.10) 0.90 0.79
(vs. negative) (0.85-0.93) (0.62 - 0.85)
MTV,,,, (cm?) 1.06 (0.93 - 2.95)
SUVpeak 1.00 (0.45-1.59)
SUVkurtosis 1.00(0.75-1.70)
SUVuniformity 0.96 (0.35 - 1.00)
Boost yes (vs. no) 1.20 (0.76 - 6.21)

Predictive variables selected in the separate (I) and combined (Il) multivariate prediction models are indicated in bold. AUC: area under the
receiver-operating characteristic curve; OR: odds ratio; Cl: 95% confidence interval; LOOCV: leave-one-out cross validation.

“ AUC of the model when applied on the 99 patients in the actual cohort, that was used to fit the model.

TAUC after LOOCV. A detailed description of the statistical analysis including the LOOCV procedure and calculation of the Cls is provided in
Supplementary Material 1.
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Figure 2. Correlation matrix with Pearson’s correlation for all pairs of continuous
variables, including all FDG-PET/CT variables (MTV,,,,, TLG, SUVempy, SUV__, SUVpeak,
SUV SUvV SUV, and patient age. Variables included in the multivariable

uniformity” skewness’ kurtosis)

analyses are printed in bold italic.
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DISCUSSION

With this study we explored the value of semi-quantitative variables derived from
baseline (pre-treatment) FDG-PET/CT, combined with clinical baseline variables (cTN-
stage, age, sex) and tumour hr-HPV status, to build predictive models for locoregional
failure within the first year after cCRT in anal cancer patients. Our results show that a
combined model incorporating hr-HPV status, cN-status and the patient’s sex provided
the strongest clinical predictive performance (AUC 0.81 after cross-validation within
our dataset), and that addition of semi-quantitative FDG-PET/CT variables did not
contribute to a better predictive performance (AUC 0.79). Among the FDG-PET/CT
variables, a higher metabolic tumour volume (MTV,,,,
of locoregional failure, but performance of the resulting prediction model based on

) was the only potential predictor

PET/CT only was poor (cross-validated AUC of 0.36). Based on our results, the value of
pre-treatment semi-quantitative FDG-PET/CT to help predict the risk of locoregional

failure after cCRT in a clinical setting thus appears to be low.

Our results are largely in line with those of a similar study by Rusten et al., who
also combined FDG-PET/CT parameters and clinicopathological factors of 93 anal
cancer patients to predict locoregional failure. They found a predictive role for MTV
in their bivariate analysis, but — similar to our results — reported superior predictive
performance for a combination of hr-HPV and N3-stage indicating that clinical
parameters outperform PET parameters in this specific setting.” Two smaller studies
also focused on prediction of treatment failure using FDG-PET/CT parameters, but
these reports did not include clinicopathological variables. Both found an association
between pre-treatment MTV and locoregional recurrence, but not for other PET/CT
parameters (e.g.: SUVmax, SUVmean, TLG), results that are confirmed by our current
findings.?% In contrast, Bazan et al. found MTV to be superior to cTN-stage or patient
age, sex and HIV-status, albeit to predict progression-free and overall survival rather
than locoregional failure (which was not included as an outcome in their report).?®
A final study by Leccisotti and colleagues reported a significant association for the
multivariable combination of pre-treatment SUVpeak, whole-body MTV, TLG, disease
stage and patient age to predict overall survival,?? but locoregional failure was again
not included in their analysis, making it difficult to compare their results directly with
ours. All in all, it is striking that the parameter most commonly reported as a pre-
treatment predictor is the MTV, which essentially provides a reflection of the viable
tumour burden or volume. For future research it would be interesting to see how MTV

compares as a predictor to volumetric measures derived from other modalities, such
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as MRI, as well as to parameters derived from (sequential) PET during and/or after
treatment, as there is some preliminary evidence (in anal cancer as well as in several
other tumour types) that this approach may render more valuable PET predictors.?3%-%
These data were unfortunately not available in our cohort and could therefore not be

included in our current study.

Tumour hr-HPV status was identified as an important predictor in our models, with a
higher risk of locoregional failure in patients with hr-HPV negative tumours. Four of the
eight (50%) hr-HPV-negative tumours in our cohort relapsed within the first year after
cCRT, versus only six out of 62 (10%) hr-HPV positive tumours. This is consistent with
literature that shows an increased chance of treatment failure after cCRT and a reduced
survival for patients with hr-HPV negative tumours.’®3%4 Meulendijks et al. studied a
population very similar to our cohort and detected hr-HPV (both PCR- and P16 IHC-
positive) in 87% of 107 patients. In their cohort of patients treated with radiotherapy
with or without concurrent chemotherapy, the patients with hr-HPV-negative tumours
had reduced 3-year locoregional control (LRC: 15%) and overall survival rates (OS: 35%)
compared to those with hr-HPV positive tumours (LRC 82%, OS 87%). The authors
suggested a role for TP53 tumour suppressor gene disruption in inducing relative
radiotherapy resistance in hr-HPV-negative tumours.”® Although hr-HPV tumour status
is generally acknowledged as a prognostic factor, it is to date not routinely tested in
all anal cancer patients. This unfortunately hampers its availability as a predictor in
(retrospectively designed) clinical prediction models like ours. In our cohort hr-HPV
status was unavailable for 29% of the study patients, which was compensated for by
using multiple imputation. The fact that hr-HPV status is not yet part of the standard
workup for all patients is probably related to the fact that so far it did not directly
impact patient management strategies. Our current results, however, confirm the
status of hr-HPV as an important clinical predictive and prognostic factor, and support

its further adoption in the routine clinical workup of anal cancer.

Male sex and cN-stage were the other clinical variables that were selected in our
models as predictors for locoregional failure. The association between male sex and
reduced prognosis in anal cancer has previously been described in literature, 24 but
a clear explanation for this correlation has not been established so far. One suggested
mediating factor is HIV-status. In many western countries HIV is more frequently
diagnosed in men, due to a combination of higher prevalence among men who have
sex with men and associated testing bias. Positive HIV status and its treatment with

highly-active antiretroviral therapy (HAART) have both been associated with poorer
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treatment outcomes, though not consistently.**% In our cohort HIV-test results were
only available from our institutional patient records for a limited number of patients,
which did not allow meaningful analysis of this variable. As a critical note, the negative
effect of male sex in our cohort (40% vs. 4% locoregional failure for male vs. female
patients) appears to be disproportionate compared to previous reports, for which we
could not find an explanation. Clinical N-stage has also been reported previously as
predictor of both locoregional failure and survival.>* As mentioned before, the study
by Rusten et al. identified cN+ disease (N3-stage) as a major predictor for treatment
failure.” This association may be attributed to the fact that positive N-stage is a sign of
more aggressive and advanced stage disease. This is further suggested by our finding
that in most (86%) of the cN+ patients in our cohort who experienced a locoregional

failure, the site of the primary tumour was also involved in the relapse.

From a clinical perspective, one of the main reasons to predict response to cCRT would
be to allow further personalisation of treatment based on the anticipated treatment
outcome. Pre-therapy selection of patients with a high risk of locoregional failure,
using parameters available from the baseline staging workup, could enable future
selective dose escalation strategies for these patients. To date, most guidelines still
advise a uniform cCRT regimen for all anal cancer patients,® but there is some evidence
that boost-intensity modulated strategies may improve clinical outcomes.*” In our
institute an additional boost of three fractions of 1.8 Gy to the GTV is already routinely
prescribed to patients with clinically detectable gross residual tumour in the fifth week
of radiation therapy (after £45 Gy). In the current cohort, 35% of patients received this
sequential boost. As this selective treatment modification was expected to interfere
with the outcome of treatment failure, we included the radiotherapy boost (yes vs. no)

as a variable in the modelling process to detect and correct for potential confounding.

It was confirmed to be associated with locoregional failure, in particular in combination
with the baseline variables and hr-HPV status. The patients receiving an additional
boost in our cohort constitute the subgroup of patients that showed the poorest
clinical response already after five weeks of treatment suggesting a more aggressive
tumour biology, which also explains why they had a higher chance of locoregional
failure (with ORs up to 1.32). The patients in our cohort routinely underwent an interim
clinical response assessment during treatment. The role of such an interim response
evaluation, by clinical assessment and/or imaging, is poorly documented in literature,
but it may — in addition to baseline prediction models — play an important role in
selecting patients for dose escalation strategies, and would form an interesting topic

for future studies. As mentioned above, it would also be worthwhile to assess the
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value of sequential PET/CT examinations during and/or after treatment, as well as
to investigate the potential role of MRI, both at baseline and for response evaluation
during and after cCRT, as there have been some reports that have suggested potential
for MRl in these settings.*8%’ To investigate the role of MRl was unfortunately outside
the scope of the current study, because MRI data was only available for a limited

number of patients in our cohort.

Our study has some limitations. First, it is a retrospective analysis, in which the
endpoints were not systematically determined. Second, based on the available follow-
up data in our cohort, we were forced to limit our main outcome to locoregional
failures occurring within the first year, which may be too short since we know that
most recurrences occur in the first two years.”"" Third, even though our patient cohort
was relatively large, considering the low incidence of anal cancer, the total number of
events (treatment failures) remained limited. This did not allow splitting the data to
create an independent validation set to test our model’s performance and restricted
the number of variables that could be considered without overfitting. This why we used
the LASSO method for variable selection and LOOCV as an alternative method of
internal validation. Finally, as discussed earlier, tumour hr-HPV status was not available
for all patients in our cohort. Multiple imputation was used to allow inclusion of this

known prognostic factor in our analyses.

To conclude, we found that at baseline the combination of a hr-HPV-negative, node
positive tumour stage and male sex provides the strongest predictive value to estimate
the risk of first-year locoregional failure after cCRT, and that semi-quantitative FDG-
PET parameters do not offer complementary value. Further investigations should
focus on validating these findings in an independent patient cohort and on exploring
whether there is added value in including parameters from MRI, interim imaging
during cCRT, and additional clinical and molecular variables to further optimize our
model’s predictive performance to allow future treatment personalization for anal

cancer patients.
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CHAPTER 7

GENERAL DISCUSSION AND FUTURE
PERSPECTIVES

Evolutions in multimodality imaging

Reviewing the literature on combined PET/CT+MRI and hybrid PET/MRI from 2009-
2018 in Chapter 2, we observed a tremendous increase in the number of research
publications on thistopic, and identified several trends and developments that occurred
in the multimodality research field. The introduction of hybrid PET/MRI systems was
a major stimulus for the observed growth in numbers of these publications, while at
the same time studies investigating the combination of stand-alone (i.e., separately
acquired) MRl and PET/CT continued to make up an important proportion of published
works. Many of these reports focus on the combination of PET and MRI, or hybrid
PET/MRI, for (visual) diagnostic staging. Our literature review rendered no studies that
directly compared hybrid PET/MRI to separate acquisition of PET/CT and MRI in terms
of diagnostic benefit. So far, it appears that the respective benefits of PET (staging
of lymph nodes and distant metastases) and MRI (detailed local tumour staging)
are maintained with simultaneous PET/MRI acquisition,™ with the potential added
benefits of improved imaging efficiency and increased staging confidence.*” Another
important development was the significant rise in numbers of studies with a focus on
multimodality imaging using tumour-specific (non-FDG) PET tracers, in particular those
targeting prostate cancer (PSMA, choline) and neuroendocrine tumours (octreotide
analogues). The positive results of these studies have greatly contributed to the clinical
adoption of these novel tracers and their implementation into current guideline
updates.?? A final notable observation was the gradual shift from a predominant focus
on visual image assessment, to a growing proportion of studies using quantitative
image analysis. This change was positively influenced by the development of functional
imaging techniques, such as diffusion-weighted imaging (DWI), perfusion MRI and
the aforementioned new PET-tracers, which can provide quantifiable information
about the biological properties of a tissue, tumour or other region of interest within
the image. During the studied decade, the concept of “imaging biomarkers” has
become a hot topic in oncologic imaging research with numerous publications in this
field. Nevertheless, evidence on multimodality combinations of imaging biomarkers
derived from different imaging techniques has so far been limited. As a final part of this
thesis we therefore explored the value of multi-modality combinations of quantitative
imaging biomarkers in three pelvic malignancies, which will be addressed later in

this discussion. The growing importance of multimodality imaging observed in the
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literature was reflected by the institutional data we collected from The Netherlands
Cancer Institute, that showed a steep increase of +239% in multimodality imaging
(combinations of PET/CT and MRI performed within one diagnostic workup), and
+250% for hybrid PET/CT, clearly exceeding the increase of +108% in single-modality
(MRI) examinations, during a similar 10-year study period.

Integrated multimodality imaging assessment for clinical staging

Given the increasing demand for multimodality imaging, the traditional workflow of
separately assessing and reporting PET/CT (by a nuclear medicine physician) and MRI
(by a radiologist) studies that is still common practice in many clinics, including our
own, will likely become outdated and should make way for more integrated assessment
of all available imaging information to allow a more comprehensive and uniform
evaluation of both the local and distant extent of disease. In Chapter 3 we investigated
the potential effects of such an integrated 'side-by-side’ assessment of PET/CT and
MRI in a retrospective clinical study setting, focusing on the staging of different types
of abdominal malignancies. We found that integrated image assessment of MRI
and PET/CT, by a team consisting of a radiologist and a nuclear medicine physician,
affected staging outcome with a potential impact on clinical management in 1 out of
9 patients in our studies cohort of n= 201. Combined assessment also had a positive
effect on reader confidence, especially in cases of cervical cancer, and on the overall

staging of recurrent disease and lymph nodes.

Though previous evidence on this topic is scarce, there have been some earlier
reports that show that integrated assessment of PET/CT and MRI has a positive
effect on the detection of incomplete response of cervical cancer after curative intent
chemoradiotherapy,’® lymph node staging after neo-adjuvant treatment for rectal
cancer,"” detecting extrahepatic disease in candidates for local treatment of liver
metastasis of colorectal cancer > and for disease burden assessment in peritoneal

metastasis.'

Considering these previous and our own results, we may conclude that combined
assessment and reporting of PET(/CT) and MRI can have a positive clinical impact in the
form of improved diagnostic staging confidence, reduction of inconclusive findings,
and improved diagnostic performance in specific clinical settings. Adopting such
workflows into clinical practice requires a close collaboration and further integration of
Radiology and Nuclear Medicine departments.
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To date, there is no available data on direct comparisons of hybrid PET/MRI acg-
uisition versus approaches of separate PET(/CT) and MRI aquisition with side-by-side
assessment. This comparison, as well as the impact of hybrid PET/MRI aquisiton on
cost-effectiveness and patient comfort were not addressed in this thesis. Further
research is required to answer these questions, and to determine if the advantages
warrant the high costs of its implementation. Current costs and limited availability of
hybrid systems suggest that in general clinical practice the focus should probably first
be on adoption of an integrated PET/CT + MRI approach for the foreseable future.
Whether hybrid PET/MRI will eventually become widely accessable and if it should
replace the combination of MRI and PET/CT for general staging purposes remain
major questions. From the current perspective, it seems more likely that hybrid PET/
MRI will have its own specific place in abdominal oncological practice, and future
research should be aimed at identifying those applications where its added value is
most apparent, for example for serial functional multi-parametric imaging,' response

evaluation ¢ and for specific (complex or complicated) diagnostic questions.

Quantitative modelling
In the final part of this thesis we explored the potential of quantitative imaging
parameters integrated in clinical prediction models of local treatment outcome in

cohorts of rectal, cervical and anal cancer patients.

In our cohort of rectal cancer patients (Chapter 4), a model incorporating MRI-based
T-stage, combined with signal entropy and tumour volume derived from T2-weighted
MRI, showed good diagnostic performance to predict a good response to neo-
adjuvant chemoradiotherapy on baseline MRI, with a cross-validated AUC of 0.83.
Tumour volume was also identified as a predictive factor of local tumour response
in our cervical (Chapter 5) and anal cancer (Chapter 6) cohorts, though in the latter
case volume (i.e., metabolic tumour volume derived from PET) was only significant
if no other clinical variables were entered into the prediction model. Intuitively, this
predictive role for volume is not very surprising, as a (near-) complete response to
chemoradiotherapy will be more difficult to achieve in larger tumours. In our cervical
cancer cohort in Chapter 5, the SUVmax from PET was the only other imaging
parameter in addition to volume that was found to be independently associated with
early response to chemoradiotherapy, though performance of the resulting model by
cross-validation was at best moderate with an AUC of only 0.68, which will typically
not be considered sufficient to guide clinical decision-making. T2W signal ‘entropy’,

which was identified as a potential predictor in rectal cancer, is a texture parameter
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reflective of tissue heterogeneity. SUVmax and entropy both have previously been
associated with tumour cellularity, proliferation rate and hypoxia,””'® though the
mechanism behind these associations and the relation with treatment response is not
well understood. One possible hypothesis may be that both parameters (indirectly)
reflect mitotic activity, and hence the tumour’s relative susceptibility to anti-cancer

therapies such as radiotherapy.

When considering the combined results of our three pelvic study cohorts, the overall
predictive value of quantitative PET-based parameters was found to be limited,
especially when combined with other imaging (MRI) or clinical baseline variables.
In our literature review in Chapter 2, a total of fourteen previous studies combined
(semi-)quantitative PET and MRI parameters in multivariable prediction models of
either treatment response of survival."”3" Out of these reports, only six described a
complementary value for combining PET with MRI." 1521222628 Based on these findings,
the complementary value of PET and MRI for quantitative modelling appears to
be somewhat disappointing. Interestingly, it were mainly the more ‘clinical’ staging
variables acquired by means of simple visual (qualitative) image evaluation that
rendered the best predictive results, such as cT-stage in our rectal cancer cohort and
cN-stage in anal cancer. When combined with other clinical, non-imaging variables (sex
and high-risk HPV status) this resulted in a cross-validated AUC of 0.81 to predict local
control in our cohort of anal cancer patients described in Chapter 6, with no added
benefit from any of the quantitative PET parameters. The few rather heterogeneous
previous studies that have reported a complementary effect of combining quantitative
imaging and clinical variables in outcome prediction models are listed in the overview
Table 2 of the literature review in Chapter 2. These are mainly studies in gynaecological
cancer cohorts, showing that a combination of DWI and/or PET parameters with clinical
variables (FIGO-stage, node-negative disease and histological subtype) can contribute
to improved prediction of disease-free and overall survival.3??732 |n addition, there
have been some reports in hepatocellular carcinoma patients showing that recurrence
or survival may be predicted by a combination of PET-based parameters, serum-

biomarkers, clinical T-stage and patient sex.?%*!

To conclude, the limited added value of pre-therapy multiparametric quantitative
imaging parameters, when combined with more conventional TNM-stage and size
in response prediction, suggests that these conventional parameters that are mainly
based on visual image assessment may make up most of the predictive potential

that can be derived from these images. If this is the case, optimal visual assessment
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by experienced diagnosticians is key and addition of quantitiative multiparametric
imaging parameters to a prediction model will not substantially improve the model’s
accuracy. We have to acknowledge though that for the prediction models generated as
part of this thesis we tested only a small selection of parameters, and also the studies
mentioned above were not exhaustive. This leaves some room for discussion about
the potential role of parameters that have not been (extensively) tested including
those acquired via more sophisticated artificial intelligence (Al) based methods such
as Radiomics and (deep) machine learning. There have already been some promising
first reports, showing that Al-based clinical prediction models may perform at a level
similar to that of expert radiologists to predict response and can render whole new

arrays of unexplored imaging biomarkers.33

CONCLUSIONS

From the findings in this thesis we have learned that there is a growing potential for
combined imaging modalities in comprehensive diagnostic oncologic assessments.
Especially in dedicated oncologic centers, multimodality imaging will continue to have
agrowing impact on daily clinical practice. Integrated assessment and reporting of PET/
CT and MRI in abdominal cancer staging has a positive impact on clinical descision-
making in specific staging settings, reflected in reader confidence and reduction of
inconclusive findings. The added diagnostic value of hybrid PET/MRI acquisition within
this integrated workflow in the clinical setting remains to be further determined. To
keep up with these developments, our existing workflows will have to be redesigned.
Also, the effects of integrated assessment of PET/CT and MRI on diagnostic accuracy,
patient outcomes and cost-efficiency require further research. From the clinical
perspective, good quality visual evaluation of pre-therapy PET(/CT) and MRI is key
for prognostication and treatment stratification, quantitative parameters from these

modalities currently have limited additional predictive value.
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CHAPTER 8

ON THE IMPACT OF THIS THESIS

Main aims and outcomes of this thesis

The overall aim of this thesis was to investigate how combined use of different medical
imaging modalities, in specific the combination of magnetic resonance imaging (MRI)
and positron emission tomography (PET), can benefit the diagnostic assessment and
treatment of patients with cancer that originates from one of the abdominal organs. To
investigate this, we formulated three main research questions, that together compose
the different chapters of this thesis:

1. What can we learn from published literature?

2. How can we benefit from the combination of PET and MRI when visually
interpreting these images to diagnose and determine the cancer stage in patients
with abdominal cancers?

3. Are quantitative measurements derived from the tumour on PET and MRI useful
as “markers” to help predict how well patients with abdominal cancers will res-

pond to their anti-cancer treatment?

From our literature search described in Chapter 2 we have learned that during the
last decade there has been a tremendous increase in published research involving
multimodality cominations of PET(/CT) and MRI, not in the least part due to
introduction of hybrid PET/MRI scanners. Hybrid PET/MRI refers to the combined
acquisition of PET and MRl images using a single machine. The clinical introduction of
these machines as of 2011 has greatly boosted PET/MRI research, though the clinical
role and added value of hybrid PET/MRI remains to be established. Another important
development has been the increase in use of new PET tracers, with the ability to more
specifically target certain tumour types, such as prostate cancer or neuroendocrine
tumours. Finally, we have learned that in addition to combined use of PET(/CT) and
MRI for visual diagnostic evaluations, there is a rapidly growing interest for more
advanced quantitative analysis of the images. We have investigated this quantitative
approach ourselves in Chapters 4-6, but first performed a study with cases from our
own institution to determine the benefit of combined visual assessment of PET and
MRI for diagnostic staging. In Chapter 3 we reviewed 201 patients who underwent
a combination of PET/CT and MRI as part of the same diagnostic staging workup.
The combined imaging sets were re-assessed by a nuclear medicine physician and a
radiologist together as a team, and their combined imaging findings were compared

to the reports of the original, separate assessments to establish how this combined
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assessment might have impacted diagnosis and treatment. We learned that integrated
(side-by-side) evaluation of the images had a small positive effect on the confidence
with which the diagnosticians could reach a uniform diagnosis, with a potential impact
on treatment planning in approximately 1 out of 9 patients. Finally, in the last three
chapters we focused on the value of “quantitative” assessment of PET and MRI data
in patients with rectal cancer (Chapter 4), cervical cancer (Chapter 5) and anal cancer
(Chapter 6). Quantitative imaging refers to an approach where measurable variables
are extracted from the images, varying from simple measurements, such as tumour size
or volume, to more specific parameters, such as the 'maximum standardized uptake
value’ (SUVmax) which describes the glucose uptake on PET, or ‘texture’ measurements
that describe the spatial heterogeneity of tumour signal within an image. In chapters
4-6 we combined these variables, derived from PET and MRI scans performed before
the start of treatment, with other more clinical variables such as patient age, sex and
overall disease (TNM) stage, to build statistical models to predict the chance of a
successful treatment outcome. We learned that, though some of these parameters —
such as tumour volume, signal heterogeneity and SUV - had some predictive value,
it were parameters derived from visual assessment of the images (e.g. tumour and
nodal disease stage) that were valuable in the prediction of patient outcomes. This
stresses the need for a good quality visual diagnostic assessment of medical imaging

by experienced diagnosticians.

Relevance of this research

With this thesis we have shown that integration of PET and MRl in diagnostic workflows
— via hybrid acquisition and/or integrated assessment by dedicated diagnosticians
— can contribute to improved reader confidence and a reduction of inconclusive or
conflicting diagnostic outcomes, thereby potentially changing clinical management in
a substantial number of patients with abdominal cancer. This suggests that adopting
such integrated workflows into clinical practice can have a positive clinical impact,
urging the need for further collaboration and integration of Radiology and Nuclear
Medicine departments. Whether hybrid PET/MRI acquisition will eventually become
widely accessible, if it should replace the “stand-alone” combination of MRl and
PET/CT, and for which particular diagnostic indications, remain major questions
to be addressed by future research. Finally, we have shown that clinical prediction
models incorporating information derived from imaging via visual assessment and
(to a lesser extent) quantitative measurements, can aid in predicting the outcome of
anti-cancer treatments — though further studies are obviously needed. Considering

that these treatments are often costly and associated with (long-term) morbidity or
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disability, selecting the right patient for the right treatment based on the anticipated
treatment effect is highly relevant to improve patient outcomes and more effective use

of healthcare resources.

Target population

There are several audiences that may benefit from the research presented in this
thesis. Firstly, our findings on the evolution of multimodality PET(/CT) and MRl imaging
in the literature will be of interest to radiologists and nuclear medicine physicians,
as it provides valuable insights into recent developments in their workfield, and
indicates likely courses for the (near) future. Our study on integrated PET/CT and
MRI assessment will be of interest to the same groups, particularly those leading or
working in departments where integrated reporting is currently not (yet) the norm.
Our results may provide insight into what benefits can be expected, and on how
to implement and evaluate the effects. Second, researchers conducting studies on
response prediction or descision support models may benefit from the results of the
studies presented in Chapter 4-6. They can compare these to their own findings, or
consider using a similar strategy or method to design their own studies. Finally, the
findings and recommendations formulated in this thesis could inspire further research
in the proposed directions, hopefully to the benefit of more expedient use of imaging

and treatment, to ultimately benefit the quality of healthcare and patient outcomes.

Activities

The research presented in this thesis has been shared actively within the research
community by publication in peer-reviewed journals and by presentation at multiple
national and international conferences. The projects that were conducted and the
presented results have contributed to the formation of a "hybrid imaging team’ at the
Netherlands Cancer Institute, boosting the collaboration between the Radiology and
Nuclear Medicine department in research and diagnostic reporting. Finally, our work
on quantitative imaging analysis has been continued as part of an ongoing multicenter

project on multiparametric imaging modelling in rectal cancer.
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SUMMARY

The aim of this thesis was to investigate the current status and possible future
applications of combined PET(/CT) and MRI in abdominal cancer patients, both from
a visual (qualitative) and quantitative perspective.

Chapter 2 reviews the main trends and evolutions observed in a decade of published
literature on combined PET(/CT) and MRl in abdominal oncology, which were compared
to trends observed during the same time period in our own comprehensive cancer
centre. A major boost in multimodality research was observed after the introduction of
hybrid PET/MRI scanners, which largely replaced the earlier retrospective image fusion
and bed system-combined PET/MRI studies. There was a shift from predominantly
visual image evaluation towards more quantitative image analysis and image biomarker
studies. New, more tumour-specific PET-tracers, such as prostate specific membrane
antigen (PSMA) for prostate cancer, were introduced and made their way into clinical
practice. The tremendous increase in multimodality imaging research demonstrates
a growing demand for multi-parametric information to guide oncological practice,
which was also reflected by our institutional data that showed a similar increase in the
multimodality use of PET/CT combined with MRI during the last decade.

In Chapter 3 we investigated the effect of integrated (side-by-side) reading of PET/
CT and MRI by a radiologist and nuclear medicine physician, compared to the
conventional clinical approach of separate reading and reporting, in a cohort of 201
patients with different forms of abdominal cancer. In approximately one-third of the
studied cases, integrated reading led to discrepant findings compared to the original
separate reports, with potential clinical impact in 12% of the total study cohort. In
addition, we saw a trend towards a small relative increase in diagnostic confidence
and a decrease in the number of equivocal (inconclusive) findings, in particular for
the evaluation of lymph nodes, in cervical cancer cases and to differentiate recurrent

disease from benign post-treatment changes.
In chapters 4, 5 and 6 we focussed on combined PET/CT and MRI for (semi-)quantitative

image analysis to predict treatment outcomes in three cohorts of rectal, cervical and

anal cancer patients.
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In Chapter 4 we examined the value of multiparametric MRl combined with FDG-PET/
CT to identify well-responding rectal cancer patients before the start of neoadjuvant
chemoradiotherapy. From the baseline tumour volume of 61 locally advanced rectal
cancer patients we extracted various MRI parameters (T2W T2W—signalempy,
DWI ADC__, ADCemmpy) and PET parameters (MTVAZ%’ Suv__ ., Suv TLG, CT-

HU). We combined these with baseline patient characteristics and staging variables

volume’

volume’ mean’

(e.g., sex, age, T- and N-stage) to build multiparametric models to predict the final
tumour regression grade (TRG) after completion of treatment. After comparing
different combinations of variables, the best performing model to predict a good
response to treatment (TRG1-2) had an area under the curve of 0.83 after internal
cross-validation, and included baseline staging and MRI variables (T-stage, T2W
and T2W-signal_ -

were not of added predictive value.

volume

). PET/CT variables showed limited predictive performance and

Chapter 5 describes our study exploring the potential of baseline (semi-)quantitative
PET/CT and MRI variables, combined with clinical FIGO stage, as predictors of early
response to concurrent chemoradiotherapy in a group of 46 locally advanced cervical
cancer patients. Early response was defined as a reduction in tumour volume to <10
cm?® at interim image evaluation after 3-4 weeks of chemoradiotherapy. Multivariable
analysis showed that mainly tumour volume measured on baseline MRl was a predictive
variable for early response; SUV__ measured on PET was an additional independent
predictor, albeit with less predictive power. The prediction model based on tumour
volume and SUV__ resulted in a moderate predictive performance of AUC of 0.68 after

internal cross-validation in this small exploratory dataset.

Chapter 6 explores the value of pre-treatment semi-quantitative variables derived from
baseline PET/CT combined with clinical baseline variables (T- and N-stage, age, sex)
and high-risk HPV-status, to predict locoregional treatment failure before the start of
chemoradiotherapy treatment with curative intent in anal cancer patients. Treatment
failure was defined as an incomplete response or local recurrence occurring within the
first year after completion of treatment. A combined “clinical” model incorporating
male sex, positive N-stage and negative high-risk HPV status showed the strongest
predictive performance, with an AUC of 0.81 after internal cross-validation. Adding
semi-quantitative PET/CT variables to this clinical model did not improve its predictive

performance.

165




CHAPTER 8

SAMENVATTING

Het doel van dit proefschrift was om de huidige status en mogelijke toekomstige
toepassingen van gecombineerde PET(/CT) en MRI voor abdominale oncologie
patiénten te onderzoeken, zowel vanuit een visueel (kwalitatief) als kwantitatief

perspectief.

Hoofdstuk 2 geeft een overzicht van de belangrijkste trends en ontwikkelingen die
werden gezien gedurende tien jaar gepubliceerde literatuur over gecombineerde PET(/
CT) en MRl in abdominale oncologie. Deze bevindingen werden vervolgens vergeleken
met de trends in dezelfde periode in ons eigen gespecialiseerde oncologisch centrum.
Een grote impuls voor multimodaliteitsonderzoek werd gezien na de introductie van
hybride PET/MRI-scanners, die de eerdere retrospectieve beeldfusie- en bedsysteem-
gecombineerde PET/MRI-onderzoeken grotendeels vervingen. Er was een verschuiving
van voornamelijk visuele beeldevaluatie naar meer kwantitatieve beeldanalyse en
studies naar zogenaamde ‘imaging biomarkers’. Nieuwe, meer tumor-specifieke
PET-tracers, zoals prostaat-specifiek membraanantigeen (PSMA) voor prostaatkanker,
werden geintroduceerd en vonden hun weg naar de klinische praktijk. De enorme
toename van multimodale beeldvorming weerspiegelt een groeiende vraag naar
multiparametrische informatie voor besluitvorming in de klinische oncologische
praktijk. Dit bleek ook uit onze institutionele data, die een vergelijkbare toename lieten
zien in het multimodaliteitsgebruik van PET/CT in combinatie met MRI gedurende het

laatste decennium.

In Hoofdstuk 3 onderzochten we het effect van geintegreerde (side-by-side) be-
oordeling van PET/CT en MRI door een radioloog en nucleair geneeskundige,
vergeleken met de conventionele klinische benadering van gescheiden beoordeling
en verslaglegging, in een cohort van 201 patiénten met verschillende vormen van
kanker in het abdomen. In ongeveer een derde van de onderzochte patiénten leidde
de geintegreerde beoordeling tot tegenstrijdige bevindingen in vergelijking met
de oorspronkelijke afzonderlijke verslagen, met een klinische impact in 12% van het
totale onderzoekscohort. Daarnaast zagen we een trend richting een kleine relatieve
toename van diagnostisch vertrouwen en een afname van het aantal niet-conclusieve
bevindingen, met name voor de evaluatie van lymfeklieren, bij baarmoederhalskanker
en bij het onderscheid tussen recidief en goedaardige veranderingen als gevolg van

de behandeling.
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In hoofdstukken 4, 5 en 6 hebben we ons gericht op gecombineerde PET/CT en MRI
voor (semi-)kwantitatieve beeldanalyse om behandeluitkomsten te voorspellen in drie

cohorten van patiénten met rectum-, baarmoederhals- en anuskanker.

In Hoofdstuk 4 onderzochten we de waarde van multiparametrische MRI in combinatie
met FDG-PET/CT om goed reagerende rectumkankerpatiénten te identificeren voér
de start van neoadjuvante chemoradiotherapie. Uit het pre-therapie tumorvolume
van 61 patiénten met lokaal gevorderd rectumkanker extraheerden we verschillende
MRI-parameters (T2W_ T2W—signalempy, DWI ... ADC___, ADCemmpy) en PET-
parameters (MTV,,,, SUV SUV TLG, CT-HU). We combineerden deze met

patiéntkenmerken en stadiéringsvariabelen (geslacht, leeftijd, T- en N-stadium) om

max’ mean’

multiparametrische predictiemodellen te genereren voor pathologische tumorreg-
ressiegraad (TRG) na het afronden van de behandeling. Na vergelijking van ver-
schillende combinaties van deze variabelen, had het best voorspellende model voor
een goede respons op behandeling (TRG1-2) een AUC van 0,83 na interne validatie,
en T2W—signalemropy).
PET/CT-variabelen hadden beperkte voorspellende waarde en waren niet bijdragend

en omvatte stadiérings- en MRI-variabelen (T-stadium, T2W

volume

voor de predictiemodel.

Hoofdstuk 5 beschrijft onze studie waarin de waarde van pre-therapie (semi-)kwanti-
tatieve PET/CT- en MRI-variabelen, gecombineerd met het klinische FIGO-stadium,
worden onderzocht als voorspellers van vroege respons op chemoradiotherapie, in
een groep van 46 patiénten met lokaal gevorderde baarmoederhalskanker. Vroege
respons werd gedefinieerd als een vermindering van het tumorvolume tot <10 cm? bjj
tussentijdse beeldvorming na 3-4 weken chemoradiotherapie. Multivariabele analyse
wees uit dat vooral het tumorvolume gemeten op baseline MRI een voorspellende
variabele was voor vroege respons. SUV__ gemeten op PET was daarnaast een
onafhankelijke voorspeller, zij het met duidelijk minder voorspellende kracht. Het
predictiemodel op basis van tumorvolume en SUV__ resulteerde in een matige
voorspellende prestatie van de AUC van 0,68 na interne validatie in deze kleine,

verkennende dataset.

Hoofdstuk 6 onderzoekt de waarde van semi-kwantitatieve variabelen die zijn afgeleid
van pre-therapie PET/CT, in combinatie met klinische variabelen (T- en N-stadium,
leeftijd, geslacht) en high-risk HPV-status, om locoregionaal behandelingsfalen te
voorspellen véér de start van in opzet curatieve chemoradiotherapie bij patiénten

met anuskanker. Falen van de behandeling werd gedefinieerd als een onvolledige
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respons of lokaal recidief binnen het eerste jaar na voltooiing van de behandeling. Een
gecombineerd “klinisch” model met daarin mannelijk geslacht, positief N-stadium en
negatieve hoog-risico HPV-status had de beste voorspellende waarde, met een AUC
van 0,81 na interne validatie. Het toevoegen van semi-kwantitatieve PET/CT-variabelen

aan dit klinische model verbeterde de voorspellende prestaties niet.

168



SAMENVATTING

169



CHAPTER 8

LIST OF PUBLICATIONS

This thesis

A decade of multi-modality PET and MR imaging in abdominal oncology

Lisa A Min, Francesca Castagnoli, Wouter V Vogel, Jisk P Vellenga, Joost JM van
Griethuysen, Max J Lahaye, Monique Maas, Regina GH Beets-Tan, Doenja MJ
Lambregts

Br J Radiol. 2021 Oct 1;94(1126):20201351. doi: 10.1259/bjr.20201351.

Pre-treatment prediction of early response to chemoradiotherapy by quantitative
analysis of baseline staging FDG-PET/CT and MRI in locally advanced cervical cancer.
Min LA, Ackermans LL, Nowee ME, Griethuysen JJV, Roberti S, Maas M, Vogel WV,
Beets-Tan RG, Lambregts DM.

Acta Radiol. 2021 Jul;62(7):940-948. doi: 10.1177/0284185120943046.

Value of combined multiparametric MRI and FDG-PET/CT to identify well-responding
rectal cancer patients before the start of neoadjuvant chemoradiation.

Schurink NW, Min LA, Berbee M, van Elmpt W, van Griethuysen JJM, Bakers FCH,
Roberti S, van Kranen SR, Lahaye MJ, Maas M, Beets GL, Beets-Tan RGH, Lambregts
DMJ.

Eur Radiol. 2020 May;30(5):2945-2954. doi: 10.1007/s00330-019-06638-2.

Awarded the European Radiology ESGAR Gold Award 2020

Integrated versus separate reading of F-18 FDG-PET/CT and MRI for abdominal
malignancies - effect on staging outcomes and diagnostic confidence.

Min LA, Vogel WV, Lahaye MJ, Maas M, Donswijk ML, Vegt E, Kusters M, Zijlmans HJ,
Joézwiak K, Roberti S, Beets-Tan RGH, Lambregts DMJ.

Eur Radiol. 2019 Dec;29(12):6900-6910. doi: 10.1007/s00330-019-06253-1.

170



LIST OF PUBLICATIONS

Other

Studying local tumour heterogeneity on MRI and FDG-PET/CT to predict response to
neoadjuvant chemoradiotherapy in rectal cancer.

Schurink NW, van Kranen SR, Berbee M, van Elmpt W, Bakers FCH, Roberti S, van
Griethuysen JJM, Min LA, Lahaye MJ, Maas M, Beets GL, Beets-Tan RGH, Lambregts
DMJ.

Eur Radiol. 2021 Sep;31(9):7031-7038. doi: 10.1007/s00330-021-07724-0.

Gross tumour volume delineation in anal cancer on T2-weighted and diffusion-
weighted MRI - Reproducibility between radiologists and radiation oncologists and
impact of reader experience level and DWI image quality.

Min LA, Vacher YJL, Dewit L, Donker M, Sofia C, van Triest B, Bos P, van Griethuysen
JJW, Maas M, Beets-Tan RGH, Lambregts DMJ.

Radiother Oncol. 2020 Sep;150:81-88. doi: 10.1016/j.radonc.2020.06.012.

Multiparametric Imaging for the Locoregional Follow-up of Rectal Cancer

Doenja M. J. Lambregts, Lisa A. Min, Niels Schurink, Regina G. H. Beets-Tan

Current Colorectal Cancer Reports. 2020 Apr;16(2):19-28. doi: 10.1007/s11888-020-
00450-7

Normal hematopoietic stem cells within the AML bone marrow have a distinct and
higher ALDH activity level than co-existing leukemic stem cells.

Gerrit J Schuurhuis, Michael H Meel, Floris Wouters, Lisa A Min, Monique Terwijn, Nick
Ade Jonge, Angele Kelder, Alexander N Snel, Sonja Zweegman, Gert J Ossenkoppele,
Linda Smit.

PLoS One. 2013 Nov 11,8(11):e78897. doi: 10.1371/journal.pone.0078897.

171




CHAPTER 8

DANKWOORD

Zoals dat geldt voor de meeste prestaties, zou ook dit proefschrift het licht niet hebben
gezien zonder de betrokkenheid en hulp van heel veel anderen. Op uiteenlopende
manieren, groot en ogenschijnlijk klein, hebben veel mensen een directe of indirecte
bijdrage geleverd aan dit werk. Ik hoop dat al deze mensen weten hoeveel ik dat

waardeer. Een aantal van hen wil ik hier in het bijzonder bedanken.

Prof. dr. Regina Beets-Tan, mijn promotor. Dank u voor het in mij gestelde vertrouwen en
de kansen die u mij hiermee hebt geboden. Het was een eer om onder u promovenda
te zijn en een genoegen om deel uit te maken van het u zo dierbare researchteam.
Uw passie voor onderzoek, creativiteit en analytisch vermogen waren voor mij een
inspiratie, die ik voortaan meedraag en zal nastreven in mijn verdere werk. Bedankt

voor wat u mij hebt geleerd.

Dr. Doenja Lambregts, mijn co-promotor. Beste Doenja, wat ik hier ook zou opschrijven
zou geen recht doen aan jouw immense inzet voor het onderzoek, en voor dit
proefschrift in het bijzonder. Dank je wel dat je mijn co-promotor was en voor de korte
lijnen waarover we konden samenwerken. Ik kon altijd bij jou terecht en jouw drive is
aanstekelijk. Op die momenten dat het voorkwam, was jouw "tough love’ precies wat

ik nodig had. Of samen een biertje drinken. Dank je wel voor al deze dingen.

Dr. Monique Maas en dr. Max Lahaye, niet alleen eersteklas co-auteurs maar ook
inval-begeleiders en de originele Recteam-leden. Jullie hebben mij veel geleerd, mijn
projecten gesteund en verbeterd, en mijn tijd als promovenda opgefleurd met jullie
aanwezigheid in het Tuinhuis en ook regelmatig daarbuiten. Daarvoor wil ik jullie heel

hard bedanken.

Dr. Wouter Vogel, nog een eersteklas co-auteur en eindeloos geduldige co-
segmenteur. Je was betrokken bij de meeste papers in dit proefschrift, vanwege je
multidisciplinaire expertise, maar zeker niet in de laatste plaats omdat het zo prettig is

om met jou samen te werken. Dank je wel dat ik op jou kon rekenen.

Bedankt aan alle verdere co-auteurs voor jullie bijdragen aan onze papers: dr. Baukelien
van Triest (ooit mijn stagebegeleider en de reden dat ik ook arts wilde worden),
Carmelo Sofia, dr. Erik Vegt, Frans Bakers, Prof. dr. Geerard Beets, dr. Henry Zijimans,
Jisk Vellenga, dr. Katarzyna Jozwiak, dr. Maaike Berbee, Maarten Donswijk, dr. Marlies

172



DANKWOORD

Nowee, dr. Miranda Kusters, dr. Luc Dewit, dr. Pétur Snaebjérnsson, statistisch redder

Sander Roberti, dr. Simon van Kranen, ass Prof. dr. Wouter van EImpt.

Niels Schurink, Joost van Griethuysen, de collega’s met wie ik samen heb gezocht,
gerekend, gekletst, geschreven, gereisd en gelachen. Ik heb van jullie veel geleerd.
Dank jullie enorm voor jullie inzet en het plezier dat we hebben gehad.

Francesca Castagnoli, thank you so much for the good times we had sorting out the

literature and eating all those cookies. You are hilarious.

Alle andere (oud) Tuinhuisgenoten: Eun Kyoung (Amy) Hong, dr. Brigit Aarts, Charlotte
Rijsemus, Denise van der Reijd, Femke Staal, Hedda van der Hulst, Hester Haak, dr.
leva Kurilova, dr. Irene van Kalleveen, Jona Shkurti, Jorrita Tuurenhout, Judith Boot, Kay
van der Hoogt, Kevin Groot-Lipman, Marit van der Sande, Marjaneh Taghavi, Maurits
Engbersen, Melda Yeghaian, Myrte de Boer, Najim El Khababi, Nino Bogveradze, Paula
Bos, Rebecca Dijkhoff, dr. Sophie Vollenbrock, dr. Stefano Trebeschi, Sylvia Drago, PD
dr. med. Thi Dan Linh Nguyen-Kim, Theresa Bucho, Zuhir Bodalal, en natuurlijk de
‘Nucs”: dr. Daan Hellingman, dr. Daphne Huizing en dr. Judith olde Heuvel. Altijd wat,

en het was geweldig.

De studenten die ik heb mogen helpen begeleiden tijdens hun wetenschappelijke
stages, en die op hun beurt mij hebben geholpen daarmee: Leanne Ackermans,

Younan Vacher en Christiaan de Bloeme.

Vrienden en vriendinnen: Ester Hopstaken-Krom, Josee van der Steen-Theissling,
Mariska Glorie-van der Steen, Mariska Lettinga, Joukje Deinum, De Whiskeyclub: Bob
Jansen, Frank Gerritse, Marianne Vos, Mathijs Kruk, Petra Caarls, Tim Jansen, Verena
de Zwart.

Mijn lieve familie: papa en mama, Nanou, Johan, Jonah, Vincent, Sarah, het Erwtje,
Renate, Joyce, Marcel, Naomi, Thomas en Lucas. Oma Nanou. Dank voor jullie liefde

en dat jullie in mij geloven.
Mijn lieverd, Roy Sterken. Popje, dank je wel dat ik alles met jou mag delen, hoogte- en

dieptepunten, waaronder ook die van deze reis. lk kan me geen beter maatje wensen.

En dan nu samen weer lekker verder aanmodderen.

173




CHAPTER 8

Dank ook aan de patiénten van Het Antoni van Leeuwenhoek en Maastro, die hun
medische data beschikbaar hebben gesteld, waarmee dit onderzoek kon worden

uitgevoerd.

174



DANKWOORD

175



CHAPTER 8

CURRICULUM VITAE

Lisa Anna Min was born on March 8, 1987 in Limmen (N-H), the Netherlands. She
graduated in 2005 from Jac. P. Thijsse College with a major in science and health.
Because she was fascinated by biology, she chose to study Biomedical Science at
the Vrije Universiteit Amsterdam (VU). In 2008 she acquired her bachelor's degree
and continued her scientific training at the VU with the Master's programme in
Oncology. She graduated cum laude in 2012. Meanwhile, she had started medical
training in 2010 at the University of Utrecht, via the ‘Selective Utrecht Medical Master’
(SUMMA) programme. After obtaining her medical degree in 2014, she first worked as
a resident not in training in cardiology (Maasstad hospital, Rotterdam) and geriatric
medicine (Gelre hospital, Apeldoorn), before returning to the scientific community in
2016 as a PhD student in radiology, under supervision of Prof. dr. Beets-Tan and Dr.
Lambregts, at Maastricht University/the Netherlands Cancer Institute. During her PhD

programme, she participated in the European Radiology Review Fellowship.

In June 2020 Lisa started her residency program in radiology and nuclear medicine at

Gelre hospital/University Medical Centre Utrecht.

176






	Contents
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8



