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Abstract

Abdominal aortic aneurysm (AAA) is often a hidden pathological process showing no clinical symptoms. Genetic
burden, smoking, male gender, age > 65 years, and white race have been identified as the main risk factors. A
regular screening program has been introduced but is, as yet, unclear and is not performed in most countries.
Prostate cancer is the most frequent male malignant disease in Western countries. Prostate cancer is a disease of
older age with a median primary diagnosis of over 60 years. In recent years, advanced imaging methods have been
established as important diagnostic tools in prostate cancer diagnostics. The incidental detection of AAA during
diagnostic imaging performed due to prostate cancer diagnosis could reveal some asymptomatic aneurysms. Using
our experience, the incidental detection of AAA during '*F-fluoromethylcholine PET/CT imaging, performed due to
the staging, follow-up, and restaging of the prostate cancer, was reworked into a regular tool of secondary preven-
tion within the framework of personalized medicine strategies. Experience with this type of AAA detection is
demonstrated by a cohort of 500 patients who underwent '*F-fluorometylcholine PET/CT examination due to the
staging or restaging of prostate cancer. A total of 28 aneurysms were detected (26 aneurysms < 50 mm, 2 aneurysms
> 50 mm). In 2 cases (diameter < 50 mm), serious complications were found (penetrating aortic ulcer). The
detection and monitoring of AAA in patients undergoing '*F-fluorometylcholine PET/CT due to the prostate cancer
offers the possibility of a secondary prevention of AAA, patient stratification, and common follow-up for both
pathologies.
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Surgery
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MRI Magnetic resonance imaging
PET Positron emission tomography
PCa Prostate cancer

PSA Prostate specific antigen
Introduction

Early detection of abdominal aortic aneurysm (AAA) has
been widely discussed over a long period of time. Many ef-
forts have been made in this field. Despite this, there are still
no reliable procedures available for the primary detection of
AAA. It is possible to seek out new approaches from within
the framework of current knowledge which allow us to im-
prove this unfavorable situation. With the development of
advanced imaging techniques, it is possible to begin to think
in new ways, approaching this problem from outside the usual
boxes [1]. The classical concept of imaging examinations is to
move from the original indication to the possibility of inciden-
tal detection of another defect such as AAA. Since the early
detection of AAA is a crucial but as yet unresolved task,
incidental detection of AAA could be reworked to become a
systematic examination and patients could benefit from both
prostate cancer (PCa) and AAA assessment.

AAA epidemiology

AAA is often a hidden pathological process, and can develop
for several years with no clinical symptoms. AAA is defined
as a dilatation of a diameter of at least one and half times the
normal diameter at the level of the renal arteries, with this
aortic segment usually measuring about 20 mm. A diameter
greater than 30 mm is considered to be a confirmation of an
AAA diagnosis. About 80% of AAAs are positioned between
the renal arteries and the bifurcation of the aorta to the iliac
arteries [2, 3]. Asymptomatic AAA could be detected by a
physical examination or during imaging performed for a vari-
ety of reasons. Acute AAA rupture is one of the most dramatic
emergencies in medicine. In western countries, ruptured
AAAs are estimated to cause between 4 and 5% of all sudden
deaths. Ruptured AAA presents as a terrible abdominal or
back pain and a pulsatile abdominal mass. Severe hypotension
occurs during rupture [4, 5]. Only about half of all patients
suffering from AAA rupture reach the hospital alive and of
those another half does not survive emergency surgical or
endovascular repair [6—8]. The hidden growth of AAA in-
creases the risk of a sudden rupture. Sudden rupture has a
global mortality of over 90% when it is not treated and the
survival of the patients who are able to undergo surgery is
about 30-60% [9-11].

Multifactorial pathogenesis, individual growth rate, and the
risk of sudden rupture are the main reasons preventing a stan-
dardized approach to AAA patients. Therefore, diagnostic
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tools, which are able to help us in the stratification of AAA
patients as well as the personalization of diagnostic and ther-
apy algorithms, are highly appreciated [12]. The main risk
factors of AAA—genetic burden, smoking, male gender, age
> 65 years, and white race—have been identified [13, 14].
Over the years since the risk factors were highlighted, targeted
prevention of AAA has been a focus of research. For preven-
tion to be appropriate, the ratio between the effect and costs of
action, possible future costs of the disease treatment, and pos-
sible complications are always important [15]. Without these
data, a general consensus, for example with regard to system-
atic screening, cannot be reached. The data required to make
such decisions are currently lacking and so there is, as yet, no
targeted primary prevention.

Prostate cancer epidemiology

PCa is the most frequent adult malignant disease occurring in
men in the population of western countries. More than one
million cases are diagnosed worldwide every year, and the
mortality is over 300,000 deaths per year. The highest inci-
dence was observed in Australia and North America, the low-
est incidence was reported in China and Japan [16, 17].
Regarding incidence and mortality, the relation to the human
development index (HDI) was proved. The age-standardized
incidence rate (ASIR) was the highest in high-HDI countries
led by Australia; however, the highest age-standardized mor-
tality rate (ASMR) was observed in low-HDI countries led by
Zimbabwe [18]. This unfavorable situation demands a com-
plex solution. Predictive, preventive, and personalized medi-
cine (PPPM) can play a useful role through its prevention
strategies, patient stratification, and predicting PCa [19] using
cost-effective strategies like multiomic approach and newly
introduce biomarkers [20].

PCa is a characteristic disease of older age with a median of
primary diagnosis over 60 years. As basic diagnostic methods,
digital rectal examination (DRE), ultrasonography (USG),
prostate specific antigen (PSA) levels, and biopsy have long
been used. Besides these four diagnostic tools, advanced im-
aging methods, including computed tomography (CT), posi-
tron emission tomography (PET), magnetic resonance imag-
ing (MRI), and hybrid imaging using PET/CT with the appli-
cation of choline analog '*F-fluoromethylcholine (‘*F-FCH),
have been established as important diagnostic tools in the
staging, follow-up, and restaging of patients with a diagnosis
of PCa [21].

Current therapy of PCa in comparison with other types of
cancer is relatively advanced. The basic surgical treatment of
prostate cancer is radical prostatectomy. Subsequently or as
another option depending on the clinical stage of PCa, radio-
therapy, chemotherapy, or other types of treatment could be
used. In recent times, the therapy of PCa has involved andro-
gen deprivation in most cases. Bearing in mind the proven
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differences in AAA development in men and women, the
absence of androgen is suspected to play a role in AAA pro-
gression and increases the risk of rupture in those PCa patients
[22, 23].

Coincidence of PCa and AAA

The coincidence of PCa and AAA is not frequently studied.
Both diagnoses have an important impact on mortality in the
older male population and their treatment should be tailored to
the disease development. PCa patients are examined inten-
sively during their treatment according to the staging,
restaging, and follow-up of the disease. The treatment of pa-
tients is individually oriented according to the aggressiveness
and spread of the disease as well as to the response to the
treatment [24]. Given that anti-androgen therapy is one of
the corner stones of the disease development control, the pos-
sible complications of the sexual hormone deprivation and its
negative effect on tissues have to be taken into account. From
the abovementioned facts, it is clear that the concurrently
treatment of a similar age group has to be managed by divid-
ing it into two groups according to the possible different speed
and risk of AAA development. The individual development of
both abovementioned diseases demands an individualized es-
timate of the patient’s risk of severe complications. In such
cases, the advanced imaging techniques could be the right
methods to serve as a tool for stratification of the patients
within the framework of personalized medicine strategies
[25].

Aim of the study

The aim of this study was to evaluate previously reported data
regarding the detection of asymptomatic AAA in PCa patients
who underwent '*F-fluoromethylcholine PET/CT imaging
due to the staging, follow-up, and restaging of the disease in
the University Hospital in Pilsen.

Materials and methods

Over the course of four years, a total of 586 consecutive 18R
FCH-PET/CT examinations was performed on 500 men rang-
ing from 48 to 81 years, with a mean age of 62.5 years
(Table 1). All examinations were performed after intravenous
administration of "*F-FCH (IasoCholine, Iason, Graz) at 1.25
MBq/kg. Patients were prepared by fasting for 4 h, but they
were allowed to receive fluids. After 45 to 120 min, imaging
was performed on a hybrid scanner (Biograph 128 mCT
UltraHD, Siemens Healthineers, Knoxville/Erlangen, USA/
Germany) with an orthosilicate four-row PET detector subsys-
tem and a 128-row CT subsystem. The acquisition of CT data
was performed with the use of 80 ml of iodine contrast agent
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Table 1 Characteristics of men in the study group
Characteristic Count Detected aneurysms
Men 500
Age, median of years (min—max) 62.5 (48-81)
Imaging examinations
Primary staging 173 (30%) 7 (30%)
Restaging 327 (56%) 21 (70%)
Follow-up of AAA 86 (14%) 2%
Total 586 (100%) 28 (100%)
Size of detected aneurysms
30-50 mm 26 (97%)
50-70 mm 2 (3%)
Total 28 (100%)
Current smoking 195 (39%)
Diabetes mellitus 120 (24%)
Hypertension 375 (75%)
Ischemic heart disease 185 (37%)

*Two aneurysms primarily detected in restaging

(Ultravist 370, Berlin, Bayer Pharma, Germany), except in
those patients with iodine contrast material allergy or in those
patients suffering from renal impairment. The kV dose mod-
ulation protocol was used and the kV setting was automatical-
ly selected, mostly reaching 100 kV. Submillimeter isotropic
imaging was used with 128 x 0.75 mm collimation with data
reconstruction at a width of 5 mm for attenuation correction
and with a reconstruction of 0.75 mm-width images and
0.6 mm increment using the soft tissue and HRCT algorithms.
PET dataset was obtained with a standard resolution in 5 to 7
positions ranging from the groin to the head. The data was
reconstructed using the time-of-flight algorithm using a point
spread function. The images were reconstructed with and
without attenuation correction. Soft and bone tissues were
evaluated independently using CT and PET image fusion.
The retrospective analysis of the patient cohort was performed
by two experienced radiologists in consensus and the main
goal was detection of AAA. The diameters of abdominal aorta
were assessed and measured using the Syngo.Via molecular
imaging tool (Siemens Healthineers, Forchheim, Germany)
also enabling vascular analysis. The aneurysms were assessed
according to their maximum transverse diameter and catego-
rized as (1) aneurysms less than 50 mm, (2) more than 50 mm
and less than 70 mm, (3) more than 70 mm and less than 80,
and (4) over 80 mm [2].

Results
The results are summarized in Table 1. A total of 28 AAAs

were detected. Twenty-six were in the range 30-50 mm. Two
detected aneurysms exceeded 50 mm.
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A total of 173 examinations were performed at primary
staging, including patients on whom the examination was per-
formed before a definitive diagnosis was established from the
biopsy. Seven aneurysms were discovered, all of them below
50 mm in diameter, so, according to the diameter, no aneu-
rysm was identified with a higher risk of rupture.

A total of 327 examinations were performed for restaging
of the disease after radical prostatectomy, radical prostate ir-
radiation, or during complete androgen blockade. In this sub-
group, 21 aneurysms were detected, 2 exceeding 50 mm—1
aneurysm with a diameter of 55 mm and 1 with a diameter of
58 mm—were found. Both AAAs over 50 mm were treated
using endovascular repair with stent graft implantation.
Figure la shows the subrenal AAA with a diameter of
55 mm (red arrows) in a patient staged due to prostate cancer
visualized by the fusion PET/CT image. Figure 1b shows the

Fig. 1 Staging PET/CT examination of patient with prostate cancer. a
The subrenal AAA with a diameter of 55 mm (red arrows) visualized
by the fusion PET/CT image. b The same patients with the subrenal
AAA with a diameter of 55 mm (red arrows) visualized by three-
dimensional CT angiography used in stent graft planning
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same patients with the subrenal AAA with a diameter of
55 mm (red arrows) in a patient staged due to prostate cancer
visualized by three-dimensional CT angiography used in stent
graft planning.

In a total of 86 cases, a follow-up examination was per-
formed to evaluate oncological disease progression. During
this follow-up also, AAA progression and severe complica-
tions were observed in two patients, namely, aortic ulcer de-
velopment. Both were referred for surgical repair. Figure 2
shows the patient with 3 years of androgen deprivation thera-
py; aortic dissection was indicated due to the development of a
deep aortic ulceration in the proximal abdominal and distal
thoracic aorta (red arrows), with an originally detected
subrenal aneurysm of 35 mm in size. The dissection analysis
was performed using three perpendicular planes, upper row
CT, and lower row PET/CT fusion. The high quality imaging
enables the planning of open surgery with aortic repair using
tubular graft.

Twenty-eight AAAs were detected in 500 men. Which
means that our detection rate of AAA was 28 per 500 men.
However, for comparison with the results available in the lit-
erature, amount of AAAs must be recalculated as the number
of AAAs detected per 1000 men. When recalculated, the de-
tection rate was 56 per 1000 men for our group of men with a
median age of 62.5 years. This detection rate is more than 100
times higher than that found in the published data for an equiv-
alent age group of men (0.55 AAA for men 65-74 years old)
and even greatly exceeds the number of AAAs observed in
older groups of men (1.12 AAA for men 7584 years old and
2.98 for men older than 85 years). These data are summarized
in Table 2.

Discussion

Before starting the study, the literature sources were reviewed
in order to acquaint ourselves with the current relation be-
tween personalized medicine and AAA. Our findings are sum-
marized in the paragraph below.

AAA and PPPM

The accumulation of evidence in AAA pathology shows that
two lines of pathologies must be distinguished. One line is the
genetic burden, gender, and age, and the other is the negative
impact of a bad lifestyle like smoking. From the PPPM point of
view, it should be emphasized the crucial role of multilevel
diagnostics approach starting the genetic background of the dis-
ease and continuing with the medical imaging and laboratory
methods. Integrating this information allows for targeted preven-
tion and personalized treatment regimes, preventing severe com-
plications with the high probability of death [26]. From the
literature, sources are visible that personalized approaches to
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Fig.2 Follow-up PET/CT of patient after 3 years of androgen deprivation
therapy for prostate cancer. Aortic dissection due to the development of a
deep aortic ulceration in the thoracic and abdominal aorta (red arrows),

AAA diagnostics and treatment are not currently common and
the publications related to this topic are rare. This situation might
be the result of the fact that the majority of AAAs are detected
randomly and so it is very difficult to create a systematic and
personalized approach to this problem. However, certain inter-
esting examples were found. The first group of articles might be
described as those relating to expert system creation. There are
examples available of expert systems for doctors [27, 28] or
common system for doctors and patient. Such system could be
used for treatment decisions and also for explanations for the
patient [29]. The second group of articles is focused on the
precision measurement of the size of the aneurysm and the speed
of growth which is currently used as the main predictive factor
for repair of AAA. Many authors use three-dimensional printing
as a tool for professional surgical assessment and in certain cases
also as a tool that is very realistic for explaining the next treat-
ment procedure to the patient [30—32]. Some studies are targeted
at the decoding of genomics of AAA to better understand the
mechanism of development and growth [33]. Unlike the previ-
ous groups of articles that are small in number, the last group is
larger. The last group of studies is focused on blood biomarkers
mainly released from the aortic wall. This group of biomarkers
has long been the focus of research. However, the results do not
correspond to the extent of these efforts. From a high number of

Table 2 Comparison in AAA incidence: PCa male population vs.
general male population

Characteristics of the group Age (years) Incidence (case/1000)
Our PCa male group Median, 62.5 56/1000
General male population 65-74 0.55/1000

75-84 1.12/1000

> 85 2.98/1000

with an originally detected subrenal aneurysm of 35 mm. CT images
(upper row) and fused PET/CT images (lower row) in three perpendicular
views

studies conducted, only a minor part was able to publish results
with the potential to lead to further research. Among those stud-
ies with promising results, there is also the study conducted by
our group from the University Hospital in Pilsen which was
recently published in the EPMA Journal [34].

Clinical questions—four steps to the final AAA
assessment

Based on the knowledge regarding AAA and PCa, the four
following clinical questions were formulated:

1. What is the incidence of AAA in PCa patients investigat-
ed using '*F-FCH-PET/CT in comparison with the inci-
dence in the general population?

2. Could progressive development of AAA be detected in
patients under androgen deprivation therapy?

3. Is the imaging technique performed using '*F-FCH-PET/
CT, including contrast substance enhanced CT, suitable
for stratification of risky AAAs according to the severity
of the disease, and is it sufficient for proper management?

4. Could be transformed the incidental detection of AAA
using "*F-FCH-PET/CT into a systematic personalized
approach with clearly defined benefits for patients?

Answers to these questions should serve as the main points

for a final assessment of the clinical importance of such an
approach and for an assessment of the benefits for patients.

What is the incidence of AAA in PCa patients?

The annual incidence of newly diagnosed AAA is approximate-
ly 0.4 to 0.67% in western populations. This equates to 2.5 to 6.5
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aneurysms for every 1000 persons each year. Age has an impor-
tant influence on incidence. Some studies have detected, in men
aged 65 to 74 years, an incidence of 55 per 100,000 men (0.55/
1000) per year, but that increases to 112 per 100,000 (1.12/1000)
for men aged 75 to 85 years, with an even higher rate of 298 per
100,000 men annually (2.98/1000) for those older than 85 [7, §,
35]. Our findings in the PCa male population undergoing imag-
ing techniques either due to staging or restaging confirm that the
incidence of AAA was 5.6% during the 4 years of observation
which included 500 consecutive patients with a detection rate of
28 AAAs per 500 men (56/1000). Compared our numbers with
the results in available literature, 100 times higher occurrence of
AAA was observed in PCa men than in the general male popu-
lation of a similar age. This high AAA incidence in PCa patients
allows us to use imaging techniques as a systematic tool for PCa
and AAA assessment at the same time.

Could progressive development of AAA be detected
in patients undergoing androgen deprivation
therapy?

The information in literature is contradictory and therefore it is
currently a very complicated task to answer the above ques-
tion with any clarity. PCa requires the selection of one of
several approaches, starting with active surveillance, andro-
gen deprivation, and then radical prostatectomy or radical ir-
radiation. Some of the therapy options carry an increased risk
of the progressive development of an aneurysm: prostatecto-
my indicated in locally operable tumors, pelvic lymphadenec-
tomy, but probably also the use of anti-androgen active drugs
[36-38]. Even male gender is a risk factor; the aneurysms in
females tend to be more progressive [39, 40]. The faster
growth in females and the more rapid development of the
aneurysm towards rupture implies that the sufficient levels
of male sex hormones could have an important influence on
the slower progression in males [41]. Although smoking has
been found to be the most strongly associated risk factor for
aneurysm development in males [42], some studies in patients
treated for PCa with androgen deprivation have also found
some relation to the missing androgen receptors. Missed re-
ceptors are being found in one subpopulation of patients with
PCa—those with castration-resistant prostate cancer [43]. In
the available literature, there is also information from a study
conducted on animal models that blockade and genetic dele-
tion of the androgen receptor attenuates AAA progression
[23]. The severe complication of AAA was observed in two
patients from our group. The first patient was treated by sur-
gical therapy using thoracoabdominal aortic replacement. The
second one only received conservative therapy due to the
massive metastatic disease progression of PCa with a poor
prognosis. In the case of this patient, follow-up PET/CT was
performed after 9 months and AAA status was stable. The
patient died 4 months later, with no signs of aortic rupture
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due to the cachexia and anemia related to the development
of terminal disease progression. Not even the causal influence
of androgen deprivation can be confirmed in either of those
cases. Both cases documented the important role of follow-up
in the detection of asymptomatic severe aortic disease
complications [44, 45].

Is the imaging technique performed using
8F-FCH-PET/CT, including contrast substance
enhanced CT, suitable for stratification of risky AAAs?

AAA size was repeatedly proved to be the strongest predictor
of the risk of rupture; the risk increases seriously for aneu-
rysms with diameters greater than 50 mm. The 5-year overall
cumulative rupture rate of incidentally diagnosed aneurysms
is 25-40% for aneurysms larger than 50 mm compared with
1-7% for aneurysms of 40 to 50 mm in diameter. A statement
of the Joint Council of the American Association for Vascular
Surgery and the Society for Vascular Surgery estimates the
annual rupture risk according to AAA diameter. Although
the risk of rupture in diameters of less than 49 mm can be
up to 5%, it increases from 15% in aneurysms with diameters
50-59 mm, to more than 50% in those of 80 mm in diameter
[3, 35, 43]. While the growth rate might be an important factor
in increasing rupture risk, follow-up '*F-FCH-PET/CT may
play a role, not only for follow-up of the PCa response to the
therapy but also for the progress of the AAA diameter, along
with its shape and the conformation of the aneurysm [23]. CT,
as the anatomical component of hybrid imaging methods, is
certainly the underlying approach for the assessment of the
aorta and other arteries. Moreover, the high concentration of
the iodine contrast agent in the arterial system is also impor-
tant. The optimal situation is when the level of contrast agent
concentration is comparable with CT angiography as the
targeted imaging methods of arterial circulation. In this case,
PET/CT could serve well for therapy decisions and the plan-
ning of aortic repair. Even the risk of expansion of more than
5 mm in 6 months was estimated as a high risk factor for
rupture. The calculation of growth velocity could be made
from the data obtained from the two '*F-FCH-PET/CT. The
abovementioned facts confirmed that a full-diagnostic CT
with intravenous iodine contrast agent application is the cor-
rect way to perform the scan, not only in oncological diagnos-
tics but also in AAA assessment.

Could be transformed the incidental detection of AAA
using "3F-FCH-PET/CT into a systematic personalized
approach with clearly defined benefits for patients?

Since confirmed diagnosis of PCa is rising in the male popu-
lation, with a shift in incidence towards lower age [44], the
frequent use of imaging methods means serious issues in di-
agnostics and treatment of other diseases that are randomly
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detected. This problem is more significant due to the relatively
high life expectancy in most patients enabled by current ther-
apy approaches [45, 46]. Therefore the more frequent use of
"F-FCH-PET/CT in the detection, staging, and restaging of
PCa has brought with it the possibility of assessing those
patients in tandem for other potentially dangerous diagnoses.
When AAA is incidentally detected with 18F_FCH-PET/CT,
this occurrence could be important for patient survival be-
cause most AAAs are asymptomatic until the rupture, al-
though some are identified during evaluation for any of the
mild abdominal symptoms [47]. Common follow-up of PCa
and AAA offers a precise and systematic tool which can detect
asymptomatic but severe aortic disease complications.

Perspectives

The predictive value of imaging methods for AAA detection
has been satisfactorily proved and is generally accepted.
However, the prognostic value for AAA development is lim-
ited. One possibility of improving prognostic ability is the
combination of imaging methods with a panel of suitable bio-
markers and our own research in this regard is promising.
Based on this research, a multivariate model using selected
biomarkers was suggested [32]. As a further task, our experi-
ence in the fields of biomarkers and advanced imaging tech-
niques is going to be merged. In accordance with the examples
in literature [25-27] and in concordance with the PPPM strat-
egies [47, 48], a diagnostic algorithm is preparing based on the
imaging methods and our multivariate model of blood bio-
marker levels. This model could be helpful in the prognosis
of AAA development, especially those with a smaller diame-
ter (under 50 mm) which are mostly fully asymptomatic and,
from the point of view of imaging techniques, these AAAs are
less dangerous. Reports about the rupture of these small
AAAs motivate us to further our efforts in researching this
field [49].

Conclusion and expert recommendations

All facts mentioned in the answers to our clinical questions
can be summarized as follows:

e 100 times higher incidence of AAA was shown in our
group of PCa men in comparison with the similar age
group of men in the general population.

* Atotal of 28 AAAs were detected and in 2 cases progres-
sion and aortic ulcer development were observed. Given
this number of cases of progression, it is not possible to
draw any conclusions as to whether androgen deprivation
therapy plays any role in this progression or not. In near
future, the patient cohort must be broaden as well as our
observations.

«  The imaging technique performed using '*F-FCH-PET/
CT, including contrast substance enhanced CT, is a suit-
able method for the stratification of risky AAAs. This is
clearly demonstrated by 2 cases of observed progression
during follow-up for AAA.

*  Our experience clearly shows not only an option, but rath-
er the necessity to transform incidental detection of AAA
into a systematic tool within the framework of a personal-
ized approach to the patients. '*F-FCH-PET/CT can serve
as an effective method of secondary prevention of AAA
and afterwards stratification when AAA is detected.

* The main challenge for the near future, in our opinion, is
the creation of a multivariate model for possible prediction
of AAA development and the risk of rupture. The model
should be based on stratification using imaging methods
and combined with the panel of selected biomarkers. This
model could be beneficial in cases of AAA with a smaller
diameter (under 50 mm), and can help in the treatment
decisions which would be made based solely on AAA
diameter size.

* As for a longer term vision and in concordance with the
PPPM strategies, it is under consideration developing a
larger multivariate model using the outputs of imaging
techniques, biomarker levels, and proteomic and genomic
data.
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