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Abstract

Introduction In this thesis, blood perfusion was estimated and studied under
both Rest condition and pharmacologically inducted Stress condition. The main
objective was to explore how perfusion is affected by Rest-Stress condition in
different anatomical Regions of Interest (ROIs) out of the heart, and this is the
first time this is done for Rubidium.

Methods Sixteen subjects without cardiac disease underwent two dynamic
82Rb PET/CT scans, the first one while patients were resting (namely Rest), the
second one (namely Stress) in combination with Regadenoson, a heart-specific
pharmacological stressor. Thirteen ROI masks where extracted per each patient,
applying an Al tool called Total Segmentator[1] and refining them with a clustering
approach based on dynamic activity inside the voxels. ROIs” Time Activity
Curves (TACs) were then extracted and fitted with a One-Tissue Compartment
Model (1TCM). Thus, analysis were focused on K, a model’s parameter related
to perfusion, in order to assess how ROI, Rest-Stress condition, and time duration
of the scan can influence it.

In addition, a preliminary correlation-based Connectivity Analysis was per-
formed, to investigate connections between different organs in different anatom-
ical regions and how this could change during a pharmacologically inducted
Stress condition.

Results Significant differences between Rest and Stress were shown in different
ROIs, namely myocardium, small bowel, colon and gluteal muscles, with a FDR-
corrected[2] Wilcoxon[3] pvalue lower than 0.05. Reduced scan duration analysis
showed that scan duration could be optimized according to the ROI focus: some
organs, such as kidneys, gluteal muscles, pancreas, small bowel and colon, would
showed a relative difference lower than 10% with a 3-minutes scan, and lower
5% with a 4-min scan.

During Rest, non-trivial correlations appaired between organs like pancreas-
colon (R? = 0.86) and myocardium with pancreas, stomach and glutei (R? up
to 0.73). During Stress significant couples were left-right lungs, left-right glutei
and colon-pancreas, suggesting a weaker correlation in perfusion under Stress.

Conclusions This study rappresents a novel investigation about how estimated
K is highly dependant by ROI, Rest-Stress condition and other side conditions:
while the myocardial response confirmed existing clinical evidence, the altered
perfusion observed in abdominal organs and glutei represents a novel finding
that may suggest a systemic adaptation to Regadenoson, with potential implica-
tions for the study of Coronary Artery Disease.
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Sommario

Introduzione In questa tesi ¢ stata stimata e studiata la perfusione sanguignea
sia in condizioni di Riposo sia in condizioni di Stress indotto farmacologicamente.
L'obiettivo principale era esplorare come la perfusione venga influenzata dalla
condizione Riposo-Stress in diverse Regioni di Interesse (ROI) anatomiche al di
fuori del cuore, ed ¢ la prima volta che cio viene fatto per il Rubidio.

Metodi Sedici soggetti senza patologie cardiache sono stati sottoposti a due
esami PET/CT dinamici con #Rb: il primo in condizioni di riposo (detto ap-
punto Riposo), il secondo in condizioni di Stress indotto dall’uso di Regadenoson,
uno stressante farmacologico specifico per il cuore. Per ciascun paziente sono
state estratte tredici maschere di ROI, applicando un segmentatore basato su
intelligenza artificiale chiamato Total Segmentator[1] e raffinando i risultati con
un approccio di clustering basato sull’attivita dinamica nei voxel. Le curve di
attivita temporale (TAC) delle ROI sono state quindi estratte e adattate con un
modello a compartimento singolo (1TCM). Le analisi si sono quindi focalizzate
sul K, un parametro del modello legato alla perfusione, al fine di valutare
come ROI, condizione Riposo-Stress e durata della scansione possano influen-
zarlo. Inoltre, & stata eseguita un’analisi preliminare di connettivita basata sulla
correlazione, per indagare le connessioni tra diversi organi in diverse regioni
anatomiche e come queste possano modificarsi durante una condizione di Stress
indotto farmacologicamente.

Risultati In diverse ROI & emersa una differenza significativa tra Riposo e
Stress, in particolare miocardio, intestino tenue, colon e muscoli glutei, con un
pvalue di Wilcoxon[3] corretto con FDR[2] inferiore a 0.05. L'analisi dei fitting
ottenuti con durata ridotta della scansione ha mostrato che la durata ottimale
puo variare in funzione della ROI considerata: alcuni organi, come reni, muscoli
glutei, pancreas, intestino tenue e colon, hanno mostrato una differenza relativa
inferiore al 10% con una scansione di 3 minuti e inferiore al 5% con una scansione
di 4 minuti. In condizioni di Riposo, sono emerse correlazioni non scontate tra
organi come pancreas-colon (R? = 0.86) e miocardio con pancreas, stomaco
e glutei (R? fino a 0.73). In condizioni di Stress, le coppie significative erano
polmoni destro-sinistro, glutei destro-sinistro e colon-pancreas, suggerendo una
correlazione piu debole della perfusione sanguigna sotto Stress.

Conclusioni Questo studio rappresenta una nuova indagine su come il val-
ore stimato di K dipenda fortemente da ROI, condizione Riposo-Stress e altre
condizioni collaterali: mentre la risposta miocardica ha confermato le evidenze
cliniche gia note, l’alterata perfusione osservata negli organi addominali e nei
glutei rappresenta un risultato inedito che potrebbe suggerire un adattamento
sistemico al Regadenoson, con potenziali implicazioni per lo studio della Malat-
tia Coronarica (CAD).
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Introduction

Context

The research presented in this thesis was carried out during an Erasmus+
Traineeship exchange program, in collaboration between the University of Padua[4],
Inselspital — the University Hospital of Bern[5], Switzerland — and Siemens
Healthineers International AG.

I spent six months in Bern as a trainee at Inselspital, one of the most renowned
hospitals in Switzerland, within the Department of Nuclear Medicine[6]. This
framework provided the opportunity to combine hands-on experience in a clin-
ical environment with exposure to one of the most important industrial players
in the PET scanner field.

Background

Positron Emission Tomography

Positron Emission Tomography (PET) is a non-invasive medical imaging modal-
ity that plays a crucial role in modern clinical practice and research[7]. Unlike
anatomical imaging techniques such as Computed Tomography (CT) or Mag-
netic Resonance Imaging (MRI), PET provides functional and metabolic infor-
mation, offering insight into the physiological processes that take place within
living tissues[7]. The quality, specificity, and type of information that can be
obtained from a PET examination strongly depend on the radiopharmaceutical
tracer[8] administered to the patient before.

Each tracer has its own biochemical properties and distribution patterns,
which ultimately influence not only the visual appearance of the reconstructed
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2 Introduction

images but also the subsequent quantitative analyses and clinical interpreta-
tions|[8].

Rubidium-82 Chloride and Its Usage

Among the various tracers available, Rubidium-82 chloride ([**Rb]Cl) occupies a
central role in the evaluation of myocardial blood flow, especially in patients with
suspected or known coronary artery disease (CAD)[9]. Owing to its potassium
analog properties, [*2Rb]Cl rapidly distributes into myocardial tissue in propor-
tion to blood perfusion, making it particularly suitable for dynamic perfusion
imaging. Traditionally, [**Rb]Cl studies are performed using standard field-of-
view (FOV) PET scanners, where myocardial time-activity curves (TACs) are
typically modelled using the one-tissue compartment model (1TCM)[9].

Furthermore, [*?Rb]Cl is frequently used in rest-stress imaging protocols[10].
In such protocols, the rest scan is followed by a stress scan performed under
pharmacologically induced vasodilation, commonly achieved with agents such
as regadenoson or adenosine[11]. Notably, regadenoson has a more targeted
action on the myocardium, further reinforcing the primary clinical interest in
this organ.

Long Axial Field Of View Scanners

The advent of long axial field-of-view (LAFOV) PET technology has expanded
the possibilities of tracer imaging well beyond the traditional cardiac setting[12].
LAFOV PET systems are capable of simultaneously capturing dynamic data
across the entire body, and so enabling the study of tracer distribution and
kinetics in multiple organs at once. This development allows researchers to in-
vestigate the systemic behaviour of tracers, uncovering physiological interactions
that were previously inaccessible with conventional scanners.

Motivation

Previous research have attempted similar investigations using different tracers
out of Rubidium, such as °O-labeled water [12], but while this offers superior
tissue permeability compared to [¥?Rb]C], it also presents significant technical
limitations: for its extremely short half-life requires the presence of a cyclotron
close to the PET scanner and the tracer needs to be produced and delivered dur-
ing the scan[8], while [82Rb]C1 does not need a cyclotron, but a small generator,
sited behind the scanner.



In addition, LAFOV PET scanners are rapidly emerging as the new state-of-
the-art systems for acquiring Rubidium datasets[13]. These systems provide im-
proved sensitivity and better spatial resolution[14], even when the myocardium
remains the only region of clinical interest. Moreover, since LAFOV scanners
inherently acquire and reconstruct data over the whole-body, they generate large
amounts of information on [¥?Rb]Cl activity across anatomical regions that have
so far received little or no research attention, opening the possibility to novel
scientific investigations and potentially valuable clinical insights beyond the tra-
ditional focus on myocardial perfusion.

Software Tools

The software environment employed in this work relied primarily on self-coded
script of a variaty of coding languages, but used also vendor-provided tools,
every tool contributed to different stages of the analysis pipeline.

For the reconstruction of the raw PET data into images, proprietary software
provided by the scanner manufacturer was utilised. Specifically, the e7-tools
package (Siemens Healthineers) was employed, as it represents the standard
and validated reconstruction suite for this PET system, ensuring consistency
and reliability of the resulting images.

Following image reconstruction, TotalSegmentator[1] and MATLAB (The Math-
Works, Natick, MA, USA) was used for post-processing tasks. These included
resampling procedures, extraction of quantitative image-derived metrics, and
model fitting of the extracted data. MATLAB was also employed to implement
custom scripts for handling ROIs and refining segmentation masks, ensuring
precise alignment between anatomical and functional data.

For the analysis stage, a combination of software tools was adopted. Mi-
crosoft Excel (Microsoft Corporation, Redmond, WA, USA) was employed for
preliminary data organization, tabulation, and exploratory statistics, providing
astraightforward environment for quick inspection of the extracted metrics. Sub-
sequently, a Python-based[15] framework was used for comprehensive statistical
evaluations, in-depth comparisons across experimental conditions, and the gen-
eration of reproducible, publication-quality visualizations. In particular, ded-
icated libraries (e.g., numpy[16], pandas[17], matplotlib[18], and seaborn[19])
were employed to streamline statistical workflows and to provide clear, inter-
pretable figures that support the interpretation of the results.

This combination of proprietary and open-source tools allowed for a robust
and flexible analysis pipeline, integrating vendor-standard reconstruction with
customizable post-processing, preliminary exploratory analyses, and advanced
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statistical evaluation.

Research Introduction

In this exploratory work, [*?Rb]Cl kinetics was characterized across a wide range
of anatomical regions. Specifically, kinetic modelling was carried out in 13
regions of interest (ROIs), including the myocardium as well as several additional
organs and muscle groups that have not yet been extensively studied in this
context. Data acquisition was performed using two state-of-the-art Biograph
Vision Quadra PET/CT systems (Siemens Healthineers, Knoxville, Tennessee),
both offering ultra-long axial coverage and high temporal resolution.

Procedures

Every patient scan leaded to two dynamic PET images of 35 time frames and one
static CT image, which generated the masks of the ROIs, one for each patient and
rest-stress condition. These masks were then resampled into PET space using a
custom MATLAB script and subsequently, The totality of the masks were eroded
in all directions and refined using a PET-based clustering approach to minimise
background inclusion. All masks were then manually reviewed, and in specific
cases, the resampled masks were instead dilated prior to applying the clustering
algorithm. A cylinder-shape mask of 1 cm of diameter was placed manually in
the descending thoracic aorta to measure image derived input function.

The aorta TACs were then used as input function for a 1”TCM used in order
to model Activity of the ROIs, extracting various parameters such as K7, k2 and
bolus time delay.

Beyond some descriptive analysis of the parameters, some investigations about
how specific factors influence tracer uptake dynamics were performed. In par-
ticular, the effect of physiological condition (rest vs. stress) and scan duration
reduction on the estimation of the K parameter across all ROIs was tested. This
analysis is clinically relevant, as shortened acquisition times are often desirable
in real-world settings to reduce patient burden and scanner occupancy. A pre-
liminary inter-organ correlation analysis was also conducted to assess possible
relationships in tracer kinetics between different organs under both rest and
stress conditions.



Key Findings

Results leaded to interesting new insight on the possible use of rubidium: some
organs far from the heart reported significant differences' between rest and
stress condition, such as colon, small bowel and gluteal muscles, suggesting
that CAD could be linked to some systemic disease and LAFOV rubidium scans
could be a efficient and fast solution for identifying these events. In addition,
some reduced scan experiments resulted in fitting results from shorter scans
that were very similar to those from the state-of-the-art 7-minute scans, open-
ing the possibility for even shorter scans in the future, especially if they are
organ-specific. This would increase patients comfort and reduce the exam cost
for the hospital. In particular, kidneys, gluteal muscles, pancreas, small bowel,
colon showed greater stability, with a percentage difference lower then 10% with
a 3-minutes scan. Finally, the performed connectivity analysis revealed some
interesting connections, confirming the left-right axis in organs like lungs, glutei
and kidneys (here just during Stress), with R?s higher than 0.80, and suggesting
significant correlations between some novel pairs of organs. Myocardium, for
example, showed significant connections (pvalue > 0.05) with pancreas, colon
and glutei, with R? up to 0.73 in the myocardium-stomach connection. More
details on Figure 48. These relationships varied between Rest and Stress condi-
tions, suggesting that regadenoson influences blood perfusion outside the heart
as well.

Contribution

An abstract from the main results of this study was submitted for the Annual
Congress of the European Association of Nuclear Medicine (EANM) 2025 in
Barcelona named ‘Whole-Body Perfusion Imaging Using Dynamic 32Rb PET
with a Long Axial Field-of-View Scanner” and was accepted as a Top Rated Oral
Presentation (TROP) within the Scientific Programme of EANM'25.

'FDR-Corrected Wilcoxon paired test pvalues lower than 0.05






Methods

Population

Thirty-two patients with suspected CAD underwent a double dynamic *2Rb
PET/CT rest/stress scans in the Nuclear Medicine Department of Inselspital[6],
University Hospital of Bern, Bern, Switzerland using one of the two Biograph
Vision Quadra (Siemens Healthineers, Knoxville, Tennessee) LAFOV PET/CT
systems based in the department.

Dynamic PET images were checked by clinicians and were classified in three
possible groups:

¢ 'Normal”: healthy patient

¢ 'Normal with Reduced Blood Flow (RBF)": patients with no CAD, but
characterized by a globally reduced blood flow, as reported by their clinical
assessment

¢ 'Pathologic”: patient with confirmed CAD

The demographic table is following reported:

Group Number M/F  Age

Normal 16 10/6 66+ 11
Normal with RBF 7 5/2 71412
Pathologic 9 7/1  72+9

Table 1: Demographic characteristics of the groups.

In order to have unbiased results, we choose to keep only the 'Normal” group,
ending up with sixteen datasets



8 Methods

Acquisition Protocol

Data Acquisition

List-mode PET data were acquired over a period of 7 minutes following the
intravenous administration of a slightly variable amount of 82Rb, amounting to
381.53 &+ 8.62 MBq in the present dataset. This initial scan was labeled as Rest,
as it reflects the perfusion under baseline conditions without pharmacological
stimulation.

Subsequently, a dose of 400 [;g] of regadenoson, a selective adenosine A4
receptor agonist, was administered to induce pharmacological stress in the my-
ocardium. Following this intervention, a second injection of ?Rb was performed,
followed by a second PET scan with the same acquisition parameters as the first.
This scan was labeled as Stress, representing perfusion under pharmacological
stress conditions.

At the beginning of the protocol, a Computed Tomography (CT) scan was also
performed to enable attenuation correction during PET image reconstruction.
The CT-derived attenuation maps were subsequently used to correct for photon
attenuation, improving the quantitative accuracy of the PET images. Figure 1
shows graphically the protocol.

82RDb Injection 400 [mcg] Regadenoson + 82Rb Injection

CT l Rest PET scan l Stress PET scan

[ ] I | |
—

7 minutes scan 7 minutes scan

Figure 1: Acquisition protocol: a dynamic PET scan with 8?Rb at Rest condition is
followed by a pharmacologically inducted Stress condition with regadenoson.
CT is also acquired at the beginning for attenuation correction.

Image Reconstruction

PET images were reconstructed into 35 dynamic frames with the following tem-
poral scheme: 20 x 4[s], 4 x 10[s], 3 x 20[s], and 8 x 30[s|s. Image reconstruction
was performed using a Point Spread Function-Time of Flight (PSF-TOF) algorithm,
which enhances spatial resolution and signal-to-noise ratio, while preserving
the detail of small structures.



Mask Generation

(a) CT image (b) Masks on CT image

=1

e

(c) Resempled masks on PET image (d) Final masks, after k-means clutering

Figure 2: Example on mask generation for kidneys on one patient

The ROIs masks were generated by an automatic pipeline, explained in the
following section, using an Al-tool in combination with a series of self-designed
scripts coded in MATLAB. Figure 2 shows an example of this pipeline applyed
to the kindeys of a patient.

Each mask was manually reviewed to guarantee anatomical plausibility and
accuracy of the ROIs.
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Automatic Segmentation

ROIs masks were generated from the CT images applying the Al-based tool of
Total Segmentator [1], which allows automated segmentation of multiple anatom-
ical structures. Specifically, masks were extracted for the lungs (left and right),
kidneys (left and right), spleen, myocardium, thyroid, small bowel, colon,
pancreas, stomach, and gluteal muscles (left and right).

Resempling in the PET space

Following segmentation, the CT-based masks were resampled into PET space
using a custom MATLAB script in order to ensure proper spatial correspondence
between the anatomical references and the functional PET data. To reduce partial
volume effects and to minimise inclusion of background activity, all masks—
with the exception of those corresponding to the myocardium and thyroid—
underwent an isotropic erosion of 2 [mm] in all directions. Subsequently, a PET-
based clustering refinement, based on the k-means algorithm[20], was applied
to further improve the delineation of metabolically active regions. In specific
cases, where erosion would have excessively reduced the anatomical coverage,
the resampled masks were instead dilated by up to 1[cm] before applying the
clustering algorithm.

Image Derived Input Function

In addition, a cylindrical mask with a diameter of 1[cm] was manually placed
in the descending thoracic aorta, to serve as Image Derived Input Function (IDIF)
of One-Tissue Compartment Model (1TCM), explained in the next section Kinetic
Modelling.

For every patient two input masks were acquired: the first one for Rest con-
dition, the second one for Stress condition. These masks where created opening
manually the 12th? frame of every dynamic scan. Figure 3 shows an example of
cylinder mask manually placed in the aorta area of a patient on the 12th frame.

*The number of the frame was choosen arbitrary, searching for the frame which maximaze
the activity in the blood






