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1. Introduction
1.1Qu’est-ce que la médecine nucléaire ?

La médecine nucléaire est une spécialité d'imagaédicale, au méme titre que la radiologie.
A la différence de cette derniére ou des imagepatient sont créées a partir d’interaction
avec des éléments provenant de I'extérieur du matje|myons X, champ magnétique,
ultrasons), les images en médecine nucléaire sm# a des éléments radioactifs injectés dans
le patient, donc émis de lintérieur du patient. hencipe est de fixer a une molécule
particuliere (par exemple du glucose) une particatboactive (par exemple le radioisotope
18 du Fluor) et d'injecter ces éléments dans le sdmgpatient, afin que la molécule
radiomarquée se distribue dans les tissus cibles.fbls arrivée a destination dans les tissus,
les particules émises par les processus de déstitgg nucléaire du produit radiomarqué
sont captées par un récepteur externe au pati@istygronstruites de maniere numérique, ce
qui aboutit a la formation de lI'imageTout comme la radiologie possede une variété de
modalités différentes (radiographie, CT-scan, édyige, IRM, ...), il existe plusieurs
modalités d’'imagerie nucléaire, notamment le PETaacintigraphie, se basant sur différents
processus d’émission de particules radioactivesPE&, modalité utilisé pour cette étude,
fonctionne sur le principe de I'émission d'un pamit par le radiotraceur, particule
positivement chargée, inverse d’'un électron, quparourir un chemin aléatoire de quelques
millimétres avant de rencontrer un électron etaldésintégrer en une paire de photons émis a
180° I'un de l'autre. Ce sont ces photons qui seemsuite détectés par le détecteur circulaire
entourant le patient, ce qui permet ensuite denstoaire les images (fig.1).
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Fig 1. lllustration de la réaction dite « de productiom phires » amenant a la création de deux photdr®0a qui sont
détectés par le capteur disposé autour du pagienettant par la suite de générer les images.

Les images produites sont donc un reflet globaladeaptation du radiotraceur par le tissus
cible. Plus le traceur est capté par le tissus phportante sera I'intensité résultante visible
sur I'image. En fonction de la molécule cible saguelle la particule radioactive est fixée, la
distribution tissulaire sera différente, tout comiasignification de sa captation par les tissus.
Un radiotraceur typique utilisée en médecine nueéaest le ®F-FDG (ou *®F

fluorodésoxyglucose), un analogue radiopharmaceeitdy glucose. Une fois injecté dans le
sang, ce traceur va étre capté par les tissusnetida de l'intensité de la demande en glucose



de ceux-ci, ce qui revient a dire que les imagesi @iréées sont un reflet du métabolisme en
glucose des différents organes du corps humain.ir@ages sont d’une qualité moyenne en
terme de morphologie pure, contrairement a celldsnues par les modalités de radiologie,
leur utilité se base plus sur les informations famnelles qu’elles apportehtAfin de
bénéficier a la fois d’'une bonne information moroigique ainsi que fonctionnelle, des
examens combinant radiologie et médecine nucléairété développés, comme par exemple
le PET-CT ou les images fonctionnelles du PET ssmperposées aux informations
anatomiques du CT.

Concernant la radioactivité du traceur est lirediin du patient, les doses recues lors d'un
examen de médecine nucléaire sont trés faible (acabfe a certains examens de radiologie,
ou par exemple a quelques allers-retours en aeiboit tres peu de risque d’avoir un impact
sur le patierit Il existe en revanche d’autres types d’'isotopekoactifs, bien plus agressifs,
utilisés non plus pour la visualisation mais pautrhitement de Iésions ciblées, comme par
exemple I'lode-131 utilisé pour détruire les cadluthyroidiennes, dans le cas de cancers de la
thyroides

1.2PET-CT oncologique

Le PET-CT est un examen combinant I'image métaheliqu PET décrite précédemment
avec limage anatomique radiologique du CT. On cemce par injecter au patient le
radiotraceur, puis ce dernier doit rester au relaos une salle sombre et calme (pour éviter la
stimulation des muscles du corps et une appropndtiop importante du produit par ces
derniers), afin que le traceur puisse prendrertgotede se distribuer dans son organisme. Le
patient est ensuite amené sur un appareil permdiaquisition a la fois d'images PET et
d'images de CT. Ainsi en un seul examen, on pespadier des deux modalités a la fois.
Images pouvant étre superposées afin de bénédideerfois de I'information métabolique et
de l'information morphologique (fig. 2). Cela pektte trés utile, par exemple pour localiser
avec précision une tumeur dans une région anat@entigonprenant beaucoup de structures en
proximité les unes des autres.



Fig 2. Exemple d'images CT(a) et PET(b), qui peuvent gies de maniére indiviuelle ou de maniéere fusienfes.

En médecine nucléaire oncologique, le traceur lis fiéquemment utilisé est 1&F-FDG,
déja présenté plus haut, dont l'utilité est de @spnter le reflet de la consommation en
glucose des tissus. Les tumeurs étant pour la gildeagrandes consommatrices de glucose,
elles peuvent étre trés facilement visualisées aete méthode, méme si parfois on ne peut
les détecter sur un examen morphologique pur. Bangle un ganglion en périphérie d’'une
tumeur, peut étre lui aussi envahi par des cellmalkgnes, sans avoir un aspect pathologique
sur un scanner, mais présentant un hypermétabotising 'imagerie PET. L'utilité du PET-
CT oncologique est donc non seulement la détettimorale (que ¢a soit la tumeur primitive
ou son extension métastatique), mais aussi le duide la tumeur et la réponse du patient au
traitement.

1.3Imagerie SUV

L'imagerie oncologiques par PET/CT corps entier qnérau'®F-FDG est largement utilisée
dans la pratique clinigue, notamment pour la caraztion des lésions, la stadification, la
restadification et le suivi des patients. L'indax UV (pourStandardized Uptake Valpest
couramment utilisé pour mesurer l'intensité de aaph du FDG par les tissus. Il est calculé
par fixation du traceur par les tissus, normaligélp dose injectée ainsi que par la masse du
patient. Il correspond ainsi a une méthode simf@stithation du flux de captation du FDG
par les tissus, donc de l'importance de leur méisie. Plus un organe consommera du
glucose, plus grande sera la valeur du SUV mesuigst endroit. Les tumeurs ou les tissus
enflammeés ou infectés sont typiquement avides dé [ED présentent donc des valeurs de
SUV élevées. Cependant, une importante valeur dé ®Jcorrespond pas forcément a un
processus pathologique. Le glucose étant aussboong par les organes, on retrouve des
valeurs plus ou moins importante de captation @hygique, par exemple au niveau du



cerveau, de la sphére buccale et pharyngée, destins, du myocarde, du foie et de
n’importe quel muscle que le patient aurait sakide maniere récente (fig. 3).

Fig 3. Exemple de PET-CT au FDG normal, démontrant unéatiap physiologique du radiotraceur par le cerydau
muscle cardiaque, le foie et le systeme digestif.

Un des principaux inconvénients du SUV est qusteesemi-quantitatif et se retrouve sujet a
de nombreuses variations, en fonction par exempl@alds du patient ou son niveau de
glycémie lors de I'examen. Ces variations peuvemerger a une mauvaise estimation de la
captation réelle du FDG et conduire donc a de faasitifs ou de faux négatifs, motivant la
recherche d’autres index d’estimation du métabdisim FDG, de maniére plus quantitative.

1.4 Imagerie paramétrique PET

L’'imagerie paramétrique correspond a la représemtasous forme d’'une image (chaque
voxel possédant une valeur propre) de difféerpatameétrescalculés a partir du signal brut de
'examen. Deux exemples de paramétres extrapolanamagerie PET et dont des images
peuvent étre reconstruites sont le Ki et le BV (Blovolume). Le Ki est un reflet du flux
entrant de FDG dans les cellules, plus quanti&tiplus robuste que le SUV (fig. 4). Il est
calculé selon une formule prenant en compte ldtegde des flux de FDG entrants et sortant
du compartiment plasmatique et cellulaire. Cettenfde nécessite la prise en compte de
I'évolution dynamique de la distribution du tracelans le compartiment sanguin et tissulaire,
ce qui implique qu’'on ne peut pas extrapoler leapaatre Ki sur une seule image « statique »
prise une heure apres l'injection du traceur, congtast le cas pour le SUV. Le patient doit
en effet subir plusieurs passages a répétitiotaszmne d’intérét tout au long de la répartition



du traceur dans son organisme, pour que soientteresdraits les différents parametres sur
I'évolution cinétique de ces images dites « dynamsy». Jusqu'a présent, ces techniques
dynamiques plus performantes en terme de détettabilde faux positifs étaient limitées a
un champ de vue limité (par exemple la région durgaet non pas a I'ensemble du corps.
Plus récemment, ces techniques ont été améliordesda rendre possible l'imagerie
dynamique sur le corps entier, notamment gracegeagres technique des appareils.

(c) (d)

Fig 4. Exemple de I'aspect typique des tissus sains egénie SUV (a, c) et en imagerie Ki (b, d), avesats fusion avec
des images de CT-scan. Les images Ki réduisentnferie le signal du compartiment sanguin, ce qui peuvoir par
exemple sur le foie dont le signal est bien maimgdrtant en Ki qu’en SUV, permettant un meilleuntraste Iésion-bruit de
fond.

2. L'étude

2.1Protocole de I'étude

Le protocole utilisé dans cette étude (fig. 5) éstesa acquérir les premieres images sur le
coeur pour en extraire des informations du comparitnsanguin puis d’effectuer treize
acquisitions dynamiques sur I'ensemble du corpgj(t@mene a la reconstruction des images
Ki) et enfin un dernier passage au temps tardiithabutilisé en clinique (ce qui donne les
images SUV). Ainsi pour chaque patient nous dispssiimages corps entier simultanées
SUV et Ki, ce qui nous permet ensuite de les coerpar
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Fig 5. Protocole de I'étude. Le premier passage se taitles région cardiaque juste apres injection deewa Puis 13
passages sont effectués, d’ou sont tirés les imgig&our finir I'image standard SUV est réaliséadin du protocole.

Les examens ont tous été effectués sur un ap@iegilens Biograp! mCT et les patients
sélectionnés étaient tous connu pour une indicabiecologique, principalement le suivi
d’'une tumeur connue, mais aussi la caractérisatienésions suspectes. L'ensemble de
'examen dure environ une heure, temps que le adi@it passer allongé sur la table.

2.2Comparaison SUV-Ki

L’étude comprend 18 patients recrutés pour divexamens d’origine oncologique. Pour
chaque examen nous avons défini plusieurs Iésionsrbus avons compare le signal SUV et
Ki. Nous avons séparé en deux groupes les lésispestes de malignité sans autre preuves
des lésions prouvées malignes (soit par une bipgsiké par un antécédent oncologique
connu) et analysé les deux groupes séparément. daus mesuré les signaux moyens et
maximaux des lésions dans les deux modalités (SW@meUVmax, Kimean, Kimax) ainsi

le TBR (Tumor-to-Background Ratio) et le CNR (Castrto-Noise ratio) qui correspondent
a des index de détectabilité des lésons.



3. Discussion

3.1 Comparaison SUV-Ki

Cette étude a démontré que l'imagerie paramétiiguncologique possede une détectabilité
des lésions équivalente voir supérieure au SU\4i gim’'une meilleure performance en terme
de faux-positifs. Sur les 40 Iésions prouvées mabganalysées, 37 était détectées en SUV et
38 en Ki, aucune d’entre elle n’était détectée &V 2t non en Ki. Une autre différence
intéressante utile a I'imagerie Ki est la supp@ssdu signal du compartiment sanguin des
organes, permettant un meilleur contraste et unédeome détectabilité des lésions situées
dans les organes hautement vasculaires, tels doe)enotamment pour les patients atteints
de tumeurs a métabolisme intermédiaire (par exeniplecarcinome hépatocellulaire
moyennement différencié).

3.2 Cas intéressants

Nous avons mis en évidence plusieurs cas intérsssan I'image Ki apportait une
information importante. Le premier cas (fig. 6) estpatient de 71 ans connu pour une lésion
suspecte du foie. La Iésion était détectée damsodalité Ki mais indétectable en SUV. La
biopsie effectuée dans un second temps a confieméédion comme un carcinome
hépatocellulaire.

Fig 6. Cas d'un carcinome hépatocellulaire semblant notaipodique sur les images SUV (a,c), mais d'aspect
hypermétabolique sur les images Ki (b,d).



Le deuxieme cas est un faux-positif correspondamtedlésion inflammatoire chez un patient
de 54 ans, détectée comme suspecte au SUV, nactédemur les images Ki, prouvée plus
tard par biopsie comme non maligne. Le troisiemeast un exemple des multiples Iésions
bénignes retrouvées au SUV et non détectables auelKil'occurrence un ganglion
lymphatique non pathologique chez un patient deb connu pour un adénocarcinome de
'estomac. Ce ganglion était détecté sur les imé&djd¥ et décrit comme bénin, mais non
détectable sur les images Ki. Plusieurs autresitgi métaboliques non suspectes tels que
l'activité musculaire ou de la sphére ORL sont loeap moins souvent visibles au Ki
comparé au SUV.

3.3 TBR et CNR

En terme de mesure de détectabilité, les mesure3Bie et de CNR étaient presque
systématiqguement supérieures pour les images &i T, bien qu’ils soient souvent déja
suffisants pour une excellente détectabilité ssiieages SUV. C’est surtout dans les organes
hypervasculaires que le Ki se démarque en termdétiectabilité, di a la suppression du
signal sanguin mentionné plus haut. Bien que ldexnTBR et CNR élevés étaient corrélés
avec une meilleure détectabilité, ce n’étaient pagématiquement le cas, par le fait qu’ils
sont calculés comme des ratio dont un des parandétigeurs (le background) pouvait
parfois s’approcher de la valeur nulle. Ceci anteaales index tres élevés méme pour des
Iésions bégnines non détectées car tres peu ceptaypiquement dans les organes avec un
fond tissulaire peu vasculaire tels que le poumon.
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Fig 7. Représentation des index TBR (gauche) et CNR (droite) s images SUV comparées aux images Ki, clgssés
organes.



3.4 Protocole et Limitations

Le protocole utilisé posséde I'avantage de pouyéirérer a la fois des images SUV et Ki en
une seule session, bien que le patient doive rphktedongtemps sur la table da a
I'acquisition des images dynamiques, contrairenaenprotocole SUV standard ou il doit
rester au calme pendant une heure dans une sattarebCeci pourrait potentiellement étre
problématique en fonction de la tolérance de aestpatients a I'examen. L’étude restant
limitée en terme de nombre de patient, ses résultraient étre confirmés par une étude
plus large, comprenant un nombre plus importanésiens a analyser, notamment en les
séparant en sous-groupes selon le type histologigliergane atteint.
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Abstract

Purpose Single-pass whole-body (WB) '*F-FDG PET/CT imaging is routinely employed for the clinical assessment of malig-

nant, infectious, and inflammatory diseases. Our aim in this study is the systematic clinical assessment of lesion detectability in

multi-pass WB parametric imaging enabling direct imaging of the highly quantitative '*F-FDG influx rate constant K;, as a

complement to standard-of-care standardized uptake value (SUV) imaging for a range of oncologic studies.

Methods We compared SUV and K; images of 18 clinical studies of different oncologic indications (lesion characterization and

staging) including standard-of-care SUV and dynamic WB PET protocols in a single session. The comparison involved both the

visual assessment and the quantitative evaluation of SUV can, SUVinaxs Kimeans Kimax, tumor-to-background ratio (TBRgyv,

TBRg;), and contrast-to-noise ratio (CNRgyy, CNRy;) quality metrics.

Results Overall, both methods provided good-quality images suitable for visual interpretation. A total of 118 lesions were

detected, including 40 malignant (proven) and 78 malignant (unproven) lesions. Of those, 111 were detected on SUV and 108

on K; images. One proven malignant lesion was detected only on K; images whereas none of the proven malignant lesions was

visible only on SUV images. The proven malignant lesions had overall higher K; TBR and CNR scores. One unproven lesion,

which was later confirmed as benign, was detected only on the SUV images (false-positive). Overall, our results from 40 proven

malignant lesions suggested improved sensitivity (from 92.5 to 95%) and accuracy (from 90.24 to 95.12%) and potentially

enhanced specificity with K; over SUV imaging.

Conclusion Oncologic WB Patlak K; imaging may achieve equivalent or superior lesion detectability with reduced false-positive

rates when complementing standard-of-care SUV imaging.

Key Points

« The whole-body spatio-temporal distribution of ' F-FDG uptake may reveal clinically useful information on oncologic diseases
to complement the standard-of-care SUV metric.

« Parametric imaging resulted in less false-positive indications of non-specific '>F-FDG uptake relative to SUV.

« Parametric imaging may achieve equivalent or superior 'SF-FDG lesion detectability than standard-of-care SUV imaging in
oncology.

Keywords Positron emission tomography - Molecular imaging - Tumors
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Abbreviations

"F.FDG  '®F-Fluorodeoxyglucose

CT Computed tomography

FOV Field-of-view

IDIF Image-derived input function

LV Left ventricle

PET Positron emission tomography

PET/CT  Positron emission
tomography/computed tomography

ROI Region of interest

SUV Standardized uptake value
TOF Time-of-flight

VOI Volume of interest

WB Whole-body
Introduction

Whole-body (WB) '*F-FDG PET/CT imaging is widely used
in clinical oncology for multiple indications, including lesion
characterization, staging, restaging, and therapy monitoring
[1, 2]. In current clinical practice, oncologic PET/CT exams
mainly consist of scans performed across multiple bed posi-
tions over a single time period or frame at late time points,
when equilibrium is reached. The acquired data are then av-
eraged over the acquisition time frame and reconstructed to
produce conventional (static) PET images. The images are
quantified in units of standardized uptake value (SUV), which
serve as a surrogate of static metabolic activity normalized to
the body weight and the administered tracer dosage [3]. Yet,
SUV remains a semi-quantitative index subject to a large var-
iability due to several factors related to the scanning procedure
or the patient’s physiology, such as patient’s body composi-
tion, plasma glucose level, time between injection and mea-
surement, and duration of the scan time frame [4]. Moreover,
static imaging is unable to provide information about the ki-
netics of '*F-FDG in the regions of interest [5].

The dynamic course of the '*F-FDG spatial distribution in
the targeted tissues may reveal highly useful clinical informa-
tion on tissue’s metabolic properties, such as the metabolic
rate of glucose uptake post '*F-FDG injection. These image
metrics could, in turn, facilitate tumor characterization and
therapy response assessment [6—9]. For this reason, dynamic
PET imaging techniques were also introduced allowing the
scanning of a limited axial field-of-view (single bed position)
over time to enable the extraction of important tracer kinetic
parameters, such as the uptake rate. The tracer kinetic param-
eters were initially estimated on a region level by averaging
the dynamic PET images within specific volumes of interest
(VOIs) [10, 11]. Later, larger computational resources allowed
for voxel-wise estimation of the tracer kinetic parameters at
the cost of higher noise levels, thus leading to parametric
imaging [12]. Despite the potential for better lesion
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detectability and reduced rate of false positives [13], dynamic
and parametric imaging has hitherto been limited to research
setting and single-bed field-of-views (FOVs) [14-16].

Different strategies were developed for the generation of
parametric images, ranging from streamlined graphical analy-
sis, such as the Patlak method [17], to spectral analysis [18]
and to the most complex full compartmental modeling
methods [19]. Although the two latter techniques are more
informative, they can be unstable, sensitive to statistical noise,
and difficult to adopt in the clinic, due to the large number of
fitting parameters and the high order of the associated kinetic
models. In this regard, graphical analysis can be a simpler, yet
robust, alternative approach enabling the direct estimation of
the primary kinetic macro-components of the tracer uptake
across multiple-bed FOVs.

However, WB dynamic PET acquisitions present the addi-
tional challenge of segmenting a given dynamic scan period
across multiple bed positions, thereby inevitably introducing
time gaps in between the time frames, which reduce the
signal-to-noise ratio [20]. Nevertheless, recent technological
advances in commercial clinical PET scanners, such as the
use of longer axial FOVs [21], time-of-flight (TOF) information
[22], and resolution modeling [23], allowed significant en-
hancement of the noise-equivalent count rate and sensitivity.
In fact, the first introduced framework of WB dynamic '*F-
FDG PET/CT clinical imaging involved a 6-min dynamic ac-
quisition over the heart bed, followed by four or six dynamic
PET passes across multiple beds, and was successfully applied
on a pilot cohort of oncology cases demonstrating its clinical
feasibility [24-27]. The utilization of just two time frame ac-
quisitions (passes) per bed position has also been reported [28].
Nevertheless, the use of six WB passes demonstrated improved
performance, in terms of noise and bias, for the WB parametric
images to enable the combined estimation of SUV and multi-
parametric PET images in a single scan session [29].

In this work, we systematically compare lesion detectabil-
ity between Patlak and SUV '*F-FDG WB clinical PET im-
ages, as extracted from the same cohort of oncologic patients.
Our ultimate aim is to assess any benefits in WB '*F-FDG
lesion detectability by utilizing Patlak-based glucose metabo-
lism metrics.

Materials and methods
Patient population

This is a prospective pilot study to facilitate the development
of a noninvasive quantitative assessment strategy for dynamic
whole-body '®F-FDG oncologic PET imaging. We included
adult patients who were referred for staging or restaging of
lung or abdominal lesions by 'SF-FDG PET/CT. The
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institutional ethics committee approved this study and all pa-
tients gave informed consent.

Data acquisition and image reconstruction

PET/CT scans were performed on a Siemens Biograph™
mCT scanner following injection of a standard dose of
3.5 MBg/kg (3.71 £ 1.05 MBg/kg) of '*F-FDG. The patients
underwent a scanning protocol of about 80 min consisting of
the following (Fig. 1): (i) a low-dose CT for attenuation cor-
rection; (ii) a 6-min dynamic single-bed PET acquisition cen-
tered in the heart region for extrapolation of the input function
(IF), starting simultaneously with the BE_FDG injection; (iii)
a subsequent set of 13 whole-body PET scans in continuous
bed motion (CBM) of about 3 min each; (iv) a subsequent
SUV WB CBM scan of about 20 min used as a reference for
comparison was acquired at the standard-of-care scan time
window for '"*F-FDG studies (starting 60 min post-injection);
and (v) a contrast-enhanced CT scan (13/18 patients) or a non-
enhanced CT scan when contraindicated (i.e., renal failure).
All images were reconstructed using 3D iterative OSEM
algorithm and parameters used in the clinic (2 iterations and

Methodology for whole-body parametric imaging

The Patlak graphical analysis utilized by the employed multi-
pass WB parametric imaging framework is based on an irrevers-
ible two-tissue compartment kinetic model: '*F-FDG in the
blood plasma is reversibly absorbed (intra-cellular) by specific
tissues in a free non-metabolized state (first tissue compartment)
and then, unlike standard glucose, is irreversibly metabolized or
phosphorylated (second compartment) into '*F-FDG6P [31].
The exchanges between the compartments are modeled by the
micro-parameters K; (plasma to non-phosphorylated compart-
ment), k, (non-phosphorylated to plasma compartment), and k3
(non-phosphorylated to phosphorylated compartment) rate con-
stants. A zero efflux (dephosphorylation) rate constant (k4 =0)
between the phosphorylated and the non-phosphorylated com-
partments is assumed. FDG £, parameter is widely assumed to be
negligible and can be considered to be zero for the majority of
tissues (k4 may be positive in some regions, such as the liver, but
its effect on the data is negligible for the early uptake phase). All
the exchanges between the different compartments can be re-
sumed in the '"®F-FDG macro-parameter of K;, denoting the net
uptake or influx rate constant:

. . . . . Kk
21 subsets), including TOF and resolution modeling [30], with Ki = 13 (1)
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Fig. 1 Tllustration of the whole-body PET/CT scanning protocol. The first
dynamic acquisition is centered in the heart region to obtain the image-
derived input function; the following 13 WB passes are acquired in CBM
mode in the same axial FOV as the subsequent SUV acquisition. In a

standard static PET WB protocol, the patient has to wait in a quiet
place in order for the tracer uptake to be optimal for SUV imaging.
Here, we use this idle time to perform the dynamic passes
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In the assumption of irreversible trapping of the tracer, K;
can be directly estimated using the standard Patlak analysis on
a voxel-by-voxel basis, resulting in K; parametric maps [17].
We generated such K; images by implementing an in-house
MATLAB code (MathWorks Inc.). The tissue activity, C(¢), is
linked to blood plasma time-activity concentration or input
function (IF), C,(#), via the standard Patlak model linear equa-
tion:

C(t) = KilyCp(£)dt + VCp(t) )

where K; and V are the uptake rate defined in Eq. 1 and the
total blood plasma distribution volume, respectively. The ac-
tivity in each tissue voxel C(¢) and the C,(¢), as measured over
time ¢ from the dynamic PET images, are then fitted to the
Patlak model equation to estimate via ordinary least squares
regression the K; and V parameters at every voxel.

In this protocol, C(¢) is sampled 13 times (once per pass) for
each voxel; the C,(#) is determined using both the initial dy-
namic acquisition and the 13 passes. Finally, the parametric K;
images are normalized to the maximum SUV of the respective
static scan to display the images on the same scale, thus facil-
itating head-to-head clinical interpretation and image
comparison.

Derivation of the input function

The image-derived IF (IDIF) C,(¢) is obtained from a region of
interest (ROI) drawn in the left ventricle (LV) of the heart on
images from both scans (ii) and (iii): the former was sampled
in 12 frames of 10 s followed by 12 frames of 20 s, while a
single IDIF value was obtained from the cardiac bed frame of
each of the 13 WB passes.

A number of studies reported that the IDIF can also be
extracted from the aorta rather than the left ventricle [32].
Therefore, we evaluated the difference between LV and aortic
IDIF for two patients where arterial blood sampling was also
performed as the gold standard IF. Comparable LV and aortic
IDIFs were found, although both underestimated the gold
standard IF at the peak (Fig. 2, left panel) and overestimated
it at later times. However, the integral of the IF (Fig. 2, right
panel), which is the only IF metric considered in Patlak anal-
ysis, varied by less than 5% in between LV, aortic, and gold
standard IF resulting in minimal impact on the derived para-
metric images.

Image analysis

Visual interpretation SUV and X, images were evaluated qual-
itatively on a dedicated workstation by two physicians (having
only access to the clinical indication) who independently an-
alyzed both images in two different and distant sessions
followed by consensus reading and the writing of a single
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report for each set of images summarizing the findings. The
overall quality of PET images was rated using a 5-point scale
from 1 (inacceptable) to 5 (excellent) on the basis of the sub-
jective impression of the overall quality of the PET data fused
on the corresponding CT images, taking into account the im-
pression of smoothness, resolution, sharpness of contours,
noise, homogeneity, and presence of artifacts. A single con-
sensual score was assigned by expert physicians. Inter-
observer evaluation and comparison of different groups of
readers are beyond the scope of this work. Both reports were
then compared. Image quality was assessed as adequate/
inadequate for visual reading and all primary tumors and other
distant lesions, such as metastases, lymph nodes, or inflam-
matory uptake, were identified and quantitatively evaluated.
We also included malignant (biopsy proven)/malignant
(unproven) lesions that were not visible on either SUV or K;
images, but only on the CT component of the PET/CT exam-
ination accounting for the probability that lesions seen on CT
but not on PET may be non-malignant. When possible, ma-
lignancy was confirmed by histology or other clinical indica-
tions provided in patient’s follow-up.

We analyzed separately biopsy-proven or previously
known lesions, which were classified as proven malignant,
from lesions considered as unproven malignant with high clin-
ical probability for malignancy (i.e., new lesions in a patient
with metastases or lesions confirmed on contrast-enhanced
CT in case of FDG-non avid lesions, such as hepatocellular
carcinoma (HCC)). In cases where a significant number of
lesions was identified in the same organ or anatomical region
(i.e., multiple abdominal lymph nodes), a maximum of 5 le-
sions were analyzed to reduce bias.

Quantitative analysis A 3D ROI was manually drawn on each
lesion to estimate at the same position the SUV ., and Kjax
metrics. When the lesions were non-metabolic, the ROIs were
drawn on the contrast-enhanced CT images. Background ROI
mean, BKG,,can, and standard deviation, BK Gy, metrics were
extracted from the same positions, between SUV and K; im-
ages, in healthy surrounding tissues. Tumor-to-background
ratio (TBR) and contrast-to-noise ratio (CNR) scores were
then calculated as defined in Egs. 3 and 4.

TBR = (Tumor RO, /Background ROl jean)—1 (3)
CNR = TBR/Background ROIgp (4)

Finally, all identified lesions were regrouped in organs re-
gardless of the origin of the lesion (primary tumor, metastases,
malignant (unproven) lesion).

Statistical analysis

Spearman’s rank correlation coefficient (p) was used to assess
the correlation between SUV,,,,, and K;., of all lesions as
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Fig. 2 Input functions obtained from image ROIs drawn on heart LV (green) and aorta (blue) ROIs, as well as from arterial blood sampling (red). The
inset in the left panel shows a zoom of the peak region. The right panel shows the cumulative integral of the IFs shown on the left

well as between background values. A p value <0.01 was
considered significant for this test. A Wilcoxon signed-rank
test was performed to assess the statistical significance of the
differences between TBR; and TBRgy and between CNRg;
and CNRgyy for the 40 malignant lesions. A p value <0.05
was considered significant for this test.

Results

Eighteen patients originally scheduled for an oncologic
whole-body '®F-FDG PET/CT (6 females and 12 males; mean
age=58.8+£16.8 years) were enrolled. A description of the
cohort, including the indication for the study and the number
and location of detected lesions, is reported in Table 1. Both
modalities produced good-quality images adequate for visual
interpretation. The qualitative inspection of the PET images
by expert physicians suggested similar (or lower) image qual-
ity for the K; (4.05), relative to SUV (4.2) images. However,
the K; image quality absolute scores were acceptable, the only
discordant case being one patient with significant bulk motion
during the long dynamic WB scan. The most notable visual
difference, as illustrated in Fig. 3, was the suppression of the
blood compartment in K; images, particularly for organs with
a non-negligible blood pool component, such as the liver, the
spleen, and the blood vessels (Table 2), resulting in a higher
contrast for individual lesions. This is in agreement with pre-
vious studies [24-27]. A total of 118 biopsy-proven malignant
(n=40) or unproven malignant (n = 78) lesions were identi-
fied and analyzed.

Of the 40 confirmed malignant lesions, 37 (93%) were
detected on SUV and 38 (95%) on K; images. The malignant
lesions have higher K; TBR (p<0.001) and CNR
(p<0.001) scores. The 2 lesions not detected on both mo-
dalities were HCC nodules on the same patient (patient no.
18), appearing as non-hypermetabolic. Those two lesions
were not detected on K; images despite their high TBR
and CNR scores, which may be attributed to the very low

K; values, as discussed later. The only lesion detected with
K; but not with SUV images was a hepatic lesion (patient
no. 1, Fig. 3), a 71-year-old male presenting a suspicious
liver mass, described as hypervascular on the contrast-
enhanced CT examination. The standard report of the SUV
images described the lesion as non-metabolic (SUV . 4.45,
BKGhean 2.2, TBR 1.02, CNR 2.82), whereas it was de-
scribed as hypermetabolic in the report generated from the
K; images (Kimax 1.43, BKGpean 0.24, TBR 5.37, CNR
29.17). Biopsy later confirmed the lesion to be a HCC.

Of the 78 unproven malignant lesions, 74 (95%) were de-
tected with SUV images whereas 70 (90%) of them were
detected on K; images. The four lesions not detected on either
modality were non-hypermetabolic liver lesions (patient no. 2
and no. 12) suspected as HCC nodules on the basis of CT and
MR imaging, but never proven with a biopsy. The four lesions
not detected on K; images only were the following: a hyper-
metabolic focal sigmoid activity (patient no. 10); a slightly
hypermetabolic lymph node (patient no. 14); a slightly hyper-
metabolic focal brain activity (patient no. 14); and a lung
lesion (patient no. 8, Fig. 4). The first three lesions were not
confirmed as either malignant or benign during the follow-up.
The last lesion was a false-positive case of a 54-year-old male
with a suspicious left lung lesion, confirmed as benign at
biopsy. The standard report of the SUV images described the
lesion as hypermetabolic (SUV . 1.5, BKGpean 0.29, TBR
4.17, CNR 81.81), whereas it was not detected in the report
generated from the K; images (Kimax 0.47, BKGpean 0.02,
TBR 22.5, CNR 2812.5).

Considering the biopsy results as our gold standard out-
come for assessing malignancy of lesions, we assessed the
sensitivity and accuracy for the 40 lesions proven as malig-
nant. In this group of lesions, the sensitivity in detecting
malignancy increased from 37 %100 40=92.5%, in the
case of SUV, to 38 x 100 40=95%, in the case of K; im-
aging. As we only had one biopsy-confirmed negative le-
sion, we cannot reliably compare the specificity performance
between SUV and K; imaging. Nevertheless, we were able to
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Table 1

Clinical characteristics of the patients” population and summary of the lesions detected

Patient Age Sex Malignancy Detected lesions

Colon (3), lungs (2), subcutaneous tissue (5), peritoneum (5), lymph nodes (3), liver (3), muscles

1 71 M  Hepatocellular carcinoma Liver (1)

2 70 M Pancreatic adenocarcinoma Pancreas (1), liver (2), lymph nodes (1)

3 69 M Pancreatic adenocarcinoma Pancreas (1), lymph nodes (4)

4 42 M Neuroendocrine carcinoma Lungs (1), subcutaneous tissue (1), lymph nodes (2)

5 59 M Hepatocellular carcinoma Liver (1), lymph nodes (3)

6 67 M  Lung epidermoid carcinoma Lungs (1)

7 58 M Rectum adenocarcinoma

1)

8 54 M Suspicious lung lesion Lungs (1)

9 64 M Melanoma Lungs (1), liver (2)

10 56 F  Lung carcinoid Lungs (1), colon (1)

11 42 F  Lung adenocarcinoma Lungs (2), lymph nodes (3)

12 74 M Intrahepatic Liver (3), lymph nodes (5), brain (1)
cholangiocarcinoma

13 45 F  Hepatic adenocarcinoma Liver (6), lungs (2), colon (2), bones (5), lymph nodes (8)

14 45 F  Gastric adenocarcinoma Stomach (1), lymph nodes (3), bones (2), brain (1)

15 62 F  Lung adenocarcinoma Lungs (1), colon (1)

16 59 F  Lung neuroendocrine Lungs (1), adrenal gland (3), bones (1), lymph nodes (4)
carcinoma

17 60 M Lung Hodgkin lymphoma Lungs (1), bones (1), lymph nodes (11)

18 61 M  Hepatocellular carcinoma Liver (2), parotid gland (1)

correctly assess this single true-negative indication only with
K; imaging, therefore suggesting improved specificity with
K; imaging. As a result, our accuracy in detecting malignan-
cy was further improved from 37 x 100 41 =90.24% with
SUV to 39x 100 41=95.12% with K; imaging.

Fig. 3 Case of a hepatocellular
carcinoma (patient no. 1)
appearing as non-metabolic in the
SUV images and as
hypermetabolic in the K; images,
later confirmed with biopsy as
hepatocellular carcinoma. a SUV
fused with non-contrast abdomen
CT, b K; fused with non-contrast
abdomen CT, ¢ SUV images, and
d K; images. Note how the
surrounding, normal liver tissue is
less visible on K; images, but with
a noisier aspect
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PET metrics and statistical analysis

Spearman’s rank correlation coefficient (p), which was calculated
independently of the anatomical region, was 0.777 (p <0.001)
for Kimax-SUV ax of all lesions and 0.414 (p < 0.001) for Ky ean-
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Table 2 Typical SUV and

normalized K; values for normal SUV range (mean + SD) K; (normalized) range (mean + SD)
tissue in different organs

Thoracic vertebra 1.10-2.56 (1.88+0.37) 0.11-2.63 (0.70 £ 0.55)

Lung 0.19-0.76 (0.38 £ 0.16) 4-107°-0.43 (0.12£0.15)

Blood pool 1.21-2.48 (1.75+£0.34) 0-0.45 (0.14+0.16)

Liver 1.47-3.05 (2.15+0.38) 0-2.88 (0.55=0.70)

Muscle 0.10-0.91 (0.61£0.17) 0.017-1.40 (0.31+£0.33)

SUV nean 0f all background regions. Table 3 and Fig. 6 show the
correlations for each anatomical region.

TBRgyy values ranged from 0.32 to 59.26, whereas TBR;
values ranged from 2.6 to 9229. TBRy; values were higher
than TBRgyy values for 38 lesions out of 40 (95%). The
Wilcoxon signed-rank test showed statistically significant dif-
ferences between the two metrics (p < 0.001). CNRgyy values
ranged from 1.08 to 2693.78, whereas CNR; values ranged
from 1.82 to 2,307,250. CNR; values were higher than
CNRgyvy values for 33 lesions out of 40 (82.5%). The
Wilcoxon signed-rank test showed statistically significant dif-
ferences between the two metrics (p <0.001).

Multiple findings of muscle focal activity, non-suspicious
lymph nodes, digestive metabolism, or other similar foci pre-
sumably benign were visible on SUV images but negative on
K;images. As an example of such findings, we report a case of
a 45-year-old female (patient no. 14, Supplementary Fig. 1)
presenting with a gastric adenocarcinoma. The SUV image
report described a non-suspicious thoracic lymph node
(SUV nax 3.34, BKGipean 2.6, TBR 0.28, CNR 0.31), which

Fig. 4 Case of an inflammatory
lung lesion (patient no. 8),
initially declared as malignant
(unproven) in the standard SUV
report, confirmed benign by
biopsy during the follow-up. This
lesion was declared as benign in
the K; report. a SUV fused with
non-contrast abdomen CT, b K;
fused with non-contrast abdomen
CT, ¢ SUV images, and d K;
images. Note the very different
aspect of the arch of the aorta
(dashed arrow) on both modalities
suggesting suppression of blood
pool signal in the K; images

was not documented on the K; image report (K;nax 0.73,
BKGiean 0.55, TBR 0.33, CNR 0.64).

Discussion

This study demonstrated that multi-pass whole-body PET K;
parametric imaging, utilizing robust Patlak graphical analysis,
may achieve equivalent or, potentially, superior lesion detectabil-
ity than standard-of-care SUV imaging with reduced false-
positive rates in routine oncology applications. The implemented
protocol generated both static SUV and parametric K; images in a
single session, thereby allowing for reliable and objective com-
parisons between the two modalities. In our study, all produced
images were of good quality with all biopsy proven malignant
lesions visible in SUV images also depicted in K; images.
However, K; images proved superior in three situations: one
proven malignant lesion only being detected on K; images, as
well as one false-positive lesion and a benign lymph node being
positive only in SUV images. A major finding of our work is the
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Table3  Spearman’s correlation (p) and p values (Sig. 2-tailed) between
SUV and K; images, calculated for the maximum values of the lesions and
the mean values of the backgrounds. Correlation is deemed significant for
p<0.01. All values are reported for the full dataset and for lesions
grouped by localization

Spearman’s p lesions Spearman’s p background
Total 0.777 (p <0.001) 0.414 (p <0.001)
Abdominal 0.796 (p <0.001) 0.923 (p <0.001)
Liver 0.890 (p <0.001) —0.324 (p =0.164)
Lungs 0.780 (p =0.001) 0.252 (p =0.385)
Bones 0.950 (p <0.001) 0.875 (p =0.002)
Lymph nodes 0.657 (p <0.001) =0.018 (p =0.904)
Other 0.806 (p =0.005) 0.517 (p =0.126)

suppression of the non-specific '*F-FDG signal in the blood
compartments allowing for a higher contrast in abnormal uptake
regions, thereby confirming observations made in previous stud-
ies [24-27, 33]. This observation suggests increased likelihood
of detecting metabolically active lesions surrounded by avid
background non-specific uptake, such as in the case of interme-
diate differentiated HCCs with '®F-FDG imaging.

The Patlak graphical approach is of low linear complexity,
thus allowing for fast computation and wide adoptability of
WB parametric PET imaging in clinical practice. On the other
hand, it assumes an irreversible BF_FDG uptake, a condition
not always satisfied in normal liver, kidneys, and certain tu-
mors, such as HCCs [34], thereby leading to K; underestima-
tion. Thus, an extended non-linear generalized Patlak model,
considering a mild degree of reversibility, had been previously
proposed [26] and could be easily integrated in our analysis.
However, the use of a standard linear graphical analysis model
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is more preferable, thanks to its robustness to data noise, when
the kinetic parameters are indirectly estimated from the dy-
namic PET images, and higher lesion contrast, when X; is
underestimated only in the background.

We found a strong positive correlation (p =0.791) between
Kimax and SUV,,..«, and even stronger correlations when
looking separately at different organs. This suggests that K;
images will identify hypermetabolic lesions if these are
depicted on SUV images. In background neighboring regions,
however, we found weak positive correlations (p = 0.392) be-
tween BKGean-K; and BKGe.n-SUV, which is expected
owing to blood pool suppression within K; images.

The TBR and CNR are almost always higher in K; images
(Fig. 5). On a purely visual examination, most of the malignant
lesions were depicted on both modalities, except two HCC nod-
ules appearing as non-hypermetabolic on both modalities and
one HCC only depicted on K; images. Thus, in the majority of
cases, the TBRgyy was largely sufficient to detect the lesions.

In the case of the lung lesions, for example, where the
highest TBR values were found, we observe that most lung
lesions are associated with a very low metabolism, resulting in
lung lesions being easily detected. Overall, a TBR value be-
tween 3 and 5 is generally adequate in differentiating the le-
sion from its background, if the lesion has sufficient metabolic
activity. Therefore, improving the TBR beyond this range
with parametric imaging will not further improve lesion de-
tectability, although it may improve quantification. On the
other hand, detectability may be challenging for lesions with
low TBRgyy scores especially within a highly vascularized
organ of high BKGy,.., uptake, such as the liver. Detectability
may then be improved by the higher TBR;, due to suppres-
sion of the background signal. An example for such case is the
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Fig. 5 Whisker plots showing TBR and CNR for the SUV and K; images, presented by organ. Kitgr values are always higher than SUV R values,
regardless of the anatomical region, although the difference is variable depending on the organ. The same finding is observed for CNR
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for each organ

HCC (patient no. 1) appearing as non-metabolic in the SUV
images and as hypermetabolic in the K; images (Fig. 3).

However, our findings suggest that the TBR and CNR
metrics may not always be sufficient for quantifying lesion
detectability. However, they can both indicate ability to distin-
guish focal lesions from their background and draw appropri-
ate regions of interest for further quantitative evaluations. In
the case of the two hepatic lesions that were negative in both
SUV and K; images, the TBRgyy were 0.41 and 0.32 whereas
the respective TBRg; scores were 53.33 and 43.45, respective-
ly. Moreover, the CNRgyv values were 1.40 and 1.08 whereas
the CNRg; values were 364.55 and 296.99, respectively.
Despite the very high TBR and CNR scores of the K; images,
the lesions were not detected, due to the very low target lesion
and nearly zero background K; values. The same effect ex-
plains why the false-positive lung lesion was not detected on
K; images (Fig. 4).

There was one interesting case (patient no. 8) of biopsy-
proved benign lung lesion which was erroneously depicted as
positive in SUV images (Fig. 4). There were also several find-
ings in the standard report of SUV images of muscle activity,
inflammation, or benign lymph nodes, which were not visible
on the K; images. One example is the case of benign thoracic
lymph nodes depicted on SUV images (patient no. 14) but not
on K; images (Supplementary Fig. 1). Overall, K; images de-
tected less false-positive and less benign lesions than SUV
images, thereby improving specificity.

The most important limitation of this study is the relatively
low number of patients. Nevertheless, we identified a large
number of oncologic lesions with large histologic diversity
to form a large variety of malignancies in order to drive useful
conclusions for the clinical performance assessment of WB
Patlak K; '®F-FDG PET imaging. Moreover, having neglected

the k4 parameter during the Patlak analysis may have resulted
in quantification errors, but only in the few regions, such as
the liver or specific malignant tumors where non-negligible
'"F-FDG uptake reversibility was expected. Furthermore, the
manual ROI drawing for the IDIF calculation is user-
dependent and can be subject to variability, although the net
effect on the robust Patlak analysis was non-significant.
Although the proposed protocol requires approximately
50 min of patient’s involvement time, compared to 80 min
for a standard SUV examination, the patient has to lie on the
table during the whole 50-min examination. This may be chal-
lenging for patients and can impact throughput in clinical rou-
tine. We plan to continue this work with a prospective con-
trolled study of a larger cohort targeting specific tumor types.
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