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Abstract

Dynamic PET can probe a number of functional and biological processes in both the early vascular distribution phase and the
later metabolic phase of study. The recent advances in PET-CT hardware and software algorithms have simplified dynamic
whole body PET/CT imaging. There is a huge potential of the kinetic parameters in its ability to differentiate benign from
malignant lesions, in the staging and treatment monitoring of tumors suggesting that dynamic PET imaging may become an
essential part in clinical molecular imaging. However, the complexity and time consuming nature of the reconstruction and
tracer kinetic modeling techniques have restricted parametric imaging thus far to drug development and clinical research
applications. While the initial reported pilot results have been promising, the data is still in its nascent stage with lack of
guidance on the recommendations for its clinical use. Prospective studies are therefore required on individual cancers to see
how dynamic whole body parametric PET imaging could be used beyond clinical research and integrated into clinical practice.
With the gaining importance of radiogenomics, a potential clinical interest for parametric imaging could be to correlate the
kinetic parameters with molecular profiling of a tumor lesion such as some key oncogene mutational status and predicting
their response to specific targeted therapy. This review discusses the parametric imaging and its scope with the recent
technological advancement and a review of the available literature on its clinical applications.
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Abbreviations: SPECT:Single Photon Emission Computed
Tomography; SUV: Standardized Uptake Value; AIFs: Arterial
Input Functions; TAC: Time Activity Curve; DV: Distribution
Volume; LV: Left Ventricular; ROI: Region of Interest; FET:
Fluoro-Ethyl-Tyrosine; DOPA: Dihydroxyphenylalanine; TTP:
Time to Peak; CNS: Central Nervous System; SPN: Solitary
Pulmonary Nodules; TAC: Time Activity Curve; MRGlu:
Metabolic Rates Of Glucose; SCC: Squamous Cell Carcinoma;
FMISO: Fluoromisonidazole; FLT: Flourothymidine; NSCLC:
Non-Small Cell Lung Cancers; TNBC: Triple Negative Breast
Cancer; NAC: Neoadjuvant Chemotherapy; DFS: Disease Free
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Survival; OS: Overall Survival; ER: Estrogen Receptor; pCR:
Pathological Complete Response; LABC: Locally Advanced
Breast Cancer; mCR: Macroscopic Complete Response; PR:
Partial Response: NR: No Response.

Introduction

Dynamic imaging is not new in nuclear medicine.
Dynamic planar and single photon emission computed
tomography (SPECT) studies, such as first pass cardiac
studies, RBC labeled blood pool studies, dynamic bone
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scans etc are a routine in any nuclear medicine department,
wherein multiple frames of images are acquired at short
frame rates immediately after radiotracer injection, typically
for 60 seconds to capture early perfusion information when
the tracer is in the vascular and extravascular blood pool
compartments [1-3].

Recent advances in PET imaging have made dynamic
whole body acquisition a reality. The advanced detectors in
the recent Digital PET CT scanners, capable of measuring
time-of-flight of each annihilated photons and subsequent
high spatial and temporal resolution as well as the software
algorithms have simplified dynamic whole body PET/CT
(DWB-PET/CT) imaging. The standard whole-body PET/
CT imaging involves a single static whole body acquisition
after a specified time delay of 60 minutes of intravenous
administration of 8F-FDG. The standard semi quantitative
parameter “Standardized Uptake Value (SUV)” used routinely
represents the amount of radioactivity accumulated
in the lesion per gram of tissue. It is normalized to the
administered dose of radioactivity and the body weight of
the patient to obtain mean or maximum SUV (SUVmean and
SUVmax) within a defined volume-of-interest. While the SUV
is a well established metric for ¥F-FDG and various other
PET tracers, used widely in clinical oncology as well as for
research and trials, it is not a reliable quantitative index
as it is influenced by several factors such as post injection
scan times, plasma glucose levels, renal blood parameters,
partial volume effects, physical and biological processes
such as patient’s body weight and metabolic state and
inaccurate SUV corrections [4,5]. The ability to obtain more
robust quantitative information than SUV has therefore
been an area of ongoing work so far. In this regards, kinetic
parameters obtained from dynamic PET studies help in
imaging the ongoing metabolic processes within the target
tissue over a period of time from the time of tracer injection
[6]. Dynamic '®F-FDG-PET reflects both the early vascular
distribution phase and the later metabolic phase and helps
identify the alterations occurring at microscale level before
they become evident in the conventional PET imaging [7].
The prolonged acquisition times have however been found
challenging and impractical in routine clinical practice [8],
particularly for very ill and elderly patients and has therefore
been confined to only research and scientific purposes until
now. The capability of continuous bed motion in the digital
PET CT scanners equipped with flowmotion multiparametric
suite and large field of view platforms allows acquisition of
whole body dynamic imaging more convenient [9,10]. This
has therefore rekindled the interest to incorporate it into
clinical setting which allows multiple passes of the whole
body and automatically creates 4 dimension reconstruction
of images. The kinetic information is obtained by generation
of the dynamic time-activity curves at individual voxel-level
in dynamic images to create parametric images along with

Sundaraiya S. Dynamic and Parametric Whole-Body FDG PET/CT Imaging in Oncology: Is it
Feasible in Routine Clinical Practice?. Clin Radiol Imaging ] 2021, 5(1): 000186.

Clinical Radiology & Imaging Journal

the conventional ‘SUV-equivalent’ image wherein arterial
blood samplings are no longer necessary [11,12].

Concept of Parametric Imaging

Radiotracer biodistribution is a dynamic process with
substantial variation seen between normal organs and
disease sites such as tumors, infection etc. The concentration
of tracer activity in both the blood plasma and the tissue are
measured over time to estimate tracer metabolic rate. This
dynamic uptake process which includes multiple succeeding
miniprocesses remains uncaptured in a conventional PET/
CT study acquired after 60 minutes of ®F-FDG injection.
Parametric imaging is therefore a compartmental analysis
[13] that processes the sequential dynamic data to estimate
the spatial distribution of the kinetic parameters of
radiotracer flow in two or three compartment models using
individual arterial input functions (AIFs). With the current
generation scanners, the AIF is obtained non-invasively as an
image derived input function by linear interpolation between
the measured values of the ®F-FDG time activity curve (TAC)
from the left ventricular blood pool or from a large arterial
vessel like the descending aorta [14,15].

Several studies have validated the noninvasive image-
derived input functions [16], although arterial blood
sampling is considered as gold standard for absolute PET
quantification.

The two tissue compartment model is the standard
method in dynamic imaging assuming that the tissue
is combined of two homogenous mixed interacting
compartments [13]. Whole body parametric images are
derived mathematically by applying linear regression
methods to the Patlak equation. On the recent Siemens
Biograph Vision digital PET CT, an entire image sequence
representing parameters such as perfusion, transport
or phosphorylation as in the case of FDG is displayed as a
single composite image [17]. The quantitative parametric
data therefore generates three distinct images (Figures
1a, b, ¢) of “conventional SUV” by summation of dynamic
frames and Patlak using regression-based calculation,
which results in “slope or ki” and “Intercept” images [17].
The standard Patlak model [18] assumes an irreversible
2-compartment kinetic model to estimate the tracer flow
rate parameters between the plasma compartment and the
tissue compartments. The tissue compartment involves
a “transfer compartment”, where FDG is intracellular but
reversible with the plasma compartment and a “metabolic
compartment” where FDG is in irreversible FDG-6-phosphate
form. The rate constants K1 - k4 are generated by making
use of AIF and tissue TAC from 0 to 60 minutes [18,19],
assuming that k4=0. The linear regression diagram is used
to generate ki or slope representing influx metabolic glucose

Copyright© Sundaraiya S.


https://medwinpublishers.com/CRIJ/

rate, which is calculated as per the equation ki= K1 x k3/
(k2k3) where the rate constants K1, k2, k3 and k4 represent
the course of ®F - FDG forward transport, reverse transport,
phosphorylation and dephosphorylation respectively.
K1 and k2 refers to the forward and reverse transport of
tracer across the membrane, whereas k3 and k4 refer to the
metabolism and reverse metabolism of the entering tracer
respectively i.e. phosphorylation and dephosphorylation
for 8F-FDG (Figure 2). The Patlak intercept represents
the distribution volume (DV) which equals VO + Vp where
VO is the initial or exchangeable volume of distribution for
the reversible tissue compartments i.e. unmetabolized or
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unphosphorylated FDG in tissue and Vp is the fractional
blood volume present in the ROI or voxel of interest. The
uptake of other non F-FDG PET radiopharmaceuticals may
demonstrate a set of reaction pathways with corresponding
rate and reverse rate coefficients, that differ according
to the dominant metabolic alteration in the target tissue.
The concept therefore of kinetic analysis of PET imaging
depends on the fact that the target tissue consists of multiple,
homogeneous mixed compartments, with the resulting rate
constants representing the interactions that occur between
these compartments including the simple transport and the
chemical reforming [7,20].

a)

b)

c)

Figure 1: The quantitative parametric data obtained on Siemens Biograph Vision digital PET CT using flowmotion
multiparametric PET generates three distinct images:

Parametric images of “conventional SUV” generated by summation of the dynamic images from whole-body passes 14-
19 corresponding to 60-90 minutes post-injection. The SUV image represents the conventional 60 minutes whole body
image by summation of the last few dynamic frames representing the amount of metabolized and unmetabolized tracer in
the tissue at a certain point of time. This image is used for the routine clinical interpretation of findings.

Patlak slope (ki) image: Patlak plot uses linear regression analysis to generate “slope” image representing ki or influx
metabolic glucose rate which is calculated as per the equation ki= K1xk3/(k2+k3). Patlak image reconstructions are
done from the second acquisition phase of whole body passes after an initial lag of 10 minutes for a total of 60 minutes
duration. The ki image shows reduced normal organ uptake, particularly in the liver and represents the metabolized
tracer distribution wherein each voxel represents the rate of metabolized FDG in a volume of tissue in mg/min/100 ml.
The different kinetics between normal liver tissue and malignant lesions results in an increased contrast in the ki images
as compared to the SUV images. In this diagnosed case of left lung carcinoma with mediastinal nodal metastasis and liver
metastasis, the ki image clearly delineates all the malignant lesions due to low background activity and low noise levels.
Patlak “Intercept” image: represents Distribution Volume (DV) of the radiotracer ®F-FDG. DV is the total blood plasma
distribution volume, i.e. the sum of the distribution volume of the reversible compartment and the fractional blood
plasma volume present in the tissue. In other words it represents the unmetabolized tracer in tissue that is expressed as
percentage. DV is an estimate for the vascularity and interstitial fluid components of the tissue. The images are suggestive
of increased vascularity in the primary left lung lesion as well as in the metastatic mediastinal nodal and liver lesions.
(Image Courtsey: Department of Nuclear Medicine, Apollo Proton Cancer Centre, Chennai, India).
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Figure 2: Two compartmental Kinetic model for ®F-FDG estimating the tracer flow rate parameters between the blood-pool/
plasma compartment and the tissue compartments. The tissue compartments are a transfer/ exchangeable compartment,
where FDG is intracellular and reversible and a metabolic compartment where FDG is in irreversible FDG-6-phosphate form.

The rate constants K1-k4 describe the influx and efflux
of FDG between the compartments. K1 and k2 represent
carrier-mediated forward transport of FDG from plasma to
tissue (K1) and back i.e. reverse transport from tissue to
plasma (k2) in the transfer compartment. k3 represents the
rate constant for phosphorylation of FDG by the hexokinase
enzyme in the metabolic compartment and K4 refers to the
reverse metabolism or dephosphorylation of FDG.

Cp(t) is the plasma '®F-FDG concentration change with
time, Ce(t) is the change of time of '®F-FDG in the intracellular
exchangeable compartment of the tissue and Cm(t) is the
tissue ®F-FDG concentration with time i.e. in the metabolic
compartment where FDG is in irreversible FDG-6-phosphate
form.

Procedure

Dynamic PET protocols have in the past been confined
to single-bed-coverage limiting the axial field-of-view to
~15-20 cm, that has in the recent period transitioned to
dynamic whole-body PET imaging using multi-bed dynamic
PET acquisition protocols and parametric imaging methods
[14,16,21]. The protocol typically includes an initial 6 min
dynamic PET scan over the heart, followed by a sequence of
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multiple passes over multiple bed positions for instance five
to six passes over seven to eight bed positions, each scanned
for regular time intervals such as 45s.

With the recent digital PET CT scanners, the protocols have
further evolved and refined to acquire multiple passes of the
whole body for 60 minutes (Figure 3). A whole body CT scan
is initially acquired before ®F-FDG injection for attenuation
correction and diagnostic purpose. Then ®F-FDG dose is
administered as an intravenous bolus, defining this time point
as time 0. Immediately thereafter, DWB-PET/CT isacquired in
two phases. The most recent digital Siemens Biograph Vision
TOF PET CT scanner equipped with flowmotion capabilities
has a fully automated acquisition protocol of acquiring the
initial acquisition phase including a single bed position for 6
minutes of 3 dimensional (3D) list mode with the heartin the
centre of field of view to track the rapid kinetics of the AIF.
The second phase begins after a 4 minute pause at the end
of the initial input acquisition and consists of 15 whole body
passes. The first 5 passes are of 2 minutes duration per pass
and the subsequent 6 to 15 passes are of 5 minutes duration
per pass, with a total duration of 60 minutes acquisition.
The whole body passes can have upto 4 variable bed speed
regions, upto 25 passes for image based modeling and upto 6
contiguous passes for Patlak reconstruction.
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per pass, with a total duration of 60 minutes acquisition.

Figure 3: Dynamic images acquired as multiple passes of the whole body for 60 minutes soon after intravenous administration
of 18F-FDG. The first 5 passes are of 2 minutes duration per pass and the subsequent 6 to 15 passes are of 5 minutes duration

(Image Courtesy: Department of Nuclear Medicine, Apollo Proton Cancer Centre, Chennai, India).

Data Analysis
Image Reconstruction

Standard list-mode acquisitions are histogrammed
with specified time frames for the initial arterial input
phase and the subsequent multipass data that are limited
to approximately equal time frames over the course of the
acquisition. The last few whole body passes are summed
to generate the SUV similar to the conventional PET
imaging acquired at 60 minutes post injection. The data are
reconstructed using point spread function and time-of-flight
algorithms (UltraHD PET; Siemens Medical Solutions USA
Inc,, Malvern, Pennsylvania, USA) applying Gaussian filter
into a 200200 image matrix (4.07 mm voxel size) and 5 mm
slice thickness. CT-based scatter and attenuation correction
is also performed with CT data reconstructed intoa 512x512
image matrix with 5 mm axial slices. The summed and patlak
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image data are reconstructed to 440 x 440 image matrix size.

Arterial Input Function

This measurement is an essential part of the kinetic
analysis. The left ventricular (LV) pool being the largest blood
pool is chosen with minimized partial volume effects. Region
of interest (ROI) is drawn over the left ventricular cavity (LV)
avoiding any overlap with the myocardium in all dynamic
cardiac frames to extract the input function measurements
by applying linear interpolation on the first 24 extracted
LV ROI mean values to generate time activity curves. On
the SyngoVia platform, AIF is obtained automatically by
measuring the uptake in the region of interest located in the
left ventricle or aorta (Figure 4). This method is reasonably
accurate and obviates the need for serial arterial blood
sampling that may be technically challenging for patients.
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Figure 4: “Arterial input function” derived from the initial single-bed list-mode acquisition over the heart by measuring the
uptake in the region of interest located in the left ventricle. The input function is measured by applying linear interpolation on
the initial extracted LV ROl mean values to generate time activity curves.

(Image Courtesy: Department of Nuclear Medicine, Apollo Proton Cancer Centre, Chennai, India. Images obtained on Siemens
Biograph Vision digital PET CT using flowmotion multiparametric suite).

Image output and Interpretation

On the SyngoVia platform, the following image outputs
are generated:

a) SUV image represents the conventional 60 minutes
whole body image by summation of the last few dynamic
frames representing the amount of metabolized and
unmetabolized tracer in the tissue at a certain point
of time (Figure 1a). This image is used for the routine
clinical interpretation of findings.

b) The Patlak plot is given by the expression:

Where CT(t) is the tissue '8F-FDG concentration change

with time, Cp(t) is the plasma '®F-FDG concentration change

with time, V(b) is the intercept of regression comprised of
the effective plasma volume and the distribution of volume
of reversible compartments and ki is the slope of linear
regression that equals the tissue ®F-FDG influx rate constant.

Therefore ki measures the changes of tissue concentration

normalized with respect to the time course of plasma '8F-FDG.

Patlak slope or Influx rate constant ki is represented as ki

represents the metabolized tracer distribution wherein each

voxel represents the rate of metabolized FDG in a volume of
tissue in mg/min/100 ml (Figure 1b).

c) Patlak Intercept or Distribution Volume (DV): represents
VO + Vb i.e. the fractional blood volume in the tissue (Vb)
and the normalized tracer concentration from reversible
compartments (V0). In other words it represents the
unmetabolized tracer in tissue that is expressed as
percentage. This parameter represents the vascularity
of a lesion and is usually compared with the liver as a
reference value. For example, DV of 200% in a lesion
suggests twice as high vascularity than the normal liver
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when liver DV is 100% (Figure 1c).

Clinical Applications

DWB-PET/CT with parametric images are helpful to
study the kinetic parameters of tumours as well as infection
or inflammatory lesions. In theory, there is a huge potential
of kinetic parameters in the diagnosis, staging, treatment
planning, treatment monitoring and followup of tumors. It's
predominant potential may be the ability to differentiate
benign from less aggressive tumours and delineation of small
lesions with high contrast, that may not be clearly visualized
in conventional images because of the high FDG uptake in
the surrounding tissue or a high fractional blood volume
in the target area. It also helps in delineating non FDG avid
metastatic lesions (such as in the post chemotherapy setting
or necrotic lesions) as well as in monitoring small therapeutic
effects early after the onset of chemotherapy [22-26]. These
promising results indicate that the kinetic analysis of PET
imaging may become an essential part in the preclinical and
clinical molecular imaging.

In the past few years, there have been numerous
publications on kinetic analysis of dynamic PET imaging in
various malignant lesions using both ®F-FDG and non FDG
radiotracers showing promising value in tumor diagnosis
and monitoring specific therapeutic effects.

Intracranial Tumours

The value of conventional SUV and SUV-to-background
ratio (SUR) for grading of glioma remains controversial.
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Spence et al. were the first to point out the importance of
kinetic analysis in brain tumours using a 2-compartment
model [27]. Considering the shortcomings of '®F-FDG-PET
in brain tumors, various other tracers especially amino acid
PET tracers such as ''C-methionine, ®F-fluoro-ethyl-tyrosine
(FET) and fluorine-18-dihydroxyphenylalanine (**F-DOPA)
have been clinically used in brain tumors [28-32]. Once they
enter the tumor cell, the amino acids get involved in protein
synthesis through multiple anabolic and catabolic processes,
with transport kinetics being the main event to affect PET
signal [33]. Most studies have shown elevated transport
and net influx in high grade tumours compared to lower
grade tumors. ®F-FDOPA PET has been shown superior to
18F-FDG-PET in imaging of low-grade tumors and recurrent
tumors [31,34]. Few reports on detailed compartment
model analysis of ®F-FET PET have revealed the value of
kinetic modeling in grading and prognostication of both
low and high grade gliomas as well as recurrent high grade
gliomas [35,36] potentiating its high diagnostic value in the
histological glioma diagnosis.

In a retrospective study including thirty-four consecutive
patients with untreated, first-diagnosed, histologically
proven glioma, 40 minutes dynamic ®F-FET PET kinetic data
showed that the time to peak (TTP) parameter was highly
prognostic for recurrent disease with a strong correlation
between dynamic TTP and progression-free survival (hazard
ratio, 6.050; 95% CI, 2.11-17.37; P <.001). Interestingly, the
TTP also proved significant in the subgroup of low-grade
glioma (hazard ratio, 5.347; 95% CI, 1.05-27.20; P = .044),
in comparison to the established static imaging parameters,
such as maximum tumor-to-background ratio and mean
tumor-to-background ratio. In the high-grade glioma
subgroup, however, the authors found that both dynamic
and static parameters correlated with progression-free
survival [37]. In another study using the same PET tracer,
it was found that the differences in “Time to peak (TTP)”
between GBMs and grade II/1II gliomas were greater when
the molecular profile of the tumours were included. TTP was
shorter in histologically diagnosed GBM than in low-grade
glioma and significantly shorter in methylation-based GBM
than in IDH-mutant glioma. The two-tissue compartment
kinetic modelling revealed higher relative K1 values in GBM
than in gliomas of lower grade following both histological
and methylation-based diagnosis. IDH-mutant gliomas
and GBM subgroups tended to differ in their ®F-FET PET
kinetics suggesting that dynamic ®F-FET PET was useful
and could play a crucial role in the noninvasive biological
characterization of GBM [38].

In another study including 16 patients with recurrent
high grade glioma, 40 minutes dynamic *®F-FET PET found
that the parameter VB representing relative volume of blood
in the tumour provides a diagnostic value for tumor grading,
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with an overall VB 7.5 ml/100 ml for grade III tumors and
11.6 ml/100 ml for grade IV tumors (p = 0.02518 after
multiple-testing correction). The authors believe that as
these tumors may develop after long-latency period from
lower-grade glioma and are often not biopsied, prediction of
tumor grade in recurrent glioma by imaging  could have
a clinical impact [39]. The voxel wise tracer kinetic analysis
also holds promise of unraveling tumor sub-volumes of
different metabolic activity, which is especially relevant in
high-grade glioma due to their infiltrative and heterogeneous
nature [36].

Similar kinetic parameters have been investigated in
histologically confirmed primary central nervous system
(CNS) lymphomas. Kawai and Nishiyama et al found a
significant increase of ®F-FDG phosphorylation in tumor
tissue leading to higher tumoral uptake with no significant
discrepancy in transport rate than normal cortex in control
patients [39,40].

Solitary Pulmonary Nodules (SPN)

SPNs are a common clinical problem with histologies
varying from benign tumors, infectious lesions to lung
cancer. The prevalence of lung cancer in SPNs is high, and the
early identification of malignant nodules can help improve
the chance of successful treatment.

The value of ®F-FDG PET/CT in the diagnosis of SPN
has been widely recognized, with sensitivity and specificity
ranging between 82% to 96.8% and 71% to 77.8%,
respectively [41-43]. Increased ®F- FDG uptake has been
reported in active granulomatous diseases (tuberculosis,
sarcoidosis  etc), fungal infections (aspergillosis,
histoplasmosis etc) and other non-infectious diseases that
can be indistinguishable from lung cancer [44,45]. Dynamic
18F- FDG PET imaging with kinetic modeling has shown
promising results in characterization and differentiation of
malignant lung nodules from granulomas.

Yu-Erh Huang et al showed significantly lower time
activity curve (TAC) slope and ki values in granulomas as
compared to malignant nodules, though their SUV values
were not significantly different from malignant nodules. The
ki and metabolic rates of glucose (MRGlu) values in malignant
SPNs were significantly higher than those of benign SPNs
with a ki cut-off = 0.025/min (85% sensitivity and 85%
specificity) for diagnosing malignant pulmonary lesions.
The authors found that malignant SPNs had a continuously
rising slope, and nongranulomatous benign SPNs had a flat
slope during the late phase of the TAC. The TAC patterns
of malignant SPNs and granulomas were however found
to be similar, although the ki and TAC slope had significant
differences between the two conditions [46]. While the
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sensitivity of dynamic imaging in this study was not so high
at 79%, the ki and MRGlu data together was found to show
higher specificity (90%), and hence these parameters may
help to address the high number of false positives that occur
in areas with a high prevalence of granulomatous disease
[46].

In another study by Wang, et al. [47], the TAC in 15 of
21 patients with malignant pulmonary lesions demonstrated
gradual increases in ®F-FDG uptake until 60 min, whereas
benign lesions exhibited gradual decreases over 60 min.
Though the maximal lesion diameter was not significantly
different between both groups (p>0.05), malignant
pulmonary lesions demonstrated significantly higher ki
values (p < 0.05) and SUVmax (p < 0.05) than benign lesions,
showing a significant correlation between ki and SUVmax (r
=0.815,p < 0.001).

Clinical Radiology & Imaging Journal

Lung Cancer

Tsuchida, et al. described the importance of parametric
PET in it’s ability to differentiate the histological subtypes
of lung cancer in 44 patients including squamous cell
carcinoma (SCC), well-differentiated adenocarcinoma
and poorly/moderately differentiated adenocarcinoma.
They demonstrated that both rate constants K1 and k3
differ significantly among the 3 groups, with highest
values observed in SCC and lowest in well-differentiated
adenocarcinoma. This was attributed to the differences in
glucose transporter concentration and hexokinase activity
between the tumour types [48]. Figures 5a, b, ¢ & d shows
the ability of kinetic parameters to differentiate neoplastic
lesions with high malignant potential from those of lower
malignant potential.

differentiated adenosquamous carcinoma.

Figure 5 (a & b): 71 year gentleman was evaluated for left lung upper lobe mass. DWB images showed a focal FDG avid soft
tissue density lesion in the anterior segment of left upper lobe with spiculated margins showing SUVmax: 7.8 suspicious for
malignancy. Parametric images showed Ki of 4.36 and DV of 330.6 % indicating a moderately high metabolic rate of glucose
and significantly high vascularity. There were low grade FDG avid mediastinal and left hilar lymph nodes, with the most
avid prevascular node showing SUVmax: 4.25, ki of 1.64 and DV of 187.55% indicating lower rate of glucose metabolism
and vascularity as compared to the primary lesion. Lesion was surgically removed and confirmed as pT2N2 moderately
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(c & d): DWB and parametric images in a 31 year old gentleman with a well defined low grade FDG uptake endobrochial lesion
in the right main bronchus showing SUVmax: 5.19, ki of 2.81 and DV of 163.3% suggestive of low metabolic glucose rate and
vascularity. Final histopathology was a low grade mucoepidermoid carcinoma.

(Image Courtesy: Department of Nuclear Medicine, Apollo Proton Cancer Centre, Chennai, India).

Kinetic analysis using various PET tracers such as
18F-fluoromisonidazole (FMISO) and 18F-Flourothymidine
(FLT) have been performed to assess tissue hypoxia and
tissue proliferation of lung tumours. Muzi, et al. studied
the kinetics of FLT-PET using two compartmental model
with blood sampling in seventeen patients and showed
that FLT flux retrieved from the kinetic analysis correlated
with in vitro measures of tumour proliferation done after
surgical resection of tumours [49]. Daniel R. McGowan
et al. investigated the PET-imaged time-courses of 18F-
MISO in non-small cell lung cancers (NSCLC) and revealed
that the dynamic PET kinetics were best described by an
irreversible three-tissue compartment model [50]. The K1
values obtained from fits of the irreversible three-tissue
model correlated strongly with independent blood flow
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measurements obtained from perfusion CT (r=0.81). There
have also been controversial findings published that dynamic
I8F-FDG PET does not have an added value over static PET for
tumor delineation of NSCLC by using pathology volume as
the reference standard [51].

The clinical benefit of the parametric PET was also
demonstrated in the therapy of lung cancer. Van Der Veldt et
al revealed that the kinetics of radiolabelled chemotherapy
lead to a more accurate assessment of molecular distribution
of the same within the tumour tissue. The kinetic modeling of
1Clabeled docetaxel was studied in 34 patients of lung cancer
in 2011 and found that the heterogeneity of 'C-docetaxel
kinetics in the tumours may be related to the difference of
sensitivity to docetaxel. Tumours with a high influx value had
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a significantly better response than tumours with a lower
influx value. They further revealed that pretherapy use of
dexamethasone had a significant effect on the kinetic model
of docetaxel [52].

Breast Cancer

Therole of dynamic PET imagingis under debate in breast
cancer. Amongst the available literature, a study by Kornélia
Kajary, etal. on the clinicopathological correlation of dynamic
PET in the initial staging of primary breast cancer seems to
be robust [53]. In this study, the kinetic parameters (i.e. K1,
k2, k3 and ki) of dynamic PET were correlated with clinical
TNM, histological tumor type, tumor grade, proliferation
rate and receptor status during the initial clinical staging
to characterize breast cancer in 35 lesions. Though the
authors did not find any correlation between lesion size and
the kinetic parameters, every measured kinetic parameter
was found to be significantly higher in axillary lymph node
positive status (>cNO) compared to clinically node-negative
(cNO) cases with p = 0.0315. A more significant relationship
was seen with ki i.e. tumors with higher nuclear grade and
lesions with high ki-67 showed significantly higher k3 (p
= 0.0246), ki (p = 0.0089) and metabolic rate of FDG (p =
0.0076) as compared to low grade and low ki-67 lesions.
The study also showed significantly higher ki (p = 0.0300
and p = 0.0217, respectively) and metabolic rate of FDG (p
= 0.0247 and p = 0.0132, respectively) in ER/PR-negative
than in ER/PR-positive lesions suggesting different FDG-
kinetic parameters in hormone receptor negative tumors
compared to hormone receptor positive lesions. However, no
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significant correlation was found between HER2 positivity
and the investigated kinetic parameters of the dynamic
studies. In the group of triple negative breast cancer
(TNBC) and hormone receptor negative/HER2 positive
subtypes, the study showed significantly higher values of
k3, ki and metabolic rate of FDG in comparison to hormone-
receptor positive breast cancers (i.e. HR+/HER2+ and HR+/
HER2- tumors). The authors summarized that the kinetic
parameters i.e. k3, ki and metabolic rate of FDG were strongly
associated with the biological behavior of the tumors with
high-grade, hormone-receptor negative tumors with high
proliferation rate characterized by higher cellular FDG
uptake and phosphorylation rate based on dynamic imaging
underlining the additional aggressive biological behavior of
TNBC and HR-/HER2+ subtypes [53].

Similar observations have been published earlier by
Dunnwald, et al. [54] wherein tumors that were hormone
receptor negative, high grade, highly proliferative or of ductal
histology had higher FDG ki and SUV values (Figures 6 and
7). The authors also concluded that the kinetic measures of
FDG PET in locally advanced breast cancer patients treated
with neoadjuvant chemotherapy accurately measured
treatment response and were more robust in predicting
outcome compared with static SUV measures (AUC of kinetic
parameters = 0.97 and AUC of SUVmetric = 0.84, P = 0.005).
Changes in K1 and ki predicted both disease free and overall
survival, whereas changes in SUV predicted overall survival
only.
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Figure 6 (a & b): 32 year female with left breast carcinoma (Invasive ductal carcinoma, grade I with ER and PR negative
and Her 2 Neu positive) in the upper inner quadrant of the left breast showing circumferential rim of increased FDG uptake
(SUVmax:15.5) and FDG avid left axillary lymphadenopathy. Parametric images showed a high ki: 9.57 and DV: 192.8% in the
primary breast lesion (Liver SUVmax: 3.17, Liver ki: 0.54 and Liver DV 101%) indicating high proliferative index and tumour
vascularity in an ER/PR negative tumour. Dynamic PET shows higher Ki and hypervascularity in a patient with hormone
receptor negative status and Her 2 positive status.

(Image Courtesy: Department of Nuclear Medicine, Apollo Proton Cancer Centre, Chennai, India).

Figure 7 (a & b): 47 year female with right breast carcinoma (Invasive ductal carcinoma, grade Il with ER and PR positive and
Her 2 Neu negative status) showing a focal FDG avid soft tissue density lesion (SUVmax: 9.65) in the upper outer quadrant of
the right breast with no significant axillary nodes. Parametric images showed ki - 2.86, DV of 102% (liver SUVmax: 4.99, liver
ki-1.34 and liver DV - 77.9%) indicating low rate of glucose metabolism and low tumour vascularity in an ER/PR positive
tumour. Dynamic PET shows higher Ki and hypervascularity in a patient with hormone receptor negative status and Her 2
positive status. Dynamic PET shows significantly lower Ki and mild hypervascularity in a patient with hormone receptor
positive and Her 2 negative status lesion.

(Image Courtesy: Department of Nuclear Medicine, Apollo Proton Cancer Centre, Chennai, India).
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In patients being monitored for chemotherapy response
evaluation, a virtual clinical trial in 22 breast cancer patient
comprising of non-high-grade ER+ tumors evaluated pre- and
post-therapy, showed the kinetic parameter ki outperformed
SUV [55]. Though ki showed more variability than SUV
(mean CV ki = 17%, SUV = 13%), ki pre- and post-therapy
distributions showed increased separation compared to the
SUV pre- and post-therapy distributions (mean normalized
difference ki = 0.54, SUV = 0.27) with p < 0.05.

In the neoadjuvant chemotherapy (NAC) setting, an
association between K1, ki and SUV with the disease free
survival (DFS) and overall survival (0OS) has been reported
in 75 locally advanced breast cancer patients evaluated with
FDG PET prior to and at midpoint of NAC. Tumors that were
hormone receptor negative, high grade, highly proliferative
or of ductal histology showed higher FDG ki and SUV values.
The kinetic measures (AUC = 0.97) were found more robust
predictors compared to SUV (AUC = 0.84, P = 0.005) in
predicting pathologic response in conjunction with estrogen
receptor (ER) and axillary lymph node positivity. Changes
in K1 and ki predicted both DFS and OS, while changes in
SUV predicted OS only, with changes in only K1 being an
independent prognosticator of DFS and OS in a multivariate
modelling. On average, pathological complete response (pCR)
patients had a 76% and 84% decrease in FDG K1 and FDG ki
compared to 27% and 65%, respectively for other than pCR
patients (P =<.0001 and P = 0.004). Changes in FDG delivery
(K1), and not SUV, during treatment predicted patient
outcome, providing independent prognostic information that
is distinct from pathology. The authors concluded that these
results do provide an impetus for development of clinically
practical approaches for obtaining FDG kinetic measures for
tumor response evaluation [56].

Two studies characterized the relationship of
metabolism and blood flow parameters in newly diagnosed
locally advanced breast cancer (LABC) before and 2 months
after neoadjuvant chemotherapy using dynamic F-FDG
and 5O-water PET imaging [57,58]. While both the mean
metabolic rate of glucose (MRFDG) and mean blood flow
decreased after chemotherapy, the responders showed a
greater decline in MRFDG than did nonresponders (P = 0.05).
Nonresponders showed an average increase in blood flow
(-32% vs + 48%, P < 0.005), with a statistically significant
association between the pathologic degree of response and
the percentage change in blood flow at 2 months, indicating
that the change in blood flow after therapy predicted disease-
free and overall survival [57]. The authors concluded that
although both resistant and responsive LABC tumors have an
average decline in MRFDG over the course of chemotherapy,
resistant tumors have an average increase in blood flow.
Patients whose tumors fail to have a decline in blood flow
after 2 months of therapy have poorer disease-free and
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overall survival [57].

In a similar study by Tseng, et al. [58], the individual
8F-FDG rate parameters compared with *0-water- derived
bloodflowin35newlydiagnosed LABCpatientsbeforetherapy
and 2 months after neoadjuvant chemotherapy showed that
mean value of prechemotherapy '®F-FDG parameters K1, k2,
k3, and ki decreased significantly after therapy (P 0.001).
The mean K1 declined in the macroscopic complete response
(mCR) and partial response (PR) groups, as classified in the
surgical excision tumour samples, whereas it increased in
the no response (NR) group with a similar pattern also seen
for blood flow. The authors found that while K1 correlated
with blood flow; blood flow and glucose metabolism, ki in
LABC were not necessarily matched before chemotherapy,
but became more tightly correlated after chemotherapy. The
ratio of glucose metabolism to blood flow decreased for all
tumors, with values close to those of the normal breast in
more responsive tumors. The kinetic analysis suggested that
the phosphorylation step (K3) is responsible for the changes
before and after chemotherapy and is the rate-limiting
factor in ®F-FDG accumulation in untreated breast cancers
rather than K1 (reflects glucose delivery). As chemotherapy
slowed tumor growth and reduced the overall tumor burden,
glucose metabolism declined more than blood flow i.e. a shift
in the 8F-FDG Kkinetic pattern after chemotherapy, driven by
the rate of phosphorylation (k3) relative to glucose delivery
(K1).

Kinetic Analysis of PET Imaging in Other
Tumours

The dynamic PET has shown promising results in
colorectal tumours for tumour delineation from time
activity curve [59] and correlation of K1 with expression of
angiogenesis related and cellular proliferation genes [60,61].

Intherapyresponse monitoring, Bading, etal.and Strauss,
et al. suggested that kinetic analysis of '®F- Fluorouracil (5-
FU) in rats, using compartmental modeling provides very
useful quantitative information about the drug metabolism
within the tumour, which may help in predicting the tumour
response to 5-FU [62]. The chemotherapeutic effects of
FOLFOX protocol (fluorouracil, folinic acid, oxaliplatin) in
mice implanted with a human colorectal cell using dynamic
PET studies showed that even one therapy may affect the FDG
kinetics, which was important to identify the tumours with a
good chemotherapeutic effect [63]. In metastatic colorectal
carcinoma receiving FOLFOX chemotherapy, the combination
of kinetic parameters provides prognostic aspects in
classifying the patients into a short or long survival class
[64] and the best results in monitoring of chemotherapy was
seen when FD (fractal dimension) retrieved from the kinetic
analysis is combined with SUV in the static PET imaging [65].
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Dimitrakopoulou-Strauss et al. have shown the
importance of kinetic analysis in differentiation between
benign and malignant bone tumors with the combination
of SUVs and the kinetic parameters revealing a sensitivity
of 75.86% and specificity of 97.22% in distinguishing the
malignantlesion frombenignlesionversus sensitivity 54.05%
and specificity of 91.30% when depending only on SUV
values [66]. Okazumi, et al. confirmed that the kinetic study
of F-FDG-PET in 117 patients with malignant and benign
soft tissue tumors provides important clinical information
regarding the histological grading and prognosis [67]. In
patients with soft-tissue sarcomas receiving neoadjuvant
chemotherapy, the combined use of SUV and influx lead to
the highest accuracy in predicting therapy response [67].

In the case of prostate cancer, a dynamic phase helps in
better assessment of the prostate bed before the arrival of the
eliminated radioactivity in the bladder to extract additional
parameters.

In 2008, Schiepers et al. found significant differences
between primary and recurrent cancer in the transport,
influx and distribution volume Kkinetics of '!C-acetate in
patients with primary prostate tumor and with recurrent
tumor on a 20 min acquisition phase [68].

Conclusion

DWB - PET/CT provides invaluable quantitative
information of tracer Kkinetics during the unutilized 60
minutes uptake phase of the study. With the recent advanced
PET CT scanners, DWB-PET/CT is feasible and can be easily
incorporated in routine clinical practice. Challenges do exist
regarding the optimal acquisition protocols, data processing
particularly voxel wise analysis and the technical difficulties
involved in performing routinely in all patients. Volumetric
parameters such as metabolic tumor volume and total lesion
glycolysis have been extensively evaluated and have been
considered to be more comprehensive markers to reflect
metabolic tumor burden than SUVmax in several types of
malignancies. They have however not been incorporated
into standard clinical practice yet, as optimal segmentation
methods to measure these values has not been established.
In this regards, the kinetic PET parameters with its promising
initial pilot results have a potential to add incremental value
to the existing quantitative “SUV” parameter in oncological
studies.

The current era of cancer management is based on
targeting specific molecular markers that a particular tumor
expresses. Most of these FDA approved targeted drugs in
combination with other monoclonal antibodies that are
capable of blocking coinhibitory immune cell receptors
“immune checkpoints” have entered mainstream targeted
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cancer therapy. Molecular imaging with these novel dynamic
imaging and quantitative kinetic parameters potentially
holds a promising role in improving tumour characterization,
tracking tissue markers or genetic profile-driven therapies
and predicting their response. This could well evolve and
translate into integrated theranostic approaches. The
challenges are however plenty with a lack of guidance
currently on the recommendations for its clinical use. One of
the future prospects could be the clinical role of parametric
PET in breast cancers to differentiate ER/PR negative from
ER/PR positive lesions by demonstrating significantly higher
values of k3, ki and metabolic rate of FDG in triple negative
breast cancer and hormone receptor negative/HER 2 positive
subtypes in comparison to hormone-receptor positive breast
cancers (i.e. HR+/HER2+ and HR+/HER2-tumors). Dynamic
PET and parametric images in this context to predict the
biological behavior of other tumors as well and subsequently
clinical outcomesin patientsis of great potential in the current
era of targeted therapies. Though the potential clinical value
appears to be plenty, validation through prospective studies
on individual cancers and patient outcomes will definitely
help DWB - PET/CT parametric imaging to enter into routine
clinical practice.

The limitations are however lengthy acquisition times
which is a challenge to image elderly and sick patients who
are required to lie still during the 1 hour dynamic acquisition
time. Movement artefacts and image misregistrations can
adversely affect the quality of studies. Lengthy acquisition
time can also affect throughput of patients in departments
with high patient workload. The parametric software based
on patlak model available on the “Syngovia” platform offers
automatic generation of direct patlak images and plasma
input functions. Despite this as an advantage, the protocols
can neither be customised to shorten the acquisition timings
nor allows generating time activity curves/ other dynamic
parameters such as “time to peak” etc.
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