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Abstract

Background. Non-invasive visualization of tumor biological and molecular processes of importance to diagnosis and
treatment response is likely to be critical in individualized cancer therapy. Since conventional static 'SF-FDG PET with calcula-
tion of the semi-quantitative parameter standardized uptake value (SUV) may be subject to many sources of variability, we here
present an approach of quantifying the '8F-FDG uptake by analytic two-tissue compartment modeling, extracting kinetic tumor
parameters from dynamic '8F-FDG PET. Further, we evaluate the potential of such parameters in radiotherapy response assess-
ment. Material and methods. Male, athymic mice with prostate carcinoma xenografts were subjected to dynamic PET either
untreated (n=8) or 24 h post-irradiation (7.5 Gy single dose, n=8). After 10 h of fasting, intravenous bolus injections of 10-15
MBq '8F-FDG were administered and a 1 h dynamic PET scan was performed. 4D emission data were reconstructed using
OSEM-MAP, before remote post-processing. Individual arterial input functions were extracted from the image series. Subse-
quently, tumor '8F-FDG uptake was fitted voxel-by-voxel to a compartment model, producing kinetic parameter maps. Resulzs.
The kinetic model separated the '8F-FDG uptake into free and bound tracer and quantified three parameters; forward tracer
diffusion (k,), backward tracer diffusion (%,), and rate of I8F_-FDG phosphorylation, i.e. the glucose metabolism (k5). The fitted
kinetic model gave a goodness of fit (+2) to the observed data ranging from 0.91 to 0.99, and produced parametrical images of
all tumors included in the study. Untreated tumors showed homogeneous intra-group median values of all three parameters (k,,
k, and k&), whereas the parameters significantly increased in the tumors irradiated 24 h prior to IBE_FDG PET. Conclusions. This
study demonstrates the feasibility of a two-tissue compartment kinetic analysis of dynamic '®F-FDG PET images. If validated,
extracted parametrical maps might contribute to tumor biological characterization and radiotherapy response assessment.

Positron emission tomography (PET) using the glucose
analogue fluorine-18 (18F)- fluorodeoxyglucose (FDG)
has for many years been utilized in oncology. The appli-
cation of this non-invasive imaging modality is not con-
fined to tumor detection and staging, but may also be
applied for monitoring therapy responses [1,2], and as
a corollary of this, the technique can provide prognos-
tic stratification [3,4]. The development of ¥ F-FDG
PET has provided cancer medicine with a valuable
non-invasive metabolism-visualization modality.

The application of 18F-FDG in tumor imaging is
based on a phenomenon called the Warburg effect or
aerobic glycolysis, in which glucose is converted into

lactic acid in the presence of oxygen, being a specific
metabolic abnormality in cancer cells [5]. After intra-
venous injection, '8F-FDG is transported into the
cytosol by glucose transporters (GLUTSs), where it is
trapped as FDG phosphate. In malignant tumors,
particularly one of the isoforms, GLUT1, is frequently
overexpressed, but overexpression of GLUT3 and
GLUT12 has also been reported [6]. Intracellularly,
IBF_.FDG is enzymatically phosphorylated by the
enzyme hexokinase (HK), whose mitochondrial form
is substantially elevated in rapidly proliferating
tumors. As a result of the Warburg effect, glucose-
starved tumor cells will have increased blood flow and
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glucose transport, increased glucose phosphorylation,
and decreased rates of dephosphorylation [6,7].

Conventional static 8F-FDG PET employs
coincidence detection at a certain time period after
IBF_-FDG injection and is not time resolved. This
technique allows visual identification of regions pre-
senting elevated '8F-FDG uptake, and calculation of
the semi-quantitative parameter standardized uptake
value (SUV). Although SUV has been shown to cor-
relate to cancer malignancy, SUV is subject to many
sources of variability which are not controlled for,
or not even taken into account. These include PET
system quality control accuracy, image reconstruc-
tion algorithm and filtering, body composition, time
interval between tracer injection and PET, length
of uptake period, plasma glucose level and partial
volume effects [8—10]. On the other hand, dynamic
IBF_.FDG PET employs time resolved coincidence
detection, and biologically relevant information from
kinetic analysis of the '8F-FDG uptake may subse-
quently be extracted. Such tracer kinetic characteris-
tics may not be obtained by static acquisition.

Identification of the most malignant and aggres-
sive regions of tumors are of outmost importance in
radiotherapy planning and evaluation [11]. Kinetic
analysis of dynamic image series may provide para-
metrical maps depicting tumor properties of rele-
vance for treatment selection and guidance. For
instance, concomitant radiosensitization and/or dose
escalation strategies appear attractive. Many of these
dose escalation strategies are based on SUYV, but
more biologically relevant target regions may be
obtained from kinetic analysis.

New tracers for PET applications are constantly
being developed [12,13]. Although these tracers, if
validated, are targeting specific processes of high
importance, they may at first be expensive and
unavailable to most users. In contrast, the full poten-
tial of dynamic !8F-FDG has not yet been realized.
The feasibility of employing parameters extracted
from kinetic modeling of dynamic image series is in
our opinion under-investigated. Also, 8F-FDG is
often the only tracer being available at many PET
centers today. Besides the practical advantages of this
tracer, it benefits from the relatively long physical
half-life and quite low positron range of !®F, and has
a lower cost than the more specific tracers.

The purpose of this work was to establish an analytic
tool for extraction of kinetic parameters from dynamic
IBF_FDG PET series, and to explore the potential of
such parameters in radiotherapy response assessment.

Material and methods

Amnimals, xenografts and anesthesia

Male, BALB/c nude mice (30-35 g, 6—8 weeks old)
were used in this study. The Institutional and National
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Committee on Research on Animal Care approved
the protocol, and the experiment was performed
according to Interdisciplinary Principles and Guide-
lines for the Use of Animals in Research, Marketing
and Education (New York Academy of Science,
New York, NY).

Xenografts were generated by subcutaneous (s.c.)
implantation of (~2 mm)>? tumor tissue from the
human androgen-sensitive CWR22 xenograft into
the animals flanks. Procedures for implantation,
growth and harvesting of CWR22 xenografts in mice
were followed according to previous reports [14,15].
Animals were included into the study when their
shortest tumor diameter reached 8 mm.

Animals were anesthetized with s.c. injections of
a mixture of 2.4 mg/ml tiletamine and 2.4 mg/ml
zolazepam (Zoletil vet, Virbac Laboratories, Carros,
France), 3.8 mg/ml xylazine (Narcoxyl vet, Roche,
Basel, Switzerland), and 0.1 mg/ml butorphanol
(Torbugesic, Fort Dodge Laboratories, Fort Dodge,
IA), diluted 1:5 in sterile water. A dose of 50 ul/10 g
of body weight was given prior to radiation (to
both untreated and irradiated animals) and PET
acquisitions.

Radiotherapy

Eight of the 16 tumors received a single radiation
dose of 7.5 Gy 24 h prior to PET imaging. The radi-
ation was delivered by a °Co source (Mobaltron 80,
TEM Instruments, Crawley, UK) at a dose rate of
0.8 Gy/min. Groups of four mice were simultane-
ously irradiated by positioning their tumors in the
four corners of a 10X 10 cm radiation field, whilst
keeping the rest of their bodies outside the radiation
field. The cobalt source produces a megavolt beam
that gives an initial dose buildup with depth, result-
ing in a maximum radiation dose at 4 mm depth. To
achieve a homogeneous dose deposition within the
tumor volume, a 5 mm thick polystyrene bolus was
placed on top of the tumor.

PET imaging

Dynamic '8F-FDG PET was performed at a small
animal PET scanner (microPET Focus 120, Siemens
Medical Solutions, Erlangen, Germany). After 10 h
of fasting, the anesthetized animals received i.v. bolus
injections of 10-15 MBq !®F-labelled FDG (GE
Healthcare AS, Oslo, Norway) in heparinized saline,
before a 1 h dynamic PET scan was performed. Atten-
uation and scatter correction was obtained by a 10
min transmission scan with a %Ge point source. 4D
emission data were reconstructed using OSEM-MAP
(2 OSEM iterations, 18 MAP iterations, f = 0.5,
matrix size=128 X 128 X 95) [16,17], producing
images with a voxel size of 0.87 X 0.87 X 0.80 mm?>.
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The reconstructed time frames were 10 s during the
initial 5 minutes, whereas the following time frames
were 30 s. Further post-processing was executed in
Interactive Data Language (IDL) v6.2 (Research
Systems Inc., Boulder, CO).

Arterial inpur functions

Both the xenograft and the heart were imaged simul-
taneously within the same field-of-view, and thus, the
arterial input function (AIF) could be determined
individually for each animal. First, a 3D image series
representing mean !®F-FDG concentration taken
over the initial uptake phase (0—1 minute) was gener-
ated from the dynamic PET series. Second, a seed
point was manually located centrally in the heart,
before region growing was performed within a sphere
of 3 mm radius. Third, the grow region was refined
by automatically excluding voxels where the time-
activity curves (TACs) had characteristics differing
from those expected from standard AIFs, defined as
when the peak intensity of the TAC was less than
four times the plateau level intensity of the TAC.
Fourth, the AIF was determined by fitting a biexpo-
nential function (AIF=A exp(—Bt) +C exp(—Dr)) to
the mean TACs in the refined grow region by the use
of Levenberg-Marquardt least squares minimization
(MPFIT; http://purl.com/net/mpfit) [18].

Kinetic modeling

Region-of-interests (ROIs) were manually delineated
around individual tumors in the reconstructed
dynamic PET images. Before kinetic modeling, a
semi-quantitative measure was calculated to com-
pare intra-group TACs and particularly differences
in TACs between untreated and irradiated animals.
Differences in injected dose of F-FDG were cor-
rected for by calculating normalized tumor TACs, i.e.
the tumor TAC divided by the area under the plasma
activity curve (i.e. the AIF).

The TAC in each tumor voxel was subjected to
a two-tissue compartment kinetic model to describe
the distribution and uptake of 8F-FDG in tissue.
The model was adopted from the work by Kamasak
et al. [19], who applied this model in direct recon-
struction of kinetic parameters from PET sinogram
data. This model is similar to that originally pro-
posed by Phelps et al. in 1979 [20]. In the model,
Cp (pmol/ml) is the concentration of '®F-FDG in
plasma, i.e. the AIF, and C, (pmol/ml) is the '8F-
FDG concentration in tumor. The concentration of
IBE_FDG in tumor can be separated into two tis-
sue compartments; the concentration of unbound or
not metabolized 'F-FDG (C, (pmol/ml)), and the
concentration of bound or metabolized 8F-FDG

(Cyz (pmol/ml)). The kinetic parameters k, (min™1),
k, (min~1), &, (min~!) and %, (min~!), describe the
exchange rates of !8F-FDG between these compart-
ments. Whereas the parameters &, k,, and k, are
first order rate constants, k, is an apparent first-
order constant describing the glucose metabolism
in proportion to the concentration of 8F-FDG,
dependent on the number of binding sites not being
rate-limited. Using this compartment model, kinetic
parameters could be extracted from the TAC of each
tumor voxel by applying the following first order
differential equations:

dCaf(t) = k,C, ()~ (k, + k)C, (1) + k,Cpt) (1)

dC,(1)
dt

= k,C.(t)— k,Cpy(2) 2

The solutions of these equations are:

C.(t)= { ]E p [k, —a)e™ +(a, - kﬁe‘”']} ® Cp(lf)
(3)
Cp(t) = {&[e“’t + eazt]} ® Cp(t) (4)
a, — o

where ® is the convolution operator and a, and a,
are real valued constants:

a,a, = (kz +];3 +k4) T \/(kz + k3 +2k4) - 4k2k1 (5)

Using IDL, Cp(1)+Cgh(1)=C,(1) was fitted to the
TACs using Levenberg-Marquardt least squares
minimization. Signal intensity of individual tumor
voxels was smoothed over the neighboring 3X3 X3
voxels before fitting. The goodness of fit between the
raw data and the fitted function was evaluated by
calculations of correlation coefficients (+?) in each
tumor voxel. Inter-tumor variability in goodness of
fit was compared by calculation of median tumor 2.
Inter-tumor and intra-tumor variations in kinetic
parameters were assessed by calculations of median
values and range for untreated and irradiated
tumors.

Statistics

Statistical analysis was performed in SigmaStat v3.5
(Systat software, Inc., Chicago, IL). Differences
between groups were analyzed using two-sided Mann-
Whitney U-tests and a significance level of 5%.



Results
Qualitative assessment of PET 1mages

Rapid ®F-FDG uptake was detected in the heart
and liver, whereas !8F-FDG accumulation in the
tumor was slower. The static images obtained at the
last part of dynamic PET acquisitions revealed het-
erogeneous cumulative 8F-FDG uptake in the
tumors. The dynamic PET scan lasted for 60 min, a
duration that was found to be too short to assess the
degradation of tracer in this xenograft model, and
consequently, estimation of the &k, parameter was not
possible in this study.

Arterial input functions

The heart could be identified in the PET images of
all animals, allowing determination of individual
AIFs. Representative PET images of '3F-FDG uptake
in the cardiac ventricle of one animal as function of
time after '8F-FDG injection are shown in Figure 1A.
In Figure 1B, the corresponding AIF can be seen.

Quantitative kinetic modeling and radiotherapy
response assessment

After correcting for differences in injected dose of
IBF_FDG, substantially different shapes of the nor-
malized TACs were detected in irradiated tumors
compared to untreated tumors (Figure 2). Signifi-
cant differences were detected both in the initial
phase of the '8F-FDG uptake (t=1 min, p=0.029;
t=1min 15s,p=0.001; t=1 min 30 s, p=0.014) and
at the end of the dynamic scan (t=27.5 min, p=0.029;
t=35 min, p=0.009; t=45 min, p=0.009; t=55 min,
p=0.009).

By applying kinetic modeling, '8F-FDG uptake
was separated into free (not metabolized) and bound
(metabolized) tracer. Model fitting produced para-
metrical images of all tumors and allowed quantifica-
tion of the three kinetic parameters k,, k&, and k, in
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all tumor voxels. In Figure 3A, two tumor ROIs with
high and low !®F-FDG uptake, respectively, are
delineated. These visual differences corresponded to
different TACs, unveiling also different free and
bound components, as seen in Figure 3B and C.The
kinetic parameters of the low uptake regions was
k,=0.098 min~!, k£,=0.425 min~!, and k,=0.048
min !, whereas in the high uptake region the param-
eters were k;=0.189 min~!, £,=0.616 min~!, and
k;=0.072 min~'. The goodness of fit (*) between
raw data and fitted function ranged from 0.91 to
0.99 (median=0.97). Parametrical maps of k,, k,, &,
and % of six slices through an irradiated CWR22
xenograft are shown in Figure 4, together with
median, minimum and maximum tumor values of
each parameter.

Untreated tumors demonstrated homogeneous
intra-group median values of all three kinetic param-
eters (k, k, and &;). In contrast, the tumors exposed
to a 7.5 Gy radiation dose 24 h prior to ¥F-FDG
PET showed heterogeneous intra-group parameter
variations (Figure 5A—C). Compared to the untreated
tumors, the median values of all kinetic parameters
were significantly increased in the irradiated tumors
(k> p=0.028; k,, p=0.010; k,, p=0.028). There were
no significant differences in r? between untreated and
irradiated tumors (p=0.515).

Discussion

In this study we have implemented and evaluated the
feasibility of a kinetic two-tissue compartment model
for analysis of dynamic !F-FDG PET images.
Perturbations in the tumor microenvironment were
elicited by irradiating CWR22 xenografts, and subse-
quently reflected by elevated TACs and significantly
increased k,, k, and %, values, as compared to the
untreated xenografts.

Before kinetic modeling, we performed a semi-
quantitative calculation of tumor 8F-FDG uptake,
which may be comparable to the conventional SUV.
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Figure 1.18F-FDG uptake in one animal’s heart at different time points (A). The resulting AIF determined by fitting a biexponential
function to the mean TAC of the identified 3D region of the heart (B).
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Figure 2. Mean and SEM TACs of eight untreated tumors and
eight irradiated tumors, corrected for differences in injected dose
of 18F-FDG by normalizing the tumor TACs by the area under
the AIF. Differences between the two groups were significant in
the initial uptake phase (t=1 min, p=0.029; t=1 min 15 s,
p=0.001; t=1 min 30 s, p=0.014) and at the end of the dynamic
scan (t=27.5 min, p=0.029; t=35 min, p=0.009; t=45 min,
p=0.009; t=55 min, p=0.009).

The tumor TACs were normalized to the area under
the plasma activity curve, thereby removing variabil-
ity occurring due to differences in injected doses of
I8F_FDG. The normalized TACs for the two groups
evidenced a large difference in '3F-FDG uptake
between untreated and irradiated tumors, with the
irradiated tumors presenting an increased rate of
dynamic '®F-FDG uptake, thus, this semi-quantitative
measure deduced useful information on the tumor’s
treatment response. The stronger p-values found

between the untreated and irradiated tumors for this
semi-quantitative measure, as compared to the kinetic
parameters, indicate that this measure is a good and
maybe better measure of treatment response. How-
ever, we believe that kinetic parameters, separately
and in combination, may provide valuable biological
information that may help explaining the differences
in normalized tumor TACs, by taking underlying
pharmacokinetic mechanisms into account.

A prerequisite for performing high-quality com-
partmental modeling of radiotracer uptake in PET is
accurate determination of the arterial input function
(AIF). Previous studies on kinetic modeling has often
involved ex vivo estimation of a mean AIF from
repeated arterial blood sampling. In addition to radi-
ation exposure to the staff, this procedure is techni-
cally challenging in small animals, also being limited
by the small volume of blood that can be withdrawn
without affecting these small animals’ physiological
function. In our study, '8F-FDG uptake in tumor
and heart was imaged simultaneously, allowing three-
dimensional individual AIFs to be derived. However,
a shortcoming in our study is that our AIFs have not
been compared to results from arterial blood sam-
pling. Thus, further investigations to verify the validity
of the AIFs are needed.

Using the individually acquired AIFs, the TACs
from both untreated and irradiated tumors were well
fitted to the kinetic model, as demonstrated by good-
ness of fit values above 0.91 in all tumors. ¥F-FDG
uptake is increased in hyperglycolyzed regions, but
the exact mechanisms are complicated and influenced
by several microenvironmental parameters, such as
the GLUT activity, intracellular !®F-FDG phospho-
rylation capability, but also by tumor oxygenation
status, blood flow and permeability [6,7,21]. Changes

g 200 c 200
e Raw data
150 150
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£ 100 2 100
< <
50 50
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Figure 3. Tumor regions with high and low uptake of '8F-FDG (A). Different TAC was detected in the high uptake region (B) and the
low uptake region (C), including different free and bound components. The kinetic parameters of the high uptake region were k,=0.189
min~1, £,=0.616 min~!, and k,=0.072 min~!, whereas in the low uptake region the parameters were k,=0.098 min !, k,=0.425 min~,

and k,=0.048 min~!.



median k, = 0.137
min k, = 0.068
max k, = 0.251

min k, = 0.258
max k, = 1.071

median k, = 0.585

median k; = 0.052
min k, = 0.023
max k; = 0.079
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median r° = 0.978
min r2 = 0.928
max r2 = 0.997

Figure 4. Parametrical maps of k, k,,k; and ? extracted from the kinetic analysis of dynamic ®F-FDG PET. Six slices of an irradiated
CWR22 xenograft are shown, together with the tumor’s corresponding median and range values for each parameter (in units of min~! for

ky, k, and k).

in any of these factors will consequently affect the
uptake pattern of 18F-FDG, and thus, also the param-
eters extracted from kinetic analysis. The forward
(k) and backward (k,) diffusion of '8F-FDG are
known to be perfusion-dependent constants, and &,
has previously been shown to significantly correlate
with blood flow in a dynamic PET study evaluating
chemotherapy in breast cancer [22]. After irradia-
tion, blood vessels become more permeable, allowing
injected substances to more easily diffuse into the
extravascular space [23]. Since blood flow in general,
and permeability in particular, increases '3F-FDG
uptake, the elevated &, and k, in our irradiated
tumors (Figure 5A and B) could have been caused
by increased permeability.

The k, parameter, reflecting the rate of '*F-FDG
phosphorylation, was also significantly increased in
the irradiated tumors as compared to the untreated.
Two tumors with substantially higher &, values than
the other tumors in the irradiation group might
have contributed strongly to this result. Thus, fur-
ther investigations are needed in order to conclude.
Increased expression of GLUTs and glycolytic
enzymes, for example HKs, increases the '3F-FDG
phosphorylation, which will affect the &, parameter.
Studies have shown that metabolic alterations are
strongly correlated to hypoxia. Since tumor hyper-
glycosis, reflected by expression of GLUTs and
HKs, is driven by activation of the master regula-
tor of oxygen homeostasis under hypoxic conditions,

A 0.18 B 18 c 07
0.16 O 16 0
. : @ 0.6
0.14 1.4
o 0.5
« 012 &g 12 o) &
= L4
c 0.10 8 c 1.0 o e 2t
8 £ ] 1o
D 0.08 8 O ° 08 5 03
= 0.06 = 06 o) = 02
ooal & 0.4 ‘ g 0.1 %
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0‘00 " . O‘D A i i "
0Gy 7.5Gy 0Gy 7.5 Gy 0Gy 7.5Gy

Figure 5. Homogeneous intra-group median values of the &, (min™!) (A), k, (min~!) (B) and ky (min~!) (C) parameters in the untreated
xenografts (black), whereas &, (p=0.028), k, (p=0.010) and &, (p=0.028) values changed significantly after irradiation (white).
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the hypoxia-inducible factor (HIF-1), the ' F-FDG
uptake in tumors might indirectly reflect hypoxia [24].
Co-expression of HIF-1o with GLUTs and HKs has
been reported [25], supporting the hypothesis that
regions with increased hypoxia may have elevated &,
values. Zhao et al. have in an experimental study
found that regional expression levels of GLUTI,
GLUT3 and HK enzymes were elevated in HIF-1o
expressing tumor regions, which was suggested to
be the cause of intense '®F-FDG uptake in the same
regions [5]. Positive correlation between !®F-FDG
uptake and hypoxia as detected by pimonidazole
staining has also previously been found [21,26,27].
Known irradiation-induced changes in tumor biol-
ogy 24 h post-irradiation include acute hypoxia,
which might be one of the factors explaining the
high k,; parameter values in irradiated tumors. Other
studies fail to demonstrate such a correlation between
IBF_FDG uptake and hypoxia. However, we believe
that application of kinetic modeling and extraction of
the k; parameter may be a more reliable biomarker
of tumor hypoxia than SUV and '8F-FDG uptake
in general, but this hypothesis necessitates further
investigations.

Hypoxia is a common feature of biologically
aggressive tumors that more likely metastasize and
represent worse prognosis. If these aggressive tumor
regions could be reliably identified it may have con-
sequences for treatment planning and evaluation
[28-30]. In particular, intensity modulated radio-
therapy (IMRT) and selective boosting of regions
showing e.g. high &, values may prove valuable. Cur-
rently, advances in radiotherapy delivery technology
allow realization of image adapted three-dimensional
dose distributions based on PET images and kinetic
parameter maps [11]. However, so far no large stud-
ies have investigated the potential use of such kinetic
parameter maps in radiotherapy design, monitoring
and/or prediction, representing an under-investigated
application that warrants further evaluation.

In conclusion, this study has investigated the per-
formance of a kinetic two-tissue compartment model
in analysis of dynamic !8F-FDG PET images in a
preclinical model. The extracted parametrical maps
and the interpretation of these require a rigorous
validation involving correlation to histopathology.
Upon validation, this analytic tool may non-invasively
depict beneficiary information about tumor microen-
vironmental status and changes following therapy,
and thereby facilitate treatment adaptation.
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