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Abstract

Background. '8SFDG-PET/CT imaging is well established for diagnosis and staging of lung tumors. However, more detailed
information regarding the distribution of FDG within the tumor, also as a function of time after injection may be relevant.
In this study we explore the feasibility of a combined dynamic and respiratory gated (DR) PET protocol. Material and
methods. A DR FDG-PET protocol for a Siemens Biograph 16 PET/CT scanner was set up, allowing data acquisition from
the time of FDG injection. Breath-hold (BH) respiratory gating was performed at four intervals over a total acquisition
time of 50 minutes. Thus, the PET protocol provides both motion-free images and a spatiotemporal characterization of
the glucose distribution in lung tumors. Software tools were developed in-house for tentative tumor segmentation and for
extracting standard uptake values (SUVs) voxel by voxel, tumor volumes and SUV gradients in all directions. Results. Four
pilot patients have been investigated with the DR PET protocol. The procedure was well tolerated by the patients. The BH
images appeared sharper, and SUV__ /SUV__ was higher, compared to free breathing (FB) images. Also, SUV gradients
in the periphery of the tumor in the BH images were in general greater than or equal to the gradients in the FB PET
images. Conclusion. The DR FDG-PET protocol is feasible and the BH images have a superior quality compared to the
FB images. The protocol may also provide information of relevance for radiotherapy planning and follow-up. A patient trial

is needed for assessing the clinical value of the imaging protocol.

Lung cancer is one of the most frequent cancer types
worldwide. Inoperable lung cancer patients have a
poor prognosis, with a overall five year survival rate
of 15% [1]. Early diagnosed cases may be treated by
operation, while the remaining group is normally
offered radiotherapy, chemotherapy or a combina-
tion of both [2]. In light of the poor prognosis, devel-
opment of new diagnostic and therapeutic strategies
for this group of patients is imperative for improving
the treatment outcome.

Positron emission tomography (PET) is a non-in-
vasive nuclear medicine imaging technique where the
accumulation of a positron-emitting biomarker within
the body may be visualized. The most common bio-
marker in clinical use today is 18-fluorodeoxyglucose
(IFDG). '8FDG accumulates in most cancerous

tissues due to the upregulation of both glucose trans-
porters and hexokinase activity. FDG-PET is routinely
used for diagnosis and staging of several types of can-
cers, including non-small cell lung cancer (NSCLC)
[3]. Promising applications of PET in oncology is
radiotherapy planning, early response assessment and
prediction of tumor response to therapy [3—6].

Using FDG-PET, changes in metabolism during
radiotherapy have been shown to correlate with treat-
ment outcome and overall survival in lung cancers
[7]. Radiotherapy dose escalation in patients, who,
based on their metabolic response during early ther-
apy, are predicted to respond poorly to radiotherapy,
is therefore highly relevant.

Respiratory motion of lung tumors during PET
image acquisition causes artefacts which affect both
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quantification of FDG uptake and determination of
tumor size. First, this may have direct consequences
for diagnosis and staging [8]. Second, the use of PET
for monitoring response to therapy may require high
spatial resolution of the FDG distribution in the
tumor. Third, respiratory motion will also affect the
planning target volume in radiotherapy if PET images
are used for tumor delineation [9]. With the use of
respiratory gated data acquisition these artefacts can
be reduced, allowing both better delineation of target
volumes and improved detection [8,9]. Several stud-
ies report increased uptake values and reduced target
volumes using respiratory gating for imaging of lung
tumors, but its impact on clinical diagnosis remains
to be proven [8,10-14].

PET, in addition to being a valuable qualitative
diagnostic tool, is a quantitative imaging method.
That is, the concentration of the biomarker within
the body is accurately determined by the scanner
and is provided in the PET images. In this way,
absolute changes in metabolic activity following, for
instance, radiotherapy, may be assessed directly
from the images taken pre- and post treatment. In
dynamic FDG-PET, the tumor uptake is monitored
in space and time after injection, reflecting both the
passive distribution of FDG via the vascular net-
work and the active uptake of tracer in metabolically
active cells. Thus, dynamic PET images may reflect
metabolic as well as vascular status, which together
may correlate more closely with tumor aggressive-
ness, resistance to therapy and patient outcome.
Monitoring changes in such properties may be of
great benefit as patient treatment become more
tailored to the individual, based on response to
treatment so far [5,15].

The current feasibility study aims at evaluating
a respiratory gated and dynamic PET protocol of
patients with inoperable lung tumors. The purpose
was twofold. First, we wanted to investigate whether
an in-house developed respiratory gating technique
may be used to minimize respiratory tumor motion.
The second aim was to provide data acquired in
gated intervals following injection of the tracer, thus
reflecting the spatiotemporal distribution of FDG
within the tumor.

Material and methods
Patient selection

Four patients with inoperable NSCLC were included
in the current quality assurance study. The study was
approved by the local data inspectorate. Written
informed consent was obtained from each patient.
Minimum 4 h of fasting prior to injection of FDG
was required. Table I provides a summary of the
patient characteristics and their tumor localization.

Image acquisition

The study was performed on a Siemens Biograph 16
PET/CT scanner. The dynamic and respiratory gated
(DR) FDG-PET protocol included a two dimen-
sional (2D) x-ray scan (topogram), an attenuation
correction (AC) computed tomography (CT) scan
and the combined respiratory gated and dynamic
PET examination, starting at the time of injection
and lasting 50 minutes. After the DR PET study, a
conventional whole body PET/CT examination was
performed. Data from the conventional examination
were not included in the current work. For the DR
PET study, the coverage in the patient’s longitudinal
direction is restricted to the length of the PET detec-
tor system, in this case 16.2 cm. Guided by the topo-
gram and, if available, previous CT examinations, the
position of the AC CT and DR PET scan was set to
cover the part of the lungs where the primary tumor
was situated.

During conventional PET data acquisition, sino-
grams are built continuously during the scan. The
Siemens Biograph 16 PET/CT also has list mode
(LM) data acquisition available, enabling four dimen-
sional (4D) data acquisition, that is, gated or dynamic
studies. Events are registered in a data file in chrono-
logical order. An in-house developed electronic cir-
cuit for respiratory gating was used to instruct the
patient and to send trigger signals to the scanner. The
trigger signal inserts time stamps into the list mode
file generated on the PET/CT scanner [16]. The cir-
cuit issues numbers to a display that is positioned so
that it can easily be seen by the patient. The numbers
count down from a preset value to 0 at a pace of one

Table I. Summary of patient characteristics and localization of the tumors included in the study.

Injected activity

Serum glucose

Patient Sex Age (y) Weight (kg) FDG (MBq) level (mmol/l) Tumor position

1 (primary tumor) M 56 104 419 6.8 dorsal, right lower lobe
1 (lymph node) precarinal, ipsilateral

2 M 74 90 382 8.8 apical, left upper lobe
3 F 65 45 340 5.9 dorsal, right upper lobe
4 M 72 47 340 5.9 dorsal, right lower lobe
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new number per second. Red numbers are displayed
while the patients are supposed to hold their breath
in inspiration and green numbers are shown when
free breathing is allowed. The trigger signal is sent to
the scanner each time the first red number is shown.
A duration of 9 s for red lights and 8 s for green lights
was chosen in the current study. The list mode data
are rebinned into two sinograms extracted from all
the breath-hold and free-breathing intervals of the
study. That is, one of the sinograms consists of data
acquired during 8.5 s of the breath hold (BH) period
and the other consists of data acquired during the 8
s of free breathing (FB) period and 0.5 s of the BH
period. Thus, the image volume that is based on the
BH periods represents 50% of the events (true coinci-
dences registered by the scanner).

PET data acquisition started at the time of injec-
tion of FDG. All PET data were acquired in list
mode. The patients were instructed to perform BH
at normal inspiration in the intervals provided by
the display box in the four time intervals 0—5 min,
10-15 min, 25-30 min and 40-50 min. For inter-
vals in between (5-10 min, 15-25 min and 30-40
min) the patient was allowed to breathe normally.
Reconstruction of the list mode files was performed
on the PET/CT scanner using the manufacturer’s
“LM Replay” option, which provides dynamic,
static and gated processing of the list mode files.
The PET images were reconstructed using a
256 X 256 matrix, providing a pixel size of 2.7 mm.
The slice thickness in the longitudinal direction was
2.0 mm. The available three dimensional (3D) iter-
ative reconstruction technique OSEM (four itera-
tions, eight subsets) technique was employed with
a Gaussian filter with full width half maximum of
3.0 mm. PET data acquired in the periods 5-10
min, 15-25 min and 30-40 min were reconstructed
dynamically with time frames down to 15 s, but
these images have not been investigated in the cur-
rent work. The attenuation correction CT was also
performed at normal inspiration and acquired in
helical scan mode at 120 kV and with use of Care-
Dose4D, where the effective mAs was set to 50. The
CT images were automatically reconstructed on the
scanner using a 512 X512 matrix, pixel size 1.4
mm, slice thickness of 5.0 mm and a smooth recon-
struction filter (B31f).

Image analysis

The complete PET/CT image series were trans-
ferred to an external computer. Image analysis was
performed using software developed in IDL version
6.2 (Interactive Data Language, I'TT Visual Infor-
mation Solutions). Both the PET and CT images
were resampled to arrays with dimensions equal to

the original CT images in the transaxial plane
(512X 512 matrix, pixel size 1.4 mm) and to the
original PET images in the longitudinal plane (81
slices, 2.0 mm slice resolution) by extracting relevant
parameters from the DICOM image headers.

The voxel values in the PET images represent
FDG activity in Bg/ml. We have used the standard-
ized uptake value (SUV) to report the magnitude
of FDG uptake. The SUV is a semi-quantitative mea-
sure given by:

SUV:ﬂ
A, I W

Ay is the measured specific activity (kBg/ml) in a
voxel or a volume of interest, Aim. the injected dose
(MBgq) to the patient and W the patient’s bodyweight
(kg) [4].

For each patient the tumor was tentatively seg-
mented by region growing in the PET images. Here,
following a user-defined seed location, the growing
procedure finds all pixels within the 3D images series
which are connected neighbors and that fall within
provided thresholds. The minimum threshold was set
to a user-defined minimum SUV value, while the
maximum threshold was set arbitrarily high. Hence,
the defined tumor volume contains all neighboring
pixels above a certain SUV value. Region growing
was done in BH and FB images obtained during the
40-50 min time interval. The SUV threshold value
was adjusted for each patient/tumor, but the same
value was employed in corresponding BH and FB
images. The lower SUV threshold was adjusted to
avoid including other tissues with high FDG uptake
in the segmentation, for example the heart. The ratio
between the tumor volumes found in BH and FB
images were extracted. Furthermore, the median
SUV gradient at the tumor boundary was estimated.
Here, at each voxel defining the boundary, a multiple
linear regression covering all SUV values on 3 X 3 X 3
coordinate grid was performed, with the resulting
slopes of the regression providing measures of the
gradients in the mediolateral (x), dorsoventral (y)
and caudocranial (z) directions. The median SUV
gradients, calculated for both BH and FB images,
thus provide a quantitative measure of the sharpness
in the PET images.

The BH images acquired over the four gated
time intervals 0—5 min, 10-15 min, 25-30 min and
40-50 min were employed to provide an estimate
of the temporal distribution of FDG in the tumor.
For this, voxel intensity values within the tumor vol-
ume were extracted for each of the four gated time
intervals. From the distribution of voxel intensities,
median values and upper and lower quartiles were
calculated.
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Results

All four patients completed the DR PET study and
neither had any problems following the gating
instructions nor holding their breath for the
required amount of time. For display, one repre-
sentative set of transaxial PET/CT images were
selected for each patient, with the exception of
patient 1, which had a primary tumor and a posi-
tive lymph node at two different locations. The rep-
resentative PET/CT images were chosen based on
a visual assessment of the images acquired in the
time interval of 40-50 min. The effect of the respi-
ratory gating was analyzed based on the images
acquired in the 40-50 min time interval, while
image sets from the time intervals 0—5 min, 10-15
min, 25-30 min and 40-50 min were used for the
dynamic analysis.

Representative BH and FB PET/CT images for
all patients are shown in Figure 1. For patient 1, the
PET/CT scan showed intense uptake in a large pri-
mary tumor in the right lung. In addition, a positive
lymph node with increased FDG uptake was also
identified. For both BH and FB images, it is obvious
that FDG is heterogeneously distributed within the
tumor. However, the BH image shows higher FDG
uptake in certain regions. In addition, the positive
lymph node is clearly visible and shows a more
homogeneous intensity distribution in both BH and
FB images. However, the maximum FDG uptake
appears to be higher in the BH image. For patient 2,
the PET/CT scan showed a tumor situated apical in
the left lung. This tumor also shows a large degree
of heterogeneity in FDG uptake in both BH and FB
images. There is a clear visual difference between the
two images and it appears the activity concentration
in some regions of the tumor in the BH image is
slightly higher. For patient 3, a tumor situated in the
upper lobe of the right lung with high FDG uptake
was evident. There is no significant visual difference
between BH and FB images. For patient 4, the PET/
CT scan showed increased FDG uptake in a dorsal
lesion in the right lower lobe. An increased FDG
uptake in the BH image compared to the FB image
is clearly evident.

The segmented tumors following region grow-
ing in BH and FB images are displayed in Figure 2,
with individual SUV-thresholds used in the growing
and resulting tumor volumes given in Table II.
The segmented tumors in the FB images are
smaller or of the same size as in the BH images.
Differences in BH/FB tumor volumes range from
0.5 to approximately unity.

Table IIT shows the SUV_ ., SUV__ ,and stan-
dard deviations within the defined tumor volumes for
both BH and FB images. For all tumors SUV___and

BH FB
; - -
k - -
-
. J

Figure 1. Fused transaxial PET/CT images of patients 1-4, with
patient 1 presenting two lesions (a and b).The display range of SUV
values was manually adjusted for each patient. Images obtained
following breath hold (BH, left) and free breathing (FB, right) are
shown.

(3]
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SUV_ .., is higher in the BH images. However, the
effect of the respiratory gating on SUV-values is vari-
able. When comparing SUV gradients in the tumor
periphery (Table IV), the gradients in BH images are
in general higher than or equal to the gradients in
the FB images.

Figure 3 shows the median SUV in each tumor
as a function of time post injection. The FDG uptake
increases abruptly in the first 30 min before leveling
out between 30 min and 50 min. For patient 3 and
4 there is an increasing heterogeneity in the tumor
as a function of time, represented by the expanding
interval between the upper and lower quartiles.
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Patient 1 (a) Patient 3

Patient 1 (b)

Patient 4

Patient 2

Figure 2. Segmented tumors in patients 1-4 using region growing.
Patient 1 presented two lesions (a and b). Segmentation was
performed in images obtained both during breath hold (BH,
blue) and free breathing (FB, green). The intersection of the
regions is given in red.

Discussion

This study demonstrates the feasibility of an in-house
developed respiratory gating equipment and an
accompanying dynamic PET/CT protocol for a more
accurate assessment of FDG uptake in lung tumors.
The equipment can easily be applied in the clinic as
it is easy to install, seems to be well tolerated by the
patients and a 10 minute interval is sufficient to pro-
duce images of acceptable quality. SUV values were
found to increase as a result of respiratory gating,
thus improving quantification of FDG uptake. Also,

Table III. Standard uptake values (SUV

max/mean

Table II. Ratio between tumor volumes for breath hold (BH) and
free breathing (FB) images. Threshold represents the SUV value
chosen as lower threshold for the region growing of tumor volumes.
T, corresponds to the resulting tumor volume.

Threshold
Patient (SuV) T, (FB)/T,(BH)
1 (primary tumor) 2.1 0.98
1 (lymph node) 2.1 0.66
2 3.4 1.00
3 2.7 1.01
4 2.1 0.56

the PET/CT protocol opens for imaging of the tumor
uptake from the time of injection, which may be valu-
able in studies addressing treatment response predic-
tion and monitoring.

Respiratory movement during PET/CT examina-
tions may result in misalignment of the fused PET/CT
images, leading to attenuation correction errors and
mislocalization of FDG uptake. Also, SUV measure-
ments and volume determination in the PET images
are affected by respiratory movement. Altogether, these
artefacts may prevent accurate localization, diagnosis
and staging of tumors [8]. Several approaches to reduce
respiratory artefacts in PET/CT examinations have
been proposed [10-14,17-20]. Respiratory gated, or
4D PET, applies respiratory tracking systems to monitor
the respiratory motion during the PET scan. The
PET data are sorted into discrete bins corresponding
to certain time intervals in the respiratory cycle. The
PET images reconstructed from each of the bins cor-
respond to a phase of the cycle. Furthermore, 4D
PET can be performed together with 4D CT [8].
Nehmeh and coworkers have reported increased
SUV-values and reduced volumes of lung tumors
using 4D PET, compared to PET images acquired
during the entire respiration phase [17,18]. An alter-
native to respiratory phase gating is respiratory ampli-
tude gating, where the PET data are sorted into bins
according to respiratory amplitude ranges [21]. This
gating procedure is not yet clinically available, but
different approaches have been suggested by Buther
etal. [11], van Elmpt et al. [14] and Chang et al. [10].
All of them resulted in images with increased SUV
values compared to conventional PET images.

) and standard deviations (S. D.) in defined tumor regions.

Breath hold (BH)

Free breathing (FB)

Patient SUV, . SUV_n S.D. SUV, . SUV_can S.D.
1 (tumor) 5.3 2.5 0.38 4.8 2.3 0.41
1 (lymph node) 3.6 2.5 0.33 3.0 1.9 0.47
2 7.8 4.4 0.74 7.7 4.2 0.60
3 9.3 4.8 1.60 8.9 4.7 1.51
4 4.1 2.6 0.47 3.2 2.1 0.40
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Table IV. Median gradients in the mediolateral (x), dorsoventral
(y) and caudocranial (z) directions for tumor volumes in breath
hold (BH) and free breathing (FB) images.

Gradient BH

Gradient BF

(SUV/mm) (SUV/mm)
Patient X y z X y z
1 (primary tumor) 0.09 0.07 0.10 0.08 0.06 0.10
1 (lymph node) 0.17 0.12 0.16 0.12 0.11 0.12
2 0.19 0.14 0.19 0.19 0.13 0.19
3 0.35 0.37 0.39 0.38 0.34 0.37
4 0.14 0.13 0.13 0.11 0.11 0.09

Breath hold techniques may also be used to reduce
respiratory artefacts in PET/CT of patients with lung
tumors. In this case, patients are required to hold their
breath in several intervals and data from these inter-
vals are used for constructing the PET images [8].
Nehmeh et al. [19] have suggested a deep inspiration
breath hold (DIBH) technique where the patients are
verbally coached to hold their breath in intervals up
to 20 s and to breathe normally in between. Here, a
respiratory tracking system was used to ensure repro-
ducibility. Kawano et al. [12,21] used an alternative
BH technique, where the data were acquired during
a single interval, corresponding to the maximum
amount of time the patients managed to hold their
breath. In their first study [12], 108 lung cancer
patients were included, and a significant increase in
SUV,_.. for BH images compared to conventional
PET images was found. Furthermore, small lesions
showed a significantly higher relative difference in
SUV_ .. between BH/FB images than large lesions.
Their second study [21], including 95 lung cancer
patients, showed similar results. However, a drawback
with this technique is the poor signal to noise (SNR)
ratio due to short data acquisition time.

Like the DIBH techniques, the currently applied
respiratory gating technique has the advantage of
increased SNR or decreased acquisition time as com-
pared to 4D PET. The 10 min gating interval at
40-50 min post injection provided images of good
quality (Figure 1). A disadvantage of this technique
is that the patient must be capable of receiving and
understanding instructions on how to adjust his/her
breathing. Also, patients with severely diminished
lung capacity, which may often be the case with lung
cancer patients, may have trouble holding their breath
for the required amount of time. On the other hand,
none of the patients participating in this study
reported that this was a problem.

All patients in the current study had a higher
SUV_,, in the BH compared to the FB images, with
the mean difference being 13% (Table II). About the
same difference was found for SUV __ . However,
the gating procedure had a variable effect on the
PET images. Patient 3 had a tumor situated in a part
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Figure 3. Median SUV within the tumor volume as a function of
time for patients 1-4. For patient 1, two lesions (a, red squares
and b, blue squares) were evaluated. The error bars indicate the
upper and lower quartile of the SUV distribution within the
tumor.

of the lungs which is expected to move only slightly
during the respiratory cycle. In addition, the tumor
was relatively large and had a high FDG uptake. Also,
the primary tumors of patients 1 and 2 are both large
and have heterogeneous activity distributions. Fur-
thermore, there is no clear trend regarding the stan-
dard deviations in SUV, with the tumors of patients
1 and 2 having smaller standard deviations in the BH



Dynamic respiratory gated '8 FDG-PET of lung tumors 895

images, whereas the tumors of patient 3 and 4 show
the opposite. There is no reason to believe that the
BH images will result in smaller standard deviation,
since the breathing motion is likely to smear out dif-
ferences in activity between voxels of a heterogeneous
region. However, due to such motion, SUV gradients
in the tumor periphery are expected to be consis-
tently smaller in FB images compared to BH images,
as was shown for all cases (except for patient 3 in the
mediolateral direction) (Table IV).

In this work, the tumors in the BH and FB
images were tentatively segmented by region grow-
ing (Figure 2). In some cases, the segmented regions
almost totally overlapped (patient 2 and 3), while in
other cases both the extension and the center of
mass differed considerably (patient 1 and 4). Indi-
vidual SUV thresholds were used in the segmenta-
tion (Table II), but a common threshold was used
for growing in the BH and FB images for each
patient. Thus, as tumor motion degrade the spatial
uptake pattern, smaller tumor volumes in the FB
images resulted using the current segmentation pro-
cedure (Table II). In a study comparing volume
delineations using absolute and relative SUV values
compared to the tumor volume as appearing on CT
[22], Biehl and coworkers concluded that the thresh-
old value for tumor delineation should be individu-
alized, taking into account parameters as tumor size,
localization and heterogeneous FDG uptake within
the tumor. In a recent study, it was shown that the
gross tumor volume of NSCLC, as determined from
surgical specimens, was best reproduced using an
automatic gradient-based method [23]. We aim at
implementing such a method for tumor segmenta-
tion in the near future.

The currently proposed DR PET protocol
includes breath hold images acquired from the time
of injection. Thus, sharp images of the ‘wash-in’, or
perfusion, phase of FDG was also obtained. These
images largely reflect vascular, rather than metabolic,
characteristics, and may well be of importance in both
target volume delineation, response prediction and
response monitoring [15].The tumors investigated in
the current study had quite different temporal uptake
characteristics (Figure 3). Whereas patient 2 and 3
had a very rapid wash-in, slower initial uptake was
found for patient 1 (tumor) and 4. Thus, patient 2
and 3 possibly presented more vascularized tumors.
As abnormal vasculature is a marker of tumor
malignancy [24], these may potentially have a more
aggressive phenotype. However, this should be veri-
fied by correlation analysis with pathological indices,
and more studies are certainly needed to assess the
added value of early uptake FDG-PET images.

The proposed DR PET protocol applied in the
current study has some limitations, as it demands a

high level of patient cooperation and long data acqui-
sition time. Also, it is time consuming with respect to
reconstruction of the list mode data files, as each of
the intervals 0-5, 5-10, 10-15, 15-25, 25-30, 30-40
and 40-50 must be reconstructed separately. A com-
promise with regard to the reconstruction time while
still obtaining temporally resolved images, would be
to acquire dynamic PET images during normal breath-
ing from the time of injection to 40 min after injection
and then perform a respiratory gated interval in the
period 40—50 min. This protocol, however, would suf-
fer from reduced spatial resolution in the dynamic
image series (0—40 min) as they are not corrected for
respiratory movement. Alternatively, one may use a
combined dynamic contrast enhanced CT (DCECT)
and a conventional or BH FDG-PET protocol for
assessing both tumor perfusion and metabolism, as
the kinetic wash-in characteristics of contrast agent
and FDG is expected to be similar [25]. However, this
must be further investigated in clinical studies.

At our hospital, patients with medically inoperable
lung cancer are offered stereotactic body radiation
therapy (SBRT) [26]. SBRT has been proposed as the
treatment-of-choice for patients with inoperable stage
I non-small cell lung cancer [27]. During planning
and treatment, the patient is immobilized in a stereot-
actic body frame. In addition, at treatment, a cone
beam CT is used for patient position verification. In
this way, the radiation beams may be delivered with a
high precision to the patient. Thus, SBRT, as per-
formed at our hospital, is a highly conformal treat-
ment and results in lower doses to the healthy tissue
surrounding the tumor compared to conventional
radiotherapy. Therefore, SBRT may be delivered
hypofractionated with large fraction doses in order to
maximize the probability of eradicating the tumor. By
comparing BH and FB images from the current
DR PET protocol, one may obtain an indication of
whether the patient should be immobilized in order
to reduce tumor motion. Furthermore, one may also
consider additional treatment margins around hyper-
intense regions within the tumor in order reduce the
risk of missing these regions with the treatment beams.
In addition, if such radioresistant tumor regions could
be identified before the start of therapy, strategies
intended to overcome such radioresistance could be
employed [28]. A relevant strategy is biological image-
guided dose escalation. Here, PET images of the
tumor may be used to guide focal dose escalation to
radio resistant regions within the tumor. However,
further investigations are necessary to achieve com-
plete understanding of factors affecting the FDG
uptake in different tumors and to enable development
of individualized treatment regimes [28].

In conclusion, we have shown that the dynamic
respiratory gated PET protocol is feasible and well
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tolerated by the patients. The derived image series
may prove valuable in radiotherapy, but clinical trials
are needed to assess the value of the protocol.
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