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ORIGINAL ARTICLE

Adaptive radiotherapy based on contrast enhanced cone beam
CT imaging
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Abstract

Cone beam CT (CBCT) imaging has become an integral part of radiation therapy, with images typically used for offline
or online patient setup corrections based on bony anatomy co-registration. Ideally, the co-registration should be based on
tumor localization. However, soft tissue contrast in CBCT images may be limited. In the present work, contrast enhanced
CBCT (CECBCT) images were used for tumor visualization and treatment adaptation. Material and methods. A spontane-
ous canine maxillary tumor was subjected to repeated cone beam CT imaging during fractionated radiotherapy (10 fractions
in total). At five of the treatment fractions, CECBCT images, employing an iodinated contrast agent, were acquired, as
well as pre-contrast CBCT images. The tumor was clearly visible in post-contrast minus pre-contrast subtraction images,
and these contrast images were used to delineate gross tumor volumes. IMRT dose plans were subsequently generated.
Four different strategies were explored: 1) fully adapted planning based on each CECBCT image series, 2) planning based
on images acquired at the first treatment fraction and patient repositioning following bony anatomy co-registration, 3) as
for 2), but with patient repositioning based on co-registering contrast images, and 4) a strategy with no patient reposition-
ing or treatment adaptation. The equivalent uniform dose (EUD) and tumor control probability (TCP) calculations to
estimate treatment outcome for each strategy. Results. Similar translation vectors were found when bony anatomy and
contrast enhancement co-registration were compared. Strategy 1 gave EUDs closest to the prescription dose and the high-
est TCP. Strategies 2 and 3 gave EUDs and TCPs close to that of strategy 1, with strategy 3 being slightly better than
strategy 2. Even greater benefits from strategies 1 and 3 are expected with increasing tumor movement or deformation
during treatment. The non-adaptive strategy 4 was clearly inferior to all three adaptive strategies. Conclusion. CECBCT
may prove useful for adaptive radiotherapy.

With the advent of intensity modulated radiotherapy,
highly conformal radiation doses can be delivered to
the tumor or tumor sub-volumes [1]. However, inac-
curacies in patient setup and/or changes in patient
anatomy during treatment may reduce the target cov-
erage and lead to increased dose in adjacent normal
tissue structures. Hence, techniques for monitoring
both changes in the extent and localization of the
tumor during treatment are needed to ensure optimal
treatment outcome of conformal radiotherapy [2].
Cone beam CT (CBCT) imaging has become an
integral part of external beam radiation therapy, and
offers an attractive monitoring option, as the necessary

equipment is already available in the treatment room
and images are acquired in the treatment position
[3,4]. At present, the images are typically used for
patient setup corrections, either based on bony anat-
omy landmarks or soft tissue structures, including
the tumor itself [5,6]. However, CBCT may not pro-
duce images with sufficient soft tissue contrast for
tumor localization in all treatment sites [7,8]. Hence,
contrast enhanced CBCT (CE-CBCT) imaging with
iodinated contrast agents have been proposed in
order to increase soft tissue contrast [5,7,9].

The use of CBCT in adaptive radiotherapy, where
a target volume definition is based on the CBCT
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images and used to generate a “plan of the day”, has
been suggested [10,11]. Here, both interfraction
tumor movement and changes in size and shape can
be taken into account. When using iodinated contrast
agents, increased contrast between tumor and nor-
mal tissues may also aid target volume definition.
Moreover, a boost volume consisting of the contrast
enhancing region could be defined, making biologi-
cal image-guided dose escalation based on CBCT
feasible.

The aim of the present work was to explore the
potential role of contrast-enhanced cone beam CT
in tumor-guided adaptive radiotherapy. Contrast-
enhanced CBCT images acquired during the course
of fractionated radiotherapy of a spontaneous canine
maxillary tumor were used as a basis for treatment
planning according to four different treatment strat-
egies, ranging from no adaptation during treatment
to a fully adaptive strategy. The resulting dose plans
were evaluated in terms of the expected treatment
outcome, as described by the equivalent uniform dose
(EUD) and the tumor control probability (T'CP).

Material and methods
Radiotherapy and imaging

A nine-year-old female border collie with a 14 cm?
spontaneous right maxillary round cell tumor was
treated with intensity modulated radiotherapy
(IMRT) with 6 MV photons to a total dose of 40 Gy
delivered in 10 fractions at an Elekta Synergy linear
accelerator (Elekta AB, Stockholm, Sweden) equipped
with a CBCT system (XVI). The patient was placed
in prone position on a vacuum cushion (VacFix, Par
Scientific A/S, Odense Denmark) in a polymethyl
methacrylate (PMMA) case, and the upper jaw was
fixed by a dental form anchored to the PMMA case.

CBCT imaging was performed prior to each
treatment fraction, and automatic bone matching to
the reference CT images acquired three days before
the start of therapy was used to correct patient set-
up. At five of the treatment sessions (1, 3, 5, 7, and
10), contrast-enhanced CBCT images were obtained
in addition to the standard CBCT images. The con-
trast-enhanced images were acquired one minute
after manual injection of 600 mg/kg iohexol (Omni-
paque 300 mg I/ml, GE Healthcare, Oslo, Norway),
and no repositioning was allowed between pre- and
post-contrast scans.

All imaging and treatments were performed under
general anesthesia with continuous rate infusion of
propofol 10 mg/kg/h (PropoVet, Abbot, Illinois,
USA), after premedication with medetomidine 5 pg/kg
iv (Domitor vet., Orion, Turku, Finland) and butor-
fanol 0.05 mg/kg iv (Dolorex vet., Intervet, Boxmeer,
the Netherlands) and induction of anesthesia with
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propofol 2 mg/kg iv. The patient was intubated dur-
ing anesthesia and oxygen supplemented via the tube
at a flow rate of 2 I/min. The study was approved by
the National Animal Research Authority and written
informed consent was obtained from the owner. The
treatment was performed with curative intent.

Image analysis

Coronal CBCT images with voxel dimensions 1 X 1
X 1 mm were reconstructed from the volumetric
uptakes. Contrast-enhancement images were created
through subtraction of pre-contrast from post-con-
trast images. The subtraction images were normal-
ized to normal tissue enhancement at the first
treatment session to correct for variations in injection
time due to manual injection. Images were then
scaled with a window center of 100 Hounsfield units
(HU) and a window width of 100 HU, as this was
found to give optimal visualization of the tumor for
tumor contouring (see below). The scaled contrast
enhancement images were given DICOM headers
using Ruby DICOM (http://dicom.rubyforge.org/),
so that the images could be exported to the treatment
planning system (see below) Analysis of the recon-
structed images was performed using custom written
software in IDL 6.2 (ITT Visual Information Solu-
tions, Boulder, USA).

Treatment plannming and adaptive strategies

The pre-contrast CBCT images and contrast
enhancement images for fraction 1, 3, 5, 7, and 10
were transferred to the VSIM virtual simulator (v2.2,
Siemens Medical Solutions, Inc., Malvern, USA).
For each image series, the gross tumor volume (GTV)
was contoured manually in pre-contrast CBCT
images guided by the contrast enhancement images
in overlay mode. A planning target volume (PTV)
was automatically generated by adding a 5 mm iso-
tropic margin to the GTV. IMRT dose planning with
seven fields and 6 MV photons was performed in the
KonRad planning system (v2.2.18, Siemens Medical
Solutions, Inc., Malvern, USA). A simultaneous inte-
grated boost was adopted, prescribing a dose of
4.0 Gy per fraction for 10 fractions to the PTV, while
the CE-CBCT GTYV was given a dose of 4.6 Gy per
fraction.

Four different treatment strategies were investi-
gated. In the first, fully adaptive strategy, new radio-
therapy target structures were created for each
CE-CBCT image set and replanning was performed
based on these target structures. In the second strat-
egy, dose planning was done only based on CE-
CBCT images acquired at the first treatment session,
but patient repositioning based on bony anatomy
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co-registration was performed for each treatment
fraction. For co-registration in 3D, bone was seg-
mented from the image series and translation vec-
tors were obtained by optimizing the correlation
between the segmented images using a modified ver-
sion of a fast Fourier transform algorithm published
previously [12]. Rotations were not included in the
co-registration. In the third strategy, dose planning
was only conducted based on the CE-CBCT images
from the first treatment session as well, but the
patient repositioning was guided by co-registration
of the contrast-enhancement matrices using the
Fourier algorithm given above. The fourth strategy
was non-adaptive, with dose planning based on the
CE-CBCT images from the first treatment session
and no patient repositioning at the following treat-
ment fractions.

Outcome modeling

The resulting dose distributions in the GTV were
evaluated in terms of the equivalent uniform dose
and the expected tumor control probability (TCP).
The EUD was calculated according to the mechanis-
tic model of Niemierko [13], where the EUD satisfies
the following condition:

SF:e—n((1EUD+ﬂEUD2):%Ze—n(adi-%—/fd,‘z) €))
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Here, SF is the fraction of surviving clonogens, 7
is the number of treatment fractions, NN is the number
of voxels, d, is the dose given to voxel 7, and o and B
are the linear and quadratic cell inactivation coeffi-
cients, respectively. Tumor control probability was
calculated by use of the linear quadratic cell survival
model [14], according to:
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where j is the treatment fraction, p the clonogen den-
sity in the tumor and V' the tumor volume. Interpa-
tient variations in the intrinsic radiosensitivity o. was
taken into account by convolving Equation 2 with a
Gaussian standard deviation of ¢,. The following
radiobiological parameters were used in the calcula-
tions: 00=0.3 Gy !, B=0.03 Gy 2, p=107, and
0,=0.07 [14]. Radiation sensitivity and clonogen
density were assumed to be constant in the GTV. For
the treatment fractions where no CE-CBCT images
were available, the GTVs created on the previous
treatment fractions were used.

TCP =¢

Results

Contrast-enhancement images (color wash) overlaid
on pre-contrast cone beam CT images (grayscale)

for treatment sessions 1, 3, 5, 7, and 10 are shown
in Figure 1. The tumor contour (GTV) for each
image set is shown in blue. The tumor was clearly
visualized in the contrast-enhanced overlays for all
CE-CBCT image series. In contrast, tumor bound-
aries could not be accurately determined in the pre-
contrast CBCT images (data not shown).

Figure 2 shows the IMRT dose plan created
based on the contrast-enhancement overlay images
from treatment session 1. The contour of the CE-
CBCT-based GTV, with a prescription dose of 46
Gy, is shown in blue, and the PTV, with prescribed
dose 40 Gy, is shown in pink.

In Figure 3, image co-registration based on either
bone matching (upper row) or contrast enhancement
matching (lower row) is illustrated. Both methods
were seen to provide appropriate matching, as the
delineated tumor contours in both cases showed
maximal overlap after co-registration. The corre-
sponding patient repositioning translation vectors for
all five treatment sessions for which CE-CBCT was
performed is shown in Table I. The image set from
treatment session 1 was taken as the reference images,
and the translation vector was consequently [0, 0, 0]

contrast enhancement
max

min

Figure 1. Pre-contrast cone beam CT images (grayscale) overlaid
with contrast enhancement images (post-contras minus pre-contrast,
color wash) for the five treatment sessions for which contrast-
enhanced cone beam CT was performed (fractions 1, 3, 5, 7, and
10). The tumor contour for each image set is shown in blue.
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Figure 2. The IMRT dose plan for treatment fraction 1. The GTV
is shown in blue and the PTV in pink. The prescribed dose to the
GTV was 46 Gy and the prescribed dose to the PTV 40 Gy.

for this session. Good agreement between the trans-
lation vectors resulting from bone matching and
matching on the contrast-enhancement matrices was
found, with translation vectors being either identical
or within 1 mm of each other in each direction.
The EUD for each treatment strategy and treat-
ment session is shown in Figure 4. The fully adaptive

bone

contrast
enhancement

overlap/intensity
max

min

Figure 3. Patient repositioning based on co-registering bony
anatomy (upper row) and contrast enhancement (lower row).
Cone beam CT images and contrast enhancement images from
treatment session 3 are matched to their respective images taken
at treatment session 1. The tumor contour is shown in blue.
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strategy was seen to give the highest EUDs,
followed by the strategy where the patient was
repositioned based on co-registration of contrast-
enhancement images and the strategy where the
patient was repositioned based on co-registration of
bony anatomy. The non-adaptive strategy with no
patient repositioning resulted in the lowest EUDs.
In particular, for treatment fraction 3, where the
greatest patient translation was required (see Table
I), the non-adaptive strategy was clearly inferior to
the three other strategies. The tumor control prob-
ability associated with the different strategies was
0.56 for the fully adaptive one, 0.55 for both patient
repositioning based on bony anatomy and on con-
trast-enhancement, and 0.50 for no adaptation or
repositioning.

Discussion

In the present work, the potential of contrast-
enhanced cone beam CT for treatment adaptation
was explored. The tumor was clearly discriminated
from normal tissue in the contrast enhancement
images. Treatment adaptation based on serial CE-
CBCT images, both in the form of replanning and
patient repositioning, was investigated and compared
both to patient repositioning based on conventional
CBCT images (bony anatomy matching) and no
treatment adaptation. In the present case, where the
tumor was localized in bone, a high correlation
between patient repositioning vectors based on
matching the contrast-enhancement and the bony
anatomy was found. Furthermore, the expected
treatment outcomes for the three different adaptive
strategies (i.e. replanning at each treatment session
where CE-CBCT images were available and patient
repositioning based on matching of contrast-enhance-
ment or bony anatomy) were similar. However, for
soft tissue tumors showing, both changes in tumor
position relative to bone and greater deformation in
the size of the tumor during radiation therapy may
occur [15], a greater benefit from adaptive strategies
based on CE-CBCT imaging is expected.

Table I. Translation vectors for patient repositioning following
bone and contrast-enhancement (CE) matching of cone beam CT
images

X direction Y direction Z direction
(mm) (mm) (mm)

Fraction # Bone CE Bone CE Bone CE

1 0 0 0 0 0 0
3 2 2 9 9 2 2
5 -3 -3 2 2 1 1
7 -1 0 2 1 2 2
10 -2 -3 3 4 0 1
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Figure 4. Equivalent uniform dose (EUD) for the dose distributions
resulting from the four different treatment strategies; fully adaptive
(green), patient repositioning based on matching of contrast enhance-
ment matrices (blue), patient repositioning based on matching of
bony anatomy (red) and no repositioning or treatment adaptation
(black).

In the present work, imaging was performed
under general anesthesia, which ensured patient
immobility both during CBCT imaging and between
pre- and post-contrast imaging. When applied to the
non-anesthetized patient, adequate patient fixation
should be ensured. Motion of the patient between
pre- and post-contrast imaging can be detected as
edge artifacts in the contrast enhancement subtrac-
tion images, particularly at bone/air and skin/air
interfaces. This can be seen in Figure 1 for treatment
session 1, where a slight shift of the patient occurred
during anesthetic monitoring between pre- and post-
contrast images.

Contrast-enhanced CBCT imaging was per-
formed approximately every second treatment ses-
sion in the present study. As subtraction images were
used to visualize the contrast-enhancement, each
CE-CBCT scan gave an additional radiation dose to
the patient [16]. Furthermore, when intravenous
iodinated contrast agents are employed repeatedly,
the potential for contrast-agent induced toxicity,
such as nephrotoxicity, must be considered [17].
Hence, repeated CE-CBCT scans may not be appro-
priate for patients with pre-existing renal insuffiency,
and periprocedural hydration and the use of non-
ionic contrast media of low osmolarity could be con-
sidered to minimize the risk of contrast agent induced
nephrotoxicity [17]. Novel contrast agent formula-
tions that provide longer lasting contrast enhance-
ment in the tumor are being developed [18] and may
allow daily CE-CBCT imaging at a decreased risk of
nephrotoxicity. In the current canine case, a non-
ionic low osmolarity contrast agent was used and
intravenous fluids were available as a part of the
anesthetic protocol. Furthermore, a full biochemical

blood profile was obtained both prior to and after
radiotherapy, and no adverse effects on kidney func-
tion of the contrast agent administration were
detected.

In the present work, the CE-CBCT target struc-
tures were contoured manually, and these target struc-
tures were taken to represent the “true” tumor volume
in the treatment outcome calculation. Alternatively,
automatic target volume segmentation based on the
CT images could be employed to standardize the tar-
get volume definitions [19]. Furthermore, as the fully
adaptive strategy depends on replanning several times
during treatment, steps must be taken to ensure that
each treatment plan is of optimal quality.

Dose escalation, in terms of a simultaneous inte-
grated boost, was explored in the current study, and
the GTV derived from CE-CBCT was tentatively
given 15% higher dose than the PTV, as a higher
clonogen density is expected in the GTV. Parameters
from dynamic analysis of CT images have been
shown to correlate to tumor microenvironmental fac-
tors that may influence the response to radiotherapy
[20]. However, the increased scan time in CBCT
imaging precludes the use of dynamic analysis
for this modality. Hence, if dose escalation is to be
performed based on CE-CBCT imaging, dose esca-
lation factors must be chosen ad hoc, and further
work is needed to characterize the relationship
between CT contrast enhancement and treatment
response [21].

Most studies on biological image-guided treat-
ment planning have focused on positron emission
tomography (PET) or magnetic resonance (MR)
imaging [22]. Both these imaging modalities are
expected to offer increased tumor biological infor-
mation over CE-CBCT. However, disadvantages
with PET or MR images are that they are acquired
outside the treatment room and that frequent imag-
ing during the course of treatment is not feasible.
Moreover, a high positioning accuracy may be neces-
sary to retain the advantage of biological-image
guided dose escalation using these modalities [23].
In this case, CE-CBCT could play a role in the daily
localization of the target volume. However, validation
of CE-CBCT target structures against other tumor
imaging modalities and pathological specimens are
needed and such validation is the subject of our cur-
rent research.

Conclusions

Treatment adaptation, both in the form of replan-
ning and patient repositioning, based on contrast-
enhanced cone beam CT images is feasible and may
lead to improved treatment outcome. However, further
work is needed to describe the patient sub-population



expected to benefit from this form of treatment adap-
tation and to define optimal imaging schedules and
adaptation strategies.
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