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Purpose: To implement a 3D dose verification procedure, based on in-room cone-beam CT imaging and
portal dosimetry, for lung cancer patients treated with stereotactic body radiotherapy (SBRT).

Materials and methods: MV cone-beam CT scans were made for patient positioning and calibrated for dose
calculation purposes. Prior to treatment, the treatment fields were captured using a calibrated electronic
portal imaging device (EPID). A Monte Carlo dose reconstruction model was used to estimate the 3D dose
delivered to the patient inside the cone-beam CT images. The planned and delivered dose distributions
were compared for 4 patients and 10 treatment fractions using dose-volume histograms and gamma

Keywords:
Dose reconstruction

Treatment verification analysis. . X L
Cone-beam imaging Results: The gamma analysis showed a good agreement between the planned and delivered dose distri-
SBRT butions for patients without changes in anatomy. The delivered mean dose per fraction inside the target

volume deviated on average 1.1 + 1.4% from the planned dose. For the critical organs, only minor differ-
ences were observed between the reconstructed and planned dose.

Conclusions: A method was presented that allows verification of the dose delivered in 3D for lung cancer
patients treated with SBRT. The procedure is independent of the treatment planning system and uses in-
room MV cone-beam CT imaging and portal dosimetry.

Non-small cell lung cancer
Dose verification
Lung cancer
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Accurate dose delivery is crucial for a successful radiotherapy
treatment. Stereotactic body radiotherapy (SBRT) is a frequently
used treatment for stage I/Il non-small cell lung cancer patients
with a peripheral primary tumour inside the lung and no nodal
involvement. The treatment is hypo-fractionated in typically 3-8
delivery sessions with high dose levels to small regions. Therefore
geometrical and dosimetrical precision must be high. Due to
breathing motion, small target volumes, steep dose gradients and
inhomogeneous densities in the thoracic region, accurate treat-
ment delivery is not always guaranteed [1,2]. Hence, dose delivery
verification is a prerequisite to assure correct treatment planning
and delivery for these patients.

Over the past years multiple solutions have been presented for
image-guided radiotherapy (IGRT) to improve patient set-up [3,4].
For dosimetric verification, electronic portal imaging devices
(EPIDs) are used more and more to verify the dose delivery prior
and during (in vivo) treatment [5-9].
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A combination of the IGRT procedures and the dosimetry mea-
surements will yield a more comprehensive verification than both
approaches separately. Therefore we developed a method that is
able to reconstruct the dose delivered to the patient based on IGRT
procedures and dose measurements. The actual delivered energy
fluence of the treatment machine is measured using the portal im-
ager prior to treatment as part of a separate patient-specific QA
program [10]. At the time of treatment the patient anatomy is im-
aged with the current in-room capabilities. We have used MV
cone-beam CT (MVCBCT) imaging currently available on our treat-
ment machine. The delivered dose in the patient anatomy is then
reconstructed in this MVCBCT scan using a Monte Carlo code that
uses the delivered energy fluence as input. All steps are totally
independent of the treatment planning system and this procedure
provides 3D dose verification in the patient anatomy during a
treatment fraction.

The aim of this study was to develop this method and show that
it is feasible for stereotactically irradiated non-small cell lung can-
cer patients. This method could be used in a clinical routine session
without additional measurements or treatment and patient time
which is a requirement in high-throughput radiotherapy depart-
ments. The method is suitable as a tool for in vivo QA. In addition,
with this method the delivered 3D dose distribution is calculated,
which is a prerequisite for dose-guided plan adaptation and adap-
tive radiotherapy (ART).


http://dx.doi.org/10.1016/j.radonc.2009.12.024
mailto:wouter.vanelmpt@maastro.nl
http://www.sciencedirect.com/science/journal/01678140
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Materials and methods

Patient characteristics and planning strategy

For this study we retrospectively selected at random four non-
small cell lung cancer patients treated in our clinic with SBRT be-
tween 2008 and 2009. The available cone-beam CT scans for these
patients were retrieved from our database, but not for every frac-
tion the cone-beam CT scans could be used because raw projection
data were not available anymore. Treatment plans were created
with our clinically used treatment planning system (XiO 4.3.4,
CMS, St. Louis, USA) using the advanced superposition algorithm
with inhomogeneity corrections applied on a grid size of
3 x 3 x 3 mm?>. This type of dose calculations algorithm is suitable
for calculating dose distributions for small fields and in regions
with density gradients [1].

For these patients a 4D CT scan was acquired and the mid-ven-
tilation phase was used for delineation and treatment planning.
The amplitude of tumour motion is derived from the 4D CT scan
and incorporated as a patient-specific margin in the internal target
volume (ITV). The clinical tumour volume (CTV) was equal to the
gross tumour volume (GTV) and the ITV to planning target volume
(PTV) margin was fixed at 3 mm.

The treatment plan typically consists of 8 treatment fields and
was based on the ROSEL study criteria [11]. This study allows for
3 fractionation schedules: 3 x 18 Gy, 5 x 12 Gy and 8 x 7.5 Gy
depending on tumour size and location. Energies of both 6 and
10 MV photons were allowed and wedges were applied if neces-
sary. The main planning objectives and constraints from the ROSEL
study are that at least 95% of the PTV must receive the prescribed
dose. An underdosage of 10% to at maximum 1% of the PTV is al-
lowed. The maximum PTV dose preferentially must be between
110% and 140% and the volume of both lungs, excluding the GTV,
that receives more than 20 Gy (V) should be limited to 15%.

Workflow

The 3D dose reconstruction procedure needs three components:
(1) the patient anatomy, (2) the delivered energy fluence of the lin-
ear accelerator and (3) a dose calculation algorithm that calculates
the delivered dose in the patient anatomy. These components will
be described in the following sections.

Cone-beam image acquisition

Prior to treatment delivery, an image-guided radiotherapy pro-
cedure for patient set-up verification is performed. A mega-voltage
cone-beam CT image is acquired (MVision, Siemens OCS, Concord,
USA) using the standard clinical image acquisition settings and a
total of 7 or 13 monitor units. The reconstructed images have a
field-of-view of 27 x 27 x 27 cm?® at a voxel size of 1 x1 x 1
mm?°. The cone-beam CT scan is registered to the mid-ventilation
phase of the 4D planning CT scan using a rigid registration applying
only translations (rotations are ignored because our treatment
couch does not support all rotational degrees of freedom). The pa-
tients presented in this study were treated during the implementa-
tion phase of the IGRT procedure based on cone-beam CT imaging.
Hence, we still performed a correction strategy based on conven-
tional 2D portal imaging.

To use the cone-beam CT scan for dose calculation purposes, the
pixel values of the CT scan should be converted to Hounsfield Units
and subsequently to electron density values. Calibration methods
for head-and-neck cancer patients where the FOV of the cone-
beam is large enough to capture the entire patient anatomy are al-
ready available [12,13]. For thoracic and abdominal treatment sites
the FOV is generally too small and two options are available. One is

increasing the FOV by using a lateral shift of the detector and
acquiring a cone-beam over a 360 degree arc. This is not (yet) pos-
sible using our equipment. The second option is to use the planning
CT scan to add the missing information and create a so-called cone-
beam+ image where the missing parts are added [14]. The correc-
tion of such a cone-beam+ dataset and the conversion to electron
density requires specific corrections such as cupping corrections
and a removal of the truncation artefacts caused by the limited
field-of-view. The specific correction strategies and method we
used are described elsewhere [15]. The cone-beam+ dataset is then
used for dose calculation in the 3D dose reconstruction procedure.

Dose delivery measurement and 3D dose reconstruction

A patient-specific QA and in vivo dosimetry program using EPID
dosimetry is applied for all our patients treated with a curative in-
tent. In our QA program, a dummy run of the actual treatment
fields is delivered and the energy fluence of all treatment fields is
measured using calibrated EPIDs [10]. This measurement is com-
pared to an expected portal dose image and differences are quan-
tified using the gamma evaluation. For this pre-treatment
verification, more than 90% of the pixels in the image should have
a gamma value smaller than 1. The criteria of the gamma evalua-
tion are a dose difference smaller than 3% or a distance-to-agree-
ment smaller than 3 mm.

The proposed 3D dose reconstruction procedure uses the mea-
sured energy fluence of the treatment beams as the input for a
Monte Carlo based dose calculation. From the measured energy
fluence a phase-space is derived which is used as the starting point
for the dose calculation. The specifics and details of this method
are described elsewhere [16-18].

Comparison of planned and delivered dose distributions

Comparison of dose distributions was made in two ways: dose
distribution-based comparison and structure-based comparison.
For the dose distribution-based comparison the planned and
reconstructed dose distributions are quantitatively compared
without considering the underlying organs. In this study, the
three orthogonal dose planes (sagittal, coronal, and transversal)
through the isocenter were compared. The isocenter coincided
with the centre of the GTV for all patients. The planning and
cone-beam+ CT scans were rigidly registered and for the corre-
sponding dose planes a 2D gamma analysis was performed. A
distance-to-agreement of 3 mm and a dose criterion of 3% of
the maximum dose were used. For the structure based compari-
son the PTV was copied from the planning CT scan to the cone-
beam+ CT scan. The critical organs and GTV were redelineated
on the cone-beam+ scans. Dose-volume histograms (DVHs) of
the planned and reconstructed dose distributions were calculated
and compared.

Results

An overview of the patient and tumour characteristics of the analysed
patients is shown in Table 1

Cone-beam scans of patient 1 were acquired for four fractions.
Fig. 1 shows a good agreement between the planned and recon-
structed dose for each fraction on a transversal slice to the centre
of the GTV. This is confirmed by the gamma image that only shows
some minor deviations near the skin of the patient. The gamma
statistics within the 20%, 50% and 80% iso-dose contours are pre-
sented in Table 2 and indicate a good agreement between the
planned and reconstructed dose distributions. The GTVs were
delineated in each cone-beam+and the DVHs were calculated
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Planning CT scan
with planned 3D dose
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MVCBCT+ scan with
reconstructed 3D dose

Fraction 4

Fraction 8 — PV
GTV

Gamma image (3%/3mm)
reconstructed vs. planned 3D dose

Fraction 1

Fraction 2
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Fig. 1. For patient 1, the planning CT scan with planned dose distribution (left), cone-beam CT scan with the reconstructed dose distribution (middle) and the gamma

evaluation (right, 3%/3 mm criteria) are shown.

Table 1

Patient characteristics.
Patient No. 1 2 3 4
Age 66 72 87 62
Sex M M M M
Stage T1NOMO T2NOMO T1NOMO T2NOMO
Location Left upper lobe Left lower lobe Left lower lobe Right upper lobe
Volume GTV (cm?) 13.4 24.5 6.8 11.4
Volume PTV (cm?) 99 155 90 99
Fractionation schedule 8 x 7.5 Gy 3 x 18 Gy 8 x 7.5 Gy 8 x 7.5 Gy
Number of beams 11 (10 MV) 9 (6 and 10 MV) 8 (10 MV) 10 (10 MV)
Imaging data available of fraction 1,2,4and 8 1,2 and 3 4 and 5 2
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Table 2
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The percentage of pixels with a gamma value smaller than 1 evaluated within the 20%, 50% and 80% iso-dose contours on the transversal, coronal and sagittal planes through the

centre of the GTV.

% Iso-dose Transversal plane

Coronal plane Sagittal plane

20% 50% 80% 20% 50% 80% 20% 50% 80%
Patient 1 Fraction 1 96 100 100 97 98 96 94 94 91
Fraction 2 96 100 100 96 96 91 91 90 85
Fraction 4 96 100 100 98 100 100 94 96 94
Fraction 8 96 100 100 96 96 92 91 89 84
Patient 2 Fraction 1 95 97 99 96 93 94 90 92 86
Fraction 2 97 95 94 100 100 99 95 91 88
Fraction 3 97 95 95 95 92 87 92 85 78
Patient 3 Fraction 3 95 95 88 85 78 69 92 83 65
Fraction 4 94 89 73 86 80 70 91 82 63
Patient 4 Fraction 2 98 100 99 99 97 97 94 92 88
Average * 1SD 961 97+4 959 955 93+8 89+11 932 905 8211
Patient 1 (fractions 1, 2, 4 and 8) Patient 2 (fractions 1, 2 and 3)
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Fig. 2. Dose-volume histograms of patients 1 and 2 of the planned and reconstructed dose distributions. The arrows indicate planning objectives for the lungs and PTV.

(Fig. 2). The maximum deviation from the planned mean GTV dose
was only 0.4%. For the planned dose distribution, less than 95% of
the PTV received the prescribed dose, but this was accepted. How-
ever, the coverage of the PTV by the reconstructed dose distribu-
tion was higher and did fulfil the planning constraint. Both the
planned and reconstructed dose distribution yielded a minimum
dose to the PTV that was larger than 90% of the prescribed dose.
The V54 of the lungs was on average 14.1 £ 0.2% compared to the
planned Vyg of 12.9%, but well below the allowed 15%. The heart,
spinal cord and trachea were comparable to the planned values
and well below the maximum tolerated values (Table 3).

Patient 2 was treated with 3 fractions of 18 Gy and for each
fraction a cone-beam CT scan was acquired. Comparison of the
planned and reconstructed dose distribution yielded more than
90% of the pixels with gamma <1 within the 20% iso-dose contours
in the three orthogonal slices. The reconstructed dose to the PTV
was also lower and the PTV volume receiving the prescribed dose
decreased from 97% to 87% compared to the planned dose, thereby
violating the planning dose constraint (see Fig. 2 and Table 3).
However, the DVH of the GTV revealed only a small underdosage
of on average 1.3%. The V,o decreased from 9.8% to 9.1 £0.5%,
which was well within the acceptable range.

For patient 3, cone-beam scans were available of the third and
fourth fraction. The gamma analysis indicated a good agreement
between the planned and reconstructed dose distributions within
the 20% and 50% iso-dose contours. Within the 80% iso-dose con-
tours the agreement was worse. This was mainly due to a base-line

shift of the tumour compared to the 50% exhale phase of the 4D CT,
which was used for planning (Fig. 3). Especially at the fourth frac-
tion the position of the GTV deviated considerably from the plan-
ning CT. It moved towards the edges of the high dose region,
which lead to an underdosage of 1.5% in mean GTV dose compared
to the third fraction. Irrespective of these deviations, the recon-
structed dose distributions were well within the tolerated limits
used for treatment planning. Normal tissue values are shown in
Table 3.

Patient 4 was treated with 8 x 7.5 Gy and only the cone-beam
acquired at the second fraction could be retrieved from the data-
base. The planned and reconstructed dose distributions agreed
within the 20% iso-dose contour for more than 94% of the pixels.
The reconstructed mean GTV dose was 1.3% lower than planned
but a larger part of the PTV was treated with more than the pre-
scription dose of 7.5 Gy per fraction. Both the planned and recon-
structed Voo were larger than was allowed by the planning
guidelines, but the difference was only 0.6%.

Discussion

Treatment verification using 3D dose reconstruction based on
information acquired in the treatment room is feasible and pro-
vides an independent verification of the treatment of stereotactic
irradiated non-small cell lung cancer patients. We have analyzed
four patient cases and ten treatment fractions and have shown that
the delivered mean GTV dose corresponded within 1.1 + 1.4% from



Table 3
Comparison between the planned dose-volume histogram (DVH) parameters and the 3D reconstructed DVH parameters for the GTV, PTV, lungs, heart, trachea and spinal cord. The dose and planning dose constraints are reported per
fraction.

Planning dose objectives GTV PTV Lung (GTV excluded)  Heart Trachea Spinal cord
Volume (cm?) Mean dose Minimum dose Dimax (% of Vioo% of Vox of Vao (%) Maximum dose Maximum dose Maximum
(Gy (% deviation)) (Gy (% dEViation)) Dprescribed) prescribed dose prescribed dose to 1ml (Gy) to 1ml (Gy) dose (Gy)
(%) (%)
>110% >95% >99% <15% 3 fractions: 3 fractions: 3 fractions
and <140% 8.7 Gy 10.7 Gy 7.3 Gy
8 fractions: 8 fractions: 8 fractions:
5.8 Gy 8.2 Gy 4.0 Gy
Patient 1 Planned 12.2 8.1 7.8 111 83 100 129 1.8 1.3 0.5
(8 fractions)  Fraction 1 119 8.2 (0.4) 7.8 (0.2) 113 88 100 14.2 1.9 1.3 0.5
Fraction 2 135 8.2 (0.4) 7.7 (-0.8) 114 93 100 139 1.9 1.4 0.5
Fraction 4 12.5 8.2 (0.3) 7.8 (0.0) 114 90 100 141 2.0 13 0.5
Fraction 8 11.8 8.2 (0.2) 7.7 (-1.2) 114 94 100 143 1.9 1.3 0.5
Average+1SD 124 +0.8 8.2+0.0 7.8+0.1 114+ 0.5 91.0+2.7 1000 14.1+02 1.9+£0.1 1.3+0.1 0.5+0.0
Patient 2 Planned 24.5 20.5 19.7 117 97 100 9.7 4.7 0.4 29
(3 fractions)  Fraction 1 30.0 20.3 (-1.0) 18.8 (—4.8) 118 91 100 9.0 5.0 0.3 29
Fraction 2 29.5 20.2 (-1.4) 18.2 (-7.8) 117 91 100 8.6 5.0 0.2 2.8
Fraction 3 24.6 20.2 (-1.5) 18.2 (-7.6) 117 88 99 9.6 5.1 0.3 2.7
Average+1SD  28.0+3.0 20.2+0.1 18.4+0.3 117+ 0.5 89.6+1.8 99.5+0.3 9.1+0.5 5.0+0.0 0.2+0.0 2.8+0.1
Patient 3 Planned 6.8 8.7 8.3 117 100 100 8.3 5.7 0.2 04
(8 fractions)  Fraction 3 6.8 8.9 (3.0) 8.6 (2.8) 123 100 100 8.5 5.8 0.2 0.3
Fraction 4 5.4 8.8 (1.5) 8.2 (-22) 124 100 100 9.7 5.5 0.2 0.3
Average+1SD  6.1+1.0 8.8+0.1 84+03 123+0.9 100+ 0 100+ 0 9.1+£038 56+02 02+0.0 03+£0.0
Patient 4 Planned 11.6 8.0 7.8 109 86 100 18.6 1.0 3.0 2.7

(8 fractions)  Fraction 2 11.7 79 (-1.3) 7.5 (-3.5) 112 93 100 19.2 1.0 2.6 2.5

61
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Fraction 3

Original GTV
== ——— GTV fraction 3

Fraction 4

Original GTV
= —— GTV fraction 4

Fig. 3. Cone-beam CT+ scan of patient 3 during the third (left) and fourth (right) fraction with the corresponding reconstructed dose distribution. Clearly visible is a
displacement of the GTV in fraction 4 compared to the delineation of the GTV in the planning CT scan. However, the GTV still remains inside the high dose region.

the planned dose. The difference in V5o was 0.3 + 0.1%. For patients
1, 2 and 4, the gamma analyses yielded good agreement between
the planned and reconstructed dose distributions. This was ex-
pected, because for these patients only small changes in anatomy
were observed compared to the planning CT scan. For patient 3 a
shift of the tumour in the posterior-anterior direction was ob-
served leading to a dose difference and deviations in tumour dose.

The use of information acquired during or prior to a treatment
session has multiple advantages for dose verification compared
to using information derived during the planning phase.

First, the patient anatomy at the day of treatment is imaged
with an in-room image-guided radiotherapy technique; in our
study MV cone-beam CT imaging. The acquisition of the (4D) treat-
ment planning CT scan is typically several days or weeks prior to
the first fraction. Changes in patient anatomy may occur in this
period. These possible changes are visible in the cone-beam CT
scan acquired for the IGRT procedure used for patient set-up. An
example is presented in Fig. 3. We used a 3D imaging technique
currently available at our institution. With 4D (cone-beam) imag-
ing the accuracy might even be improved and a comprehensive
analysis, not only of the anatomy (volumetric) changes, but also
of possible changes in breathing frequency or amplitude might
be investigated [19].

Second, we implemented an independent dose calculation algo-
rithm based on Monte Carlo calculations. These simulations, if
implemented correctly, have in principle the highest accuracy cur-
rently available. Especially for the thorax, dose calculation algo-
rithms that take into account density inhomogeneities are
preferred and necessary for accurate and reliable dose calculations
[1,2]. Using inappropriate simple pencil beam algorithms are not
sufficient for these treatment sites. When using such algorithms
large differences are expected between the reconstructed and
planned dose distribution which is then the main source of dis-
crepancy. Using the currently available advanced dose calculation
algorithms these differences are minimized [1].

Third, the treatment machine output may differ from the
planned delivery by the treatment planning system. A simplified
implementation of the treatment machine, for example the mul-
ti-leaf collimator, may lead to differences in the delivered and
planned dose distribution. Such differences will also show up
with the dose reconstruction procedure. Because the energy flu-
ence, delivered by the linear accelerator and measured with the
EPID, is used as input for dose reconstruction, possible differ-
ences between the planned and delivered fluence are taken into

account. Both the absolute output and the relative energy fluence
for wedges or intensity-modulated beams are measured and
used for the dose reconstruction. The presented method is not
limited to SBRT treatments of lung cancer patients but can be
used for every treatment schedule or treatment site. The pro-
posed method does not necessarily mean that a pre-treatment
QA procedure might become obsolete. Especially for hypo-frac-
tionated treatments, a QA procedure might reveal errors in
accurate treatment plan delivery before the first irradiation is
performed.

This method differs from previous described methods in the lit-
erature. The actual imaging anatomy is used for the dose calcula-
tion [16,20]. Previous studies also showed the use of the transit
or exit dose in combination with in-room imaging data [6,21]. An
advantage of transit dosimetry compared to the use of the pre-
treatment energy fluence is that day-to-day variations in linac out-
put and potential small leaf positioning differences are taken into
account. Because these variations are generally within 1% or less
than 1 mm, respectively, no large deviations are expected if the
treatment machine behaves within tolerance. For stereotactic lung
cancer treatments often couch rotations are used to reduce the vol-
ume on healthy lung reaching the normal tissue constraints. Couch
rotations may hamper the acquisition of the transit EPID dose
images due to collisions of the couch and EPID. In that case transit
dosimetry is not possible. Using pre-treatment energy fluence is
then the best option.

Several strategies can be used to compare the delivered and
planned dose distribution. A direct comparison of the planned
the reconstructed dose distribution could be performed by (rigidly)
registering the planning CT scan with the repeated CT scan. This
method can be automated and provides fast feedback about possi-
ble changes between the planned and delivered dose distribution.
It can be used without redelineating organs on the cone-beam CT
scans. The disadvantage is that the relevance of observed differ-
ences, in terms of the dose to the target or healthy structures, is
not known. For that purpose a structure-based comparison is
needed where the dose delivered to a specific organ or target is
compared with the planned dose. This method requires redelinea-
tion of the structures and is therefore more time consuming, but it
gives a better insight and provides the information needed for plan
adaptation and adaptive radiotherapy. Although atlas-based delin-
eations may reduce the amount of normal structures that need to
be delineated, at present automatic delineation of the target vol-
ume is not available.
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The next step of 3D dose verification is to add up the dose distri-
butions of the various fractions. For this purpose deformable regis-
tration algorithms are needed. These algorithms are currently
becoming available and are being validated [22,23]. However it is
still not clear how to incorporate disappearing voxels (e.g. a shrink-
ing tumour). Moreover, accurate calculation of the deformation
inside homogeneous regions without density information is chal-
lenging. These techniques will be used in the future to determine
the actual dose delivered to every voxel. This is needed to study
recurrence and treatment response of the tumour [24], but also for
estimating the dose in the normal tissues. Information about the
variation in dose in each voxel for a specific treatment is valuable in-
put for uncertainty based planning strategies [25]. The procedure
and results presented in this work provide the input for these dose
accumulation algorithms to determine the cumulative dose deliv-
ered to a patient during the entire course of treatment.

Conclusion

A 3D dose reconstruction procedure was developed for lung
cancer patients treated with SBRT using an independent Monte
Carlo based 3D dose calculation. The 3D dose distribution is deter-
mined inside the patient anatomy at the day of treatment using in-
room MV cone-beam CT based on the actual delivered fields by the
linear accelerator as measured prior to treatment using an EPID.
Treatment verification for SBRT of lung cancer patients is feasible
and provides information about the dose delivered in 3D.
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