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ABSTRACT

Purpose: To investigate the clinical usage of dose verification of Helical Tomotherapy plans by using 2D-array ion
chambers, and to develop an efficient way to validate the dose delivered for the patients during treatments. Materials
and Methods: A pixel-segmented ionisation chamber device, IMRT MatriXX™ and Multicube™ phantom from IBA
were used on ten selected Tomotherapy IMRT/IGRT head and neck plans in this study. The combined phantom was set
up to measure the dose distribution from coronal and sagittal planes. The setup of phantom was guided for verifying the
correction position by pre-treatment Tomotherapy MVCT images. After the irradiation, the measured dose distributions
of coronal and sagittal planes were compared with those from calculation by the planning system for cross verification.
The results were evaluated by the absolute and relative doses as well as Gamma (y) function. The feasibility of the
different measuring methods was studied for this rotational treatment technique. Results: The dose distributions
measured by the MatriXX 2D array were in good agreements with plans calculated by Tomotherapy planning system.
The discrepancy between the measured dose and predicted dose in the selected points was within +3%. In the
comparison of the pixel-segmented ionisation chamber versus treatment planning system using the 3 mm/3% y-function
criteria, the mean passing rates of 2 mm dose grid with y-parameter <1 were 97.37% and 96.91%, in two orthogonal
planes (coronal and sagittal directions), respectively. Conclusion: MatriXX with Multicube is a new system created for
rotational delivery quality assurance (QA) and found to be reliable to measure both absolute dose and relative dose
distributions, simultaneously. It achieves the goal of an efficient and accurate dosimetry validation method of the helical
delivery pattern for the Helical Tomotherapy IMRT planning. © 2010 Biomedical Imaging and Intervention Journal. All
rights reserved.
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few years, forms of Helical Tomotherapy and advanced
Intensity Modulated Arc Therapy (IMAT) have been
evolving into new kinds of rotating radiation treatment
techniques after step-and-shoot and sliding window
IMRT deliveries. With the improvement of the beam
entry angles and modulation parameters, it is obvious
that rotational therapy will become an important delivery
methodology in modern radiation oncology departments
for better dose conformality and critical organ sparing.
One of the important characteristics of rotating radiation
is its dynamic nature and dosimetry variability in
radiation delivery. Therefore, this is a great challenge for
clinical physicists currently seeking tools to achieve
quality assurance (QA) goals of this dynamic treatment
planning and its associated delivery issues.

Radiochromic film has been proven as a viable tool
for quantitative 2D dosimetry for conventional and
IMRT modalities for quite some time [1-13]. The
greatest advantage of film dosimetry is its fine spatial
resolution. However, film dosimetry is somewhat
influenced by the limiting factors which are time-
consuming, uncertainties of developing-chemicals, and
tedious analysing process. Pre-treatment patient plan
verification is a part of standard procedures for IMRT
treatment. No adequate solution has been available for
the new dynamic techniques such as IMAT and
Tomotherapy. Point-measurement with ionisation
chambers is usually insufficient and film dosimetry
requires a lot of work if clinical physicists try to achieve
excellent agreements. Vendors who have provided the
2D array detectors are all engaged in the new
development for the verification of rotational dosimetry.
Sun Nuclear has produced the MapPHAN™ along with
its MapCHECK™ diode array to serve this purpose in
acquiring the dose verification. Initial results are
promising from multiple-angle testing. However, for
lateral-entry beam angles, the phantom material buildup
with detector location creates certain levels of dosimetric
uncertainties. If a proper phantom material calibration is
applied, then the dosimetry data are quite comparable to
the EBT film dosimetry provided by International
Specialty Products (Wayne, NJ, U.S.A.). With the new
design specification, the rotational-treatment delivery
verification using a 2D matrix detector to acquire
rotational dosimetry data was described in detail [14].
PTW has also introduced the OCTAVIUS™ phantom for
the QA of rotational treatment, along with their 2D-array
ion chamber matrix which is currently being used in the
planar dose analysis. They also claimed that the signal
acquired is independent of the beam angles [15]. A novel
3D device Delta-4 (ScandiDos, Uppsaka, Sweden) has
also been reported in acquiring the 3D dose maps for
IMRT treatments, which claimed to be useful in the
rotational dosimetry measurements.

Herzen J et al. reported that the response of a
MatriXX QA device is linear with dose and energy
independent. The authors concluded that the detector is a
suitable device for QA and 2D dose verifications for
IMRT QA [16]. The same QA device has also been
investigated for proton therapy QA by the group from
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MD Anderson Cancer Center [17]. Their MatriXX
measurement results on different energies of proton
therapy beams were with the accuracy comparable to
those of ion chamber measurements and film dosimetry.
More recently, Li JG et al. compared the two
commercially available detector arrays (MapCHECK™
and MatriXX) for their use in the QA of patient-specific
IMRT treatment plans [18]. Both detectors showed
negligible errors (< 1%) when measuring doses of more
than ~8 cGy, but exhibited errors of ~3% when
measuring doses on the order of 1 cGy. The authors
obtained excellent passing rates for both detector arrays
when compared with the planar dose distributions from
the treatment planning system for three 6 MV IMRT
fields and three 18 MV IMRT fields. For the verification
of rotational delivery, such as Tomotherapy or
volumetric modulated arc therapy, the MapPHAN™ was
developed for new or existing MapCHECK users.

In this article, the authors utilised the newest
development, MatriXX phantom with the 2D ion
chamber arrays, from IBA (Louvain-la-Neuve, Belgium)
to evaluate the most difficult head and neck treatment
cases at the authors' center. The methodology mentioned
in this article was different from the conventional QA
verification procedure which only achieved the fixed
beam entry angle of LINAC with planar dose distribution
[19]. This particular verification system is created to
assess 2D array suitability for rotational dosimetry. This
QA study was performed for ten-patient plans from
Helical Tomotherapy, with proper buildup and geometry
for side scattered compensation. This 2D MatriXX
device then transformed into a pseudo 3D tool for
various plan verification in order to conquer the complex
helical nature of radiation delivery.

MATERIALS AND METHODS

This QA phantom composed of MatriXX and
Multicube was positioned on the treatment couch,
verified with isocenter alignment tool provided by
Tomotherapy planning and the laser systems. The
irradiation source used for verification process is a single
energy photon beam of 6 MV on a linear waveguide.
MatriXX device consists of 1020 (32x32) vented pixel
ion chambers. Each chamber occupies 0.08 cm® volume
and holds the resolution of 7.62 mm. If multiple readings
are generated, then 1 mm resolution with interpolation is
applicable. Measurement dose rate ranges from 0.1 to
20 Gy/min with the dose resolution of 0.5 mGy/min. All
verification plans in this study were created for this
phantom on Tomotherapy planning station, with version
2.2.4. Measurement software provided by IBA dosimetry
is OmniPro-IMRT version 1.6.

Acquisition of the phantom images for verification

The pixel ionisation chamber MatriXX was inserted
into the Multicube phantom in order to form a complete
assembly with a proper buildup, similar to the setup
layout for dose verification picture on the couch of
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Figure1 Pictures of IMRT MatriXX 2-D Array and Multicube phantom clinical setting used to measure the
Tomotherapy IMRT plan from two orthogonal orientations — (a) coronal, and (b) sagittal — respectively.

Tomotherapy system as shown in Figures 1a and 1b. The
assembly images for coronal and sagittal orientations of
the combined phantom were previously scanned by a
Philips Brilliance Big Bore CT simulator (Philips
Medical Systems) and stored as a phantom data set. A
2 mm slice thickness was used to guarantee the precision
of 2D dose distribution calculated by Tomotherapy
planning system, and also to maintain the exported
intensity map iso-tropically for alignment purpose. The
suitable locations to place the three fiducial marks were
the pre-designed crosshairs on the MatriXX’s enclosures.
This helps easily identify the center of the device on the
phantom images acquired by the CT scanner. While
generating the CT DICOM data set, the user has to make
sure the phantom images are named accordingly for
proper patient-specific identification. After the proper
configuration and entry of basic information, images of
combined phantom along coronal and sagittal
orientations were then imported into Tomotherapy
planning station for calculation of all patients in this
study.

Dose Verification

Tomotherapy Delivery QA (DQA) setup

First, after importing the pre-scanned CT images of
the combined phantom for the corresponding setup, the
image value-to-density table (IVDT) for the dose
converting parameters is imported simultaneously for
dose calculation. Secondly, the CT couch was removed
from the phantom images and was replaced by the
Tomotherapy delivery couch so that the different
geometry effect of the couch was accurately modeled
during the dose calculation process. According to the
patient image volume, register the phantom images and
save the laser positions to the DQA plan for setup
correlation. Isocenter location is then properly
determined. At the end, the dose distribution was

calculated for the phantom image volume for each
specific patient based on the final calculated and
deliverable plan. The dose intent of the phantom
planning should be identical as the prescribed dose to the
patient per fraction from the final approved plan.

Systematic measurement preparation

Warm-up time of MatriXX 2D-Array ion chamber
usually takes at least 15 minutes, as it is required before
true delivery starts. Similar to other 2D-Array ion
chamber devices available for clinical usage, a total dose
of 100 cGy was pre-irradiated on the MatriXX array in
order to eliminate noises and to keep the uniform dose
response characteristic with better signal-to-noise range.
This pre-irradiation procedure of IBA MatriXX array
specially created for Tomotherapy system was
automatically moving the couch longitudinally into the
bore while maintaining 5x40 cm MLC opening at the
static position at 0 degree. This method will keep the
2D-Array ion chamber irradiated uniformly with
minimum noise differentiation of the delivery dose
responses. For the absolute dose calibration, there are
two possible ways to perform this task. A typical
calibration field was delivered at the dmax point to cross
calibrate the central ion chamber, which represents
1 ¢cGy/MU with the C-arm LINAC. This method can be
performed with a conventional LINAC on site and cross
comparison has to be executed in measuring the
Tomotherapy calibrated dose. Another method is to use
the Tomotherapy static QA procedures to deliver known
doses to the associated ion chamber locations, thus
obtaining the corresponding calibration factors to the
specific ion chamber (at least the center ion chamber
needs to be cross checked).

According to the experiments performed by Tim
Holmes, Ph.D. [20], the directional dependence of this
MatriXX system is quite acceptable for rotational
delivery. The 1020 ion chambers are configured in a way
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that very little high Z metal is present in the radiation
field and the calculation is very accurate
(convolution/superposition dose model). Rotational
delivery can tolerate relatively larger errors over small
angles. With 51 beam entries, even a single lateral beam
contributes 10% dose error, which will only translate into
0.2% total dose error. Geometrical blurring is also
inherited in the rotational delivery, hence errors
occurring over small distances are blurring out. An
anterior avoidance plan has been delivered to verify the
lateral beam angle dependence by Tomotherapy and
MatriXX - results indicated that the passing rate of a
lateral beam entrance plan is 93.54%, which has proven
this device has minimum lateral beam entrance effect in
Tomotherapy delivery. (Figure 3)

Verification measurement for Tomotherapy IMRT
plan

The phantom plans for ten randomly selected
patients with the coronal and sagittal directions were
designed and saved into the data server for validation.
These selected patients are all Nasopharyngeal
Carcinoma (NPC) patients with patient 9 and 10 being
the most challenging cases with a sharp dose gradient
through the cord, brainstem and parotid glands while the
tumor location is critically located in between. The
reason for selecting head and neck cases is because such
cases consist of the best testing modality for the rigidity
of MatriXX for QA. Also, head and neck cancers are
often very difficult to deal with. Another reason is that
head and neck cases are the most common cancers in the
authors’ areas which need IMRT treatments, and also
present a tough choice for QA methodology. Before the
delivery of the DQA plans, the set-up positioning as well
as the laser alignment configuration are demonstrated as
Figures la and 1b. Set-up accuracy of combined
phantom location was corrected and confirmed by using
planning CT/MVCT registration process, which is a
standard procedure at the Tomotherapy operational
console. During the pre-treatment IGRT process,
Multicube and BBs are the areas that need to be covered
by the MVCT scan, typically we use fine scan for the
alignment purposes. If the laser and couch sag are
properly managed, then the manual shift is not necessary
because the auto-registration of Tomotherapy program
functions well with MVCT images of MatriXX and its
associated CT scans. After finishing the MVCT image
registration, MatriXX within the combined phantom was
irradiated according to verification plans generated from
each selected patient in Tomotherapy planning console.

Data analysis and processing after image and dose
acquisition

Two methods were implemented separately in order
to analyze and compare the measurement data after
Tomotherapy delivery. The dose distributions measured
by the 2D-Array ion chamber were compared with those
calculated by Tomotherapy DQA plans using vendor
provided software tools.
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OmniPro-IMRT analysis software (from IBA)

After data is exported from the Tomotherapy
planning station, the intensity map file of dose
calculation results was imported into OmniPro-IMRT
software and co-registered with the measured dose
intensity map. The proper file to send from Tomotherapy
for export into OmniPro-IMRT software is the Text
DQA Header and Image Files. These are files created by
Tomotherapy for export. Those two files usually can be
transferred via network or even a simple USB drive to
the MatriXX computer with installed analysis program.
After completion of file transfers, these two files were
compared by using 2 mm and 1 mm calculation grid
points. 3 mm/3% DTA and absolute dosimetry errors, as
Gamma (y) criteria [21, 22] are also used for evaluating
the dose distribution on both the coronal and sagittal
directional planes. The results of the quantitative and
qualitative analysis were compared simultaneously for
the specific phantom setup.

Tomotherapy DQA software (from Tomotherapy)

Tomotherapy planning tool also provides the
evaluation software for dosimetry analysis. While the
TIF image with registration points designed specifically
for Tomotherapy was exported from MatriXX data, the
linear CAL file for film calibration would be given
automatically. After the acquisition process of MatriXX
data, one can export the TIF file with registration points
designed specifically for Tomotherapy. This will deliver
the TIF image and a linear CAL file for film calibration.
This particular functionality in OmniPro-IMRT version
1.6 software is located under the “Export files” tab. The
procedure for registering the TIF image in the DQA
workspace was the same as using for a regular film-
based dosimetry. The comparison between measured and
calculated dose distributions was also done by the
3 mm/3% vy-criteria, which calculated the gamma
histogram to display those associated parameters in a
real-time mode.

RESULTS

Dose verifications for ten pre-selected Tomotherapy
NPC IMRT plans were performed in both coronal and
sagittal orientations using the 2D MatriXX ion chamber
device. Dose distribution between measured and
calculated dose distribution showed good agreements
from the data analysis. Figure 2 shows the percentage
deviation of absolute dose distribution of the ten
previously treated patients, which is shown within £3%
error margin. Selection criteria of points for absolute
dose measurement was situated in the high dose and low
gradient region of MatriXX measurement plane,
according to the IMRT measurement guidelines in the
AAPM Task Group report #119.
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OmniPro-IMRT software process

Table 1 lists the results of Gamma analysis
(3%/3 mm) with 2 mm and 1 mm calculation grids,
respectively, for the selected 10 NPC patients. The
average passing rates for the DTA of 3%/3 mm for the
coronal plane at 2 mm and 1 mm grids are 97.37% and
98.71%, respectively. And those for the sagittal plane are
96.91% and 97.86%, respectively. Figures 4(a)-4(e) and
5(a)-5(e) show the results of calculated and measured
dose distributions and Gamma analysis (3%/3 mm) for a
typical NPC plan along the coronal and sagittal direction.
In Figure 5, the same NPC patient shown in Figure 4 is
selected for analysis with the different plane (sagittal).
The isodose matches and Gamma plot were displayed, as
well as the statistical analysis. The passing rate is more
than 90% with great confidence level of clinical
implementation.

Tomotherapy DQA analysis

Although the Tomotherapy dosimetry analysis
software does not provide passing rates for the dose
distribution, in the Tomotherapy DQA process, dose
fluence (profile) and histogram of the combined 3% and
3 mm gamma criteria could still be analysed. Figures
6(a)-6(c) and 7(a)-7(c) show the dose distribution and the
Gamma results for the plan along the coronal and sagittal
setup direction. And 6(d) and 7(d) show the Gamma
histograms, with two directional setups.

DISCUSSION

Clinical example in Figure 4 shows a typical NPC
patient with bilateral PTV coverage and the critical
component for IMRT is cord sparing. Coronal
planned/measured dose comparison using MatriXX and
Multicube has shown excellent agreement, with passing
rate 92.93% of 2 mm calculation grid. Gamma index plot
also indicates only few areas are larger than 1.0. Figure 5
shows the sagittal view of the same patient MatriXX
evaluation; however, the passing rate has increased to
94.82% with same dose grid calculation. The cord
sparing of the measurement is very obvious and Gamma
plot shows only few areas with the index larger than 1.0.
Figures 6 and 7 are the reports generated from
Tomotherapy evaluation tools with similar passing rates
and the Gamma index plot, which has confirmed the QA
device of MatriXX can be an excellent substitute of the
film dosimetry due to the similar experimental results.

The grid for dose calculation within Tomotherapy
phantom plan was set at 2 mm and it was the same
resolution as in the phantom planning and fan-beam CT
scans. The 2 mm calculation grid was set in such a way
that the longitudinal direction can match the CT scanning
slices. Regarding the selection for the find grid for the
dose calculation on the axial slice, the field of view is set
at 512x512 to reach the maximum image resolution for
calculation. In order to achieve the patient dose
verification before the patient’ delivery, 2 mm on the
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calculation grid should be also used for registration
purpose. Even though the passing rate with 1 mm grid
was slightly higher than that with 2 mm, it would be
better to select the 2 mm precision of dose calculation in
these plans.

Improvement of the MatriXX efficiency, compared
to the regular Tomotherapy DQA procedures, the QA
time has been cut down from 90 minutes film dosimetry
to about 43 minutes for each patient DQA using
MatriXX. Major time saving is from no marking and
processing the film for measurement. Also, ion chamber
of MatriXX reports the dose value immediately if
properly calibrated, no separate ion chamber
measurement setup is needed for point dose
measurement. Tomotherapy represents a new approach
of dynamic rotational IMRT with excellent image guided
capability. Dose verification has been achieved by using
the MatriXX 2-D array phantom along the coronal and
sagittal directions for ten specific Tomotherapy patients.
The analysis results for the absolute and relative doses
between measured and calculated were found in
excellent agreements. Therefore, the MatriXX is a 2D
QA device, not only for dose verification of dynamic
IMRT on conventional LINAC [23, 24], but also for
helical Tomotherapy IMRT/IGRT treatment validation.
Results of the measurement for two different setups have
shown that the MatriXX on both directions are capable
of generating superior clinical dosimetry results and
extremely effective for measurements in helical
Tomotherapy. The number of passing points with
y-parameter <l in coronal and sagittal direction also
show excellent agreements with the final approved plans.
Even with the tight margin and very complicated NPC
cases, the authors still observed more than 90% passing
rate. For instance, if the combined 5%/3 mm criterion
was used for analysis, the number of points with y<I
would increase to 94.37%. In addition, these results from
two different analysis software (IBA and Tomotherapy)
were very consistent. But if Tomotherapy DQA software
is being utilised for the analysis, the counter clockwise
setup along sagittal direction of the combined MatriXX
phantom is recommended strongly for a better passing
rate (Figure 1(b)).

Chan et al. also reported that the diode array data
showed a trend of angular dependence, decreasing from
100% at 0° down to 90% at 80° gantry angle [25];
however, the overall measurement results from rotational
delivery are within clinically acceptable accuracy due to
the averaging effect from all the gantry angles [26].
Rotational delivery usually can tolerate larger errors in
smaller angles, and the authors have observed the
directional sensitivity of MatriXX ion chambers with
water equivalent Multicube to less effect in the
Tomotherapy delivery scheme. The MatriXX in
Multicube phantom is ion chamber array system and it is
well known that the angular dependence of ion chambers
is not as severe clinically for rotational delivery. Planar
dose validation device with buildup certainly presents the
great challenge and that is the reason for SunNuclear to
create a device called ArcCHECK™ to truly serve the
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arc therapy dosimetry QA purpose. This is one of the
first reports on patient-specific rotational dosimetry
verification using MatriXX and Multicube.

However, compared to the traditional film dosimetry,
MatriXX is still a much easier device in clinics than the
film-based QA program. In this study, the authors
selected 10 NPC patients due to their sharp dose gradient
and complexity, which bear the challenges to acquire
superior agreement compared with simple prostate IMRT
cases. This patient pool represents a challenging situation
and the authors also observed good agreement with high
passing rates in both coronal and sagittal planes.

Similar to other commercial 2D-array, the effective
field-size of 24.4x24.4 cm® of the MatriXX system
presents some limitations (i.e., QA on large IMRT fields).
But it should be a key issue for dose verification on most
Tomotherapy IMRT plans. However, it's important to
avoid irradiation of the electronic parts outside ion
chamber so that it will not affect the lifetime of the QA
device. On the other hand, the spatial resolution of
MatriXX due to its structure is less than those of film for
dose verification as obviously noticed. The area of high-
dose gradient should be further considered for data
analysis. From the final study results, threading effect
was inevitable in the helical Tomotherapy delivery
process. With the development of hardware and software
of commercial 2D-Array, it’s possible that dose
verification using 2D-Array ion chamber could provide
the cubic rotational dose reconstruction accurately.
Weight of the combination of MatriXX and Multicube is
another concern, the total weight is about 33 kg, which
could also be cumbersome in transporting the phantom to
and from the couch top.

CONCLUSION

MatriXX 2D-Array has provided a simple and
effective dose verification tool for rotational dynamic
IMRT such as Tomotherapy technique. The
measurement for the final plans of Tomotherapy shows
that MatriXX is capable of both absolute and relative
dose measurements within good agreements. Its
geometrical-machine buildup for the 2D array reduces
uncertainties during the helical delivery in comparison
with the Tomotherapy DQA dosimetry modules.
MatriXX with Multicube phantom creates a smoother
and efficient operation with reasonable QA analysis time
and results for helical Tomotherapy at the authors’ busy
cancer center.

REFERENCES

1. Zeidan OA, Stephenson SA, Meeks SL et al. Characterization and
use of EBT radiochromic film for IMRT dose verification. Med
Phys 2006; 33(11):4064-72.

2. Cheung T, Butson MJ, Yu PK. Measurement of high energy x-ray
beam penumbra with Gafchromic EBT radiochromic film. Med
Phys 2006; 33(8):2912-4.

3. Fiandra C, Ricardi U, Ragona R et al. Clinical use of EBT model
Gafchromic film in radiotherapy. Med Phys 2006; 33(11):4314-9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

This page number is not
for citation purposes

Todorovic M, Fischer M, Cremers F et al. Evaluation of
GafChromic EBT prototype B for external beam dose verification.
Med Phys 2006; 33(5):1321-8.

Wilcox E, Daskalov G, Nedialkova L. Comparison of the epson
expression 1680 flatbed and the vidar VXR-16 dosimetry PRO
film scanners for use in IMRT dosimetry using gafchromic and
radiographic film. Med Phys 2007; 34(1):41-8.

Su FC, Liu Y, Stathakis S et al. Dosimetry characteristics of
GAFCHROMIC EBT film responding to therapeutic electron
beams. Appl Radiat Isot 2007; 65(10):1187-92.

Wilcox EE, Daskalov GM. Evaluation of GAFCHROMIC EBT
film for Cyberknife dosimetry. Med Phys 2007; 34(6):1967-74.
van Battum LJ, Hoffmans D, Piersma H et al. Accurate dosimetry
with GafChromic EBT film of a 6 MV photon beam in water: what
level is achievable? Med Phys 2008; 35(2):704-16.

Lee KY, Fung KK, Kwok CS. Application of high-resolution
radiochromic film dosimetry in verifying a small-field stereotactic
radiosurgery plan. Appl Radiat Isot 2006; 64(8):934-9.

Devic S, Seuntjens J, Abdel-Rahman W et al. Accurate skin dose
measurements using radiochromic film in clinical applications.
Med Phys 2006; 33(4):1116-24.

Price S, Williams M, Butson M et al. Comparison of skin dose
between conventional radiotherapy and IMRT. Australas Phys Eng
Sci Med 2006; 29(3):272-7.

Chung H, Jin H, Dempsey JF et al. Evaluation of surface and
build-up region dose for intensity-modulated radiation therapy in
head and neck cancer. Med Phys 2005; 32(8):2682-9.

Chiu-Tsao ST, Chan MF. Photon beam dosimetry in the superficial
buildup region using radiochromic EBT film stack. Med Phys 2009;
36(6):2074-83.

Woo M, Nico A. Using a matrix detector for rotational delivery
QA. Med Phys 2007; 34(6):2502.

Van Esch A, Clermont C, Devillers M et al. On-line quality
assurance of rotational radiotherapy treatment delivery by means
of a 2D ion chamber array and the Octavius phantom. Med Phys
2007; 34(10):3825-37.

Herzen J, Todorovic M, Cremers F et al. Dosimetric evaluation of
a 2D pixel ionization chamber for implementation in clinical
routine. Phys Med Biol 2007; 52(4):1197-208.

Sadagopan R, Bencomo JA, Martin RL et al. Characterization and
clinical evaluation of a novel IMRT quality assurance system. J
Appl Clin Med Phys 2009; 10(2):2928.

Arjomandy B, Sahoo N, Ding X et al. Use of a two-dimensional
ionization chamber array for proton therapy beam quality
assurance. Med Phys 2008; 35(9):3889-94.

Li JG, Yan G, Liu C. Comparison of two commercial detector
arrays for IMRT quality assurance. J Appl Clin Med Phys 2009;
10(2):2942.

Holmes T, Saint Agnes Medical Center [personal communication].
2009.

Low DA, Dempsey JF. Evaluation of the gamma dose distribution
comparison method. Med Phys 2003; 30(9):2455-64.

Nelms BE, Simon JA. A survey on planar IMRT QA analysis. J
Appl Clin Med Phys 2007; 8(3):2448.

Araki F, Tajiri S, Tominaga H et al. Application of a 2-D ion
chamber array for dose verification of dynamic IMRT with a
micro-MLC. Int J Radiat Oncol Biol Phys 2006; 66:703-4.

Stasi M, Giordanengo S, Cirio R et al. D-IMRT verification with a
2D pixel ionization chamber: dosimetric and clinical results in
head and neck cancer. Phys Med Biol 2005; 50(19):4681-94.

Chan MF, Burman C, Chiu-Tsao S. Planning dose comparison of
EBT films and 2D diode array at different gantry angles. Med Phys
2009; 36(6):2575.

Chan MF, Li J, Wang PC et al. Evaluation of angular response of
2D diode array detectors with buildup phantom. Med Phys 2009;
36(6):2592.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


