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Abstract

A straightforward and accurate method was developed to verify the delivery
of intensity-modulated radiation therapy (IMRT) and to reconstruct the dose
in a patient. The method is based on a computational algorithm that linearly
describes the physical relationship between beamlets and dose-scoring voxels
in a patient and the dose image from an electronic portal imaging device (EPID).
The relationship is expressed in the form of dose response functions (responses)
that are quantified using Monte Carlo (MC) particle transport techniques.
From the dose information measured by the EPID the received patient dose
is reconstructed by inversely solving the algorithm. The unique and novel
non-iterative feature of this algorithm sets it apart from many existing dose
reconstruction methods in the literature. This study presents the algorithm in
detail and validates it experimentally for open and IMRT fields. Responses
were first calculated for each beamlet of the selected fields by MC simulation.
In-phantom and exit film dosimetry were performed on a flat phantom. Using
the calculated responses and the algorithm, the exit film dose was used to
inversely reconstruct the in-phantom dose, which was then compared with
the measured in-phantom dose. The dose comparison in the phantom for all
irradiated fields showed a pass rate of higher than 90% dose points given the
criteria of dose difference of 3% and distance to agreement of 3 mm.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

The current trend of radiation therapy moves toward precise and accurate dose delivery, which
employs radiation beam intensity modulation and image guidance for target positioning either
on-line or real time. The IMRT involves various sources of uncertainty associated with
multi-leaf collimator (MLC) positional accuracy and reproducibility, beam output stability
and mechanical isocentricity. As a result, the dose delivered to a patient does not accurately
represent the dose distribution generated from treatment planning (Palta et al 2003, Yeo
and Kim 2004). Therefore, verifying the delivery of planned radiation dose is required for
successful radiation therapy. It is done mostly by comparing the dose distribution from the
planning with that from the measurement of the dose delivery. The verification ideally should
be accurate, representative of actual treatment (measurement condition) and demanding little
labor and short processing time. Although diverse methods of the verification exist, they can
be classified as to whether the measurement is done before or during treatment.

A group of methods is based on measurement prior to treatment. The measurement is
carried out on a dosimeter such as an x-ray film, diode and ion-chamber arrays or a flat-panel
sensor embedded in phantom slabs to provide a scattering condition (Yeo and Kim 2004,
Siebers et al 2004, Létourneau et al 2004, Spezi et al 2005, Moran et al 2005). As such
a condition simulates in-patient environment, this group offers true dosimetric verification.
Another group of methods is based on measurement during treatment. The measurement of
transit radiation through a patient during treatment is carried out on an electronic portal imaging
device (EPID). Within this group, the first method is to forwardly verify by comparing the
dose image from calculation with that from measurement by the EPID (McCurdy and Pistorius
2000, Heijman et al 1995). The second is to inversely reconstruct dose on a patient anatomy
provided by computer tomography (CT) or on-board imaging from the measurement (McNutt
et al 1996, Van Elmpt et al 2009, 2006, 2008), thereby contributing to adaptive radiation
therapy. This group eliminates the need for measurement setup prior to treatment, which is
required for the first group. As verification involves the two components, calculation and
measurement, application of any of these methods will be associated with uncertainty and
inaccuracy that are typically involved in measurements and calculations (Palta et al 2003,
Yeo and Kim 2004). The calculation methods for both groups have been mostly based on
moderately accurate algorithms; calculation algorithms are less accurate than the Monte Carlo
(MC) radiation transport method. This in particular challenges the second group in modeling
scatter behind a patient (McCurdy and Pistorius 2000, McNutt et al 1996, Van Elmpt et al
2009). To account for the scatter, an iterative approach, between the two calculation planes of
a patient and the EPID, has been made for the dose reconstruction by McNutt et al (1996) and
Van Elmpt et al (2009). For this method, convergence is not guaranteed in theory, although
good agreements were shown as compared with measurements (McNutt et al 1996). Note
that the studies by Van Elmpt et al (2009, 2006, 2008) have used the MC method for dose
calculation but beam energy fluences used for the calculation were determined by measured
kernels. In contrast, in the other forward approach, the scatter could be accurately accounted
for in the form of kernels pre-calculated by the MC technique for various EPIDs (McCurdy
and Pistorius 2000, McCurdy et al 2001).

The method we propose is designed not to be affected by the above drawbacks associated
with accuracy and iterative approach. The hypothesis is that the IMRT verification can be done
non-iteratively by using existing linear relationship between segmental beamlet weights (i.e.
intensities) and doses deposited in voxels in a patient and the EPID; it can also be accurately
carried out by using fully pre-calculated MC responses in a patient as well as the EPID. The
relationship is expressed in terms of segmental beam intensities and the responses. Substituting
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Figure 1. Dose deposition in the phantom and EPID plane.

measurements for the dose term in the EPID, the algorithm can be inversely solved generating
a solution of the dose in a patient. By taking advantage of the existing superior accuracy
associated with the MC method in fully modeling radiation transport through patient and the
EPID, the measured value of transmitted dose, and the anatomical representation of a patient
under treatment, this method in principle ensures one of the most accurate verifications and
dose reconstructions for IMRT. In this paper, we present and validate this new method.

2. Materials and methods

2.1. Theoretical formulation

In an IMRT, a segmental beam is characterized by its spatial position set by MLCs (see figure 1)
on an intensity plane. If it is irradiated toward a particular direction, it undergoes interactions
depositing dose in a patient phantom and the EPID along its path and in neighboring areas.
This can be most accurately modeled by the MC method. The dose distributions across the
measurement plane of the EPID (beamlet-to-EPID response or RE) as well as that within the
volume of a patient (RP) can be calculated for each unit beamlet (beamlet is used afterwards
without ‘unit’) on an intensity plane (for example 0.5 × 0.5 cm2, 0.2 × 0.2 cm2, etc) of an
IMRT beam. We assume that the positional data for MLCs as well as anatomical information
of a patient is known. In detail, define that ‘m’ and ‘n’ are spatial indices in the x- and
y-directions, respectively, on an intensity plane; I(m,n) is the intensity of a beamlet positioned
corresponding to ‘m’ and ‘n’; ‘i’ and ‘j’ are indices in the x- and y-directions, respectively, on
a patient phantom and EPID; Rp(i,j) is the response function from a beamlet corresponding to
‘i’ and ‘j’ on a patient plane; Re(i,j) is the response function from a beamlet corresponding to
‘i’ and ‘j’ on EPID. Then, the dose at a single point on the EPID (E) is represented by a set of
linearly independent equations (1):

E(1,1) = Re(1,1) · I(1,1) + Re(1,1) · I(2,1) + Re(1,1) · I(2,2) + · · · + Re(1,1) · I(m,n)

E(2,1) = Re(2,1) · I(1,1) + Re(2,1) · I(2,1) + Re(2,1) · I(2,2) + · · · + Re(2,1) · I(m,n)

E(2,2) = Re(2,2) · I(1,1) + Re(2,2) · I(2,1) + Re(2,2) · I(2,2) + · · · + Re(2,2) · I(m,n)

...

E(m′,n′) = Re(m′,n′) · I(1,1) + Re(m′,n′) · I(2,1) + Re(m′,n′) · I(2,2) + · · · + Re(m′,n′) · I(m,n),

(1)

where E(i,j) is a cumulative dose contributed from all beamlets at a single point on the
EPID; P(i,j) as the dose on a patient plane (multi-plane or volume) can be similarly expressed
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mathematically. This linear relationship is straightforward and also given by Kapatoes et al
(1999).

In matrix formulation, a set of equation (1) can be written as

E = ReI , (2)

where E is the vector of E, I is the vector of I, and Re is the matrix of Re. Similarly for P,

P = RpI, (3)

where P is the vector of P, and Rp is the matrix of Rp. Then, by matrix inversion the intensity

vector is obtained as

I = R−1
e E. (4)

By plugging equation (4) into (3), P can now be easily solved by equation (5):

P = Rp · Re
−1 · E. (5)

With known matrices, Re and Rp by precalculation, and a measured value of E (Emeasured),

equation (5) reveals a deposited dose of P (P reconsturcted) through reconstruction. Namely

P reconstructed = Rp · Re
−1 · Emeasured. (6)

For each segment, the previously calculated dose response Rp within a phantom can now

be scaled by the reconstructed beamlet intensity R−1
e E to reconstruct P . Using equation (6),

if necessary, P can be directly calculated without explicitly calculating for I . The difference
between the planned and reconstructed doses �P can be calculated by comparing the two for
future adjustment. It can also be alternatively calculated by using the linearity of the method
in equation (7):

�P = Rp R−1
e �E, (7)

provided �E = (Ecalculated −Emeasured), where Ecalculated is the vector for forwardly calculated
dose in the EPID.

2.2. Experiments: film measurements

Exit and in-phantom film dosimetry were used to obtain dose at the EPID plane and on a patient
plane in a flat phantom as shown in figure 2. Measured dose in the two planes of film setup will
offer validation of the accuracy of the method. The Solid WaterTM (Gammex R©, Middleton,
WI) was used as phantom material. Calibration measurements for film were performed at the
midplane position using a 6 MV x-ray beam, the field size of 6 × 6 cm2 and monitor units
ranging from 0 to 60 at the interval of 5 (Yeo and Kim 2004). The field size was selected as
it is close to that of test fields. For test fields, simple open fields and more complex IMRT
subfields were used to irradiate the two films for each beam as shown in the setup. The simple
fields included 6 × 6 cm2 opening by MLC and a composite field of 6 × 6 and 4 × 4 cm2

openings by MLC with 7 × 7 cm2 opening by jaws. IMRT fields included fields shaped to
closely imitate IMRT subfields of prostate treatment. For each exposure, 50 MUs were used.
For the composite exposure, 25 MUs were used for each field.

The X-Omatic V (XV) film was used and developed by a Kodak X-OMAT 2000 A
processor, read by a scanner (Dosimetry pro, Vidar, Herndon, VA, USA) and digitized by a
RIT114 system (RIT, Colorado Springs, CO, USA). The film was exposed to known doses of
x-rays for calibration and the calibration curve was derived and fitted based on the net optical
density of known doses. The reading was filtered using a low-pass filter method (wiener2,
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Figure 2. Measurement setup.

MATLAB (The MathWorks Inc., Natick, MA, USA)) (Lim 1990). The film data image
was aligned to the corresponding calculated dose distribution using an in-house program that
utilizes a least-squares method to minimize differences between the two.

Measurement was also performed on a cylindrical water phantom with the diameter of
21.4 cm (6 mm thick acrylic wall containing water). It was scanned in computer tomography
and transferred to the XVMC code. For setup, it simply replaced the flat phantom with
its center at 100 cm (in figure 2) and the exit film was placed at 137.7 cm. The film was
calibrated at the exit plane against ion chamber measurement. Clinical IMRT subfields were
used to irradiate the phantom and films on the EPID plane. The measured films were similarly
processed.

2.3. Computations

2.3.1. Generation of response functions from MC. Response functions (responses from
here) were pre-calculated using relatively fast and accurate Monte Carlo modeling based on
the XVMC code (Fippel 1999) on the flat and cylindrical phantoms. The XVMC code was
first commissioned through comparison with ionization chamber measurements of percentage
depth dose in water and profile measurement on an exit plane for a 2300 C/D Varian accelerator
(Varian Medical Systems Inc., Palo Alto, California, USA). The profile measurement for
comparison was done on the EPID plane as shown in figure 2. This plane was chosen as such
measurements are used as source data, and thus can sensitively affect the reconstruction and
at the same time the Monte Carlo calculation accuracy needs preferably to be validated at
the farthest distance involved in this study. Calculations were done on a personal computer
equipped with four 2.8 GHz CPUs and 1.0 GB RAM memory under the Linux operating
system. A beamlet-sampling module on XVMC was developed to calculate the segment-
specific dose responses on the experimental setting. The module offers sampling of each
beamlet that constitutes an IMRT subfield for the calculations. Prior to using the module, it
had been validated through comparisons of the integrated dose of each beamlet calculation
based on the module with dose of a whole field calculation. Response calculations were
performed with the following parameters: 0.5 × 0.5 cm2 of the unit beamlet size sampled
across the entire opening formed by jaw (7 × 7 cm2); 0.2 × 0.2 × 0.5 cm3 for voxels covering
the area of 20 × 20 cm2 on the mid-plane of the phantom; 0.28 × 0.28 × 0.5 cm3 for
voxels covering the area of 20 × 20 cm2 in the EPID. The voxel sizes in the EPID were
chosen considering the beam divergence as well as enhancing the statistical significance of
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the calculation. The 2 mm resolution was chosen because it is a relatively fine resolution and
it corresponds to a tolerance for the reproducibility of field sizes by the AAPM TG-40 report
(Kutcher et al 1994). A Varian 80 leaf MLC modeling in XVMC was used, that contains
tongue-and-groove and rounded leaf tip modeling.

2.3.2. Matrix inversion. The set of equations in equation (1) is formulated numerically
to reach a solution of equation (5). As such, a matrix dimension was determined based
on the selected size and number of beamlet on an intensity plane and those of voxels on
a patient and/or EPID plane. If the dimension of I is equal to that of E, the number
of unknowns in equation (1) equals the number of equations and the matrix Re becomes
square. The matrix is dominantly diagonal due to the contribution of primary beams. Then,
we can solve equation (1) readily and uniquely using a matrix-inversion method such as
Gaussian elimination (Atkinson 1989). However, when the number of equations is greater
than that of unknowns, an over-determined set of equations is formed, that might not have
a unique solution. In this case, optimized methods of inversion are used, which minimizes∑

(E − Re I)2 (Paige and Saunders 1982), so that reciprocity exists. We had evaluated
several matrix inversion methods including pseudo-inverse, least-squares (LS) and Gaussian-
elimination methods (Palm 2001, Paige and Saunders 1982, Atkinson 1989, Barrett et al
1994, MATLAB (The MathWorks Inc. Natick, MA, USA)) using a square matrix system
consisting of a 1296 × 1296 matrix for Re and a 36 × 36 matrix for I and E, and an over-

determined system consisting of a 5184 × 196 matrix for Re, a 14 × 14 matrix for I and a
72 × 72 matrix for E. The selection of a 14 × 14 matrix for I was associated with the use
of 0.5 × 0.5 cm2 beamlet size which is the minimum size of IMRT beamlets typically used
in treatment planning. The selection of the 72 × 72 matrix for E was associated with the
use of 0.2 cm resolution in the phantom. We have determined that the LS method produced
the most accurate reconstructed dose, and thus we have used it for all calculations of dose
reconstruction in this study. As such, we have solved equation (6) using the pre-calculated
responses and measurements. Inversely reconstructed dose distributions were evaluated by
comparison with measurements in terms of dose profiles and the parameters of dose difference
(DD) and distance to agreement (DTA).

A sensitivity study was additionally performed to find the effects of noises on dose
reconstruction accuracy. Noise here implies the difference between the calculated value and
the measured value in this study. Nominal dose distributions for a 6 × 6 cm2 field and an
IMRT field were generated computationally using the XVMC code and they were perturbed
by 1, 3 and 5% randomly generated error (maximum dose difference) and/or 2 mm of image-
alignment error for this study. For example, application of 1% random error implies dose
change across the distributions by the amount randomly determined between the two limits
of −1% and +1% of each voxel value of the given distribution. The image-alignment error
is defined as a disagreement between the coordinates of the pre-calculated responses and the
distributions. The effect of a change of the matrix size (i.e. grid size) of I and E on the
reconstructed dose was also evaluated computationally by employing 14 × 14 and 28 × 28
matrices for I and 36 × 36 and 72 × 72 matrices for E.

3. Results and discussions

3.1. XVMC commissioning and response function generation

The XVMC code was validated through comparison with ion chamber and film measurement.
The calculated percent depth doses (PDD) agreed well with ion-chamber measurements within
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Figure 3. Beam profiles measured with film and calculated from XVMC for pyramid MLC
openings (superposition of 6 × 6 and 4 × 4 cm2) in the exit plane. The same spatial pixel size
(0.28 cm) was used for the two curves.

1% dose difference after the depth of dose maximum for a 6 MV beam with a field opening of
6 × 6 cm2. The field was chosen as it is close to the test fields used in this study. Figure 3 shows
dose profiles measured with the film and calculated from the code for a pyramid-shape MLC
opening (superposition of 6 × 6 and 4 × 4 cm2) at the EPID plane in the setup (figure 2). The
film overestimated dose in the open field and outside penumbra. The over-response in outside
penumbra is due to photons with low energies from scattering (Yeo and Kim 2004). In the
comparison, 99.8% of dose points passed Van Dykes’ criteria of 2% DD or 2 mm DTA
(Van Dyk et al 1993). The dose difference was defined as a fractional difference of
the maximum dose. The figure showed good agreement between the calculation and the
measurement even in the penumbral areas and on an exit plane. Film instead of ion chamber
measurements were used as a reference due to its high spatial resolution for evaluation in the
penumbral areas.

Beamlet calculations were carried out employing 1 million source particles and 2.3 min
of computational time. The associated statistical uncertainties for each tally voxel positioned
in the primary beam path were kept less than 5% while they were greater in all other voxels
that received scattered radiation. Except in the voxels directly neighboring the primary voxels,
the doses in the rest of voxels were smaller than that in the primary voxel by two orders of
magnitude or greater. Nevertheless, the calculation time and accuracy were chosen optimally
for achieving and evaluating dose reconstruction with sufficient accuracy required for this
study.

3.2. Dose reconstruction

Dose reconstruction was carried out as follows: a set of parallel equations were numerically
solved by matrix inversion, as shown by equation (5), based on the calculated response
functions and the measured portal dose. This involved a 14 × 14 (for 7 × 7 cm2) intensity
matrix (I ), 5184 × 196 matrices for the response functions (Rp and Re) and 1.1 s of inversion

calculation time.
Figure 4 compares the reconstructed with the measured dose profiles for a 6 × 6 cm2

beam of a 6 MV photon. The reconstructed dose agreed well with the measured dose except
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Figure 4. Beam profiles measured with film and reconstructed by calculation for a MLC opening
(6 × 6 cm2) at 12.5 cm depth in a flat phantom. The dose difference is defined as a fractional
difference of the maximum dose.

ringing (i.e. fluctuations) patterns in the infield area. It is due to limited agreement, on the
EPID plane, between the measured dose and the calculated dose based on the pre-calculated
response functions; the data on the EPID plane are the starting data for dose reconstruction
(equation (5)) and errors contained in the starting data are carried to the reconstructed dose.
For example, 7.0% of the data points across the dose distributions showed greater than 3%
dose differences. The ringing pattern mainly comes from the process of matrix inversion
which links and transfers the disagreement between Re and E to the inverse solution. This
disagreement is due to Monte Carlo uncertainty, image-alignment error and measurement
uncertainty. A more well-commissioned XVMC code and the filtration of the doses and
responses will provide closer agreement, and thus will reduce the ringing patterns. Related
results and discussions follow later.

Figure 5 compares the reconstructed with the measured dose profiles for the composite
irradiation (6 × 6 cm2 and 4 × 4 cm2) of a 6 MV photon beam. The reconstructed dose agreed
well with the measured dose with some fluctuations in the infield area and overestimated dose
in the steps between 6 × 6 cm2 and 4 × 4 cm2 openings. While the fluctuation has provided
5% DD as a maximum at about −2 cm, 99.8% of dose points passed the criteria of 3% DD
and 3 mm DTA, and 95.2% of the points scored a gamma factor less than 1 (Low et al 1998).
The gamma factor was calculated using 3% DD and 3 mm DTA unless otherwise stated in this
study.

Figure 6 compares the reconstructed with the measured dose distributions of a selected
IMRT subfield. In the comparison, 98.6% of dose points passed the criteria of 3% DD or 3 mm
DTA and 96.5% of the points scored a gamma less than 1. Figure 7 compares the reconstructed
with the measured dose distributions of another IMRT subfield. In the comparison, 97.9% of
dose points passed the same criteria and 95.1% of the points scored a gamma less than 1. The
comparisons between the reconstructed and the measured dose for selected two square fields
and seven IMRT fields showed the pass rates ranging from 91.0 to 98.6% and the gamma pass
rate of 86.2–96.5%.

Figure 8 compares the reconstructed with the MC forward calculated dose distributions
on the cylindrical phantom. As the phantom thickness decreases with increasing distance
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Figure 5. Beam profiles measured with film and reconstructed by calculation for pyramid MLC
openings (6 × 6 and 4 × 4 cm2) at 12.5 cm depth in a flat phantom. The dose difference is defined
as a fractional difference of the maximum dose.
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Figure 6. (a) Dose profiles reconstructed for an opening of a clinical IMRT beamlet on a midplane
in the flat phantom, (b) dose profiles measured with film at the same condition, (c) dose profile at
Y = 36 and (d) dose difference and distance-to-agreement plot.
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Figure 7. (a) Dose profiles reconstructed for an opening of a clinical IMRT beamlet on a midplane
in the flat phantom, (b) dose profiles measured with film at the same condition, (c) dose profile at
Y = 36 and (d) dose difference and distance-to-agreement plot.

from the iso-center, the dose in the profile increases. In the comparison, 97.7% of dose points
passed the same criteria, and 96.7% of the points scored a gamma less than 1.

Table 1 presents the comparisons of pass rates of 3% DD and 3 mm DTA criteria associated
with various matrix inversion methods. For the same problem, by varying grid sizes, square
as well as over-determined systems were formulated for numerical inversion. The inversion
results were different between these two systems and among three inversion methods. For
the over-determined system, all methods showed 98.8% pass rate, while for the square system
the least-squares method showed 93.4% as a maximum. This result showed that the over-
determined system gave more accurate solutions. We have demonstrated that while a square
system is ‘mathematically’ intended to produce an exact solution to a given set of linear
equations, it is more susceptible to ‘numerical’ noise propagation. In contrast, solution
methods such as the pseudo-inverse method of an over-determined system give more accurate
solutions due to the use of optimization methods included in them. The use of optimization
methods and the benefits they bring are well documented (Palm 2001, Atkinson 1989).

Table 2 presents the effects of dose difference (randomly sampled) and image-alignment
errors on reconstructed dose on the pass rates and gamma values. From the study, combined
employment of 5% dose difference error and 2 mm image-alignment error has produced the
pass rate of a minimum of 96% given 3% DD and 3 mm DTA criteria and 93.8% of the gamma
test. The table shows that as the dose difference and/or the alignment error increased, the pass
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Figure 8. (a) Dose profiles reconstructed for an opening of a clinical IMRT beamlet on a midplane
in the cylinder phantom, (b) dose profiles from MC forward calculation at the same condition,
(c) dose profile at Y = 30 and (d) dose difference and distance-to-agreement plot.

Table 1. Pass rates of the criteria of 3% DD or 3 mm DTA for a 6 MV photon beam with the field
size of 6 × 6 cm2 using various matrix inversion methods. The left-division method (Gaussian
elimination) is not possible for an over-determined system. The pseudo-verse method becomes
identical to the left-division method for a square system.

Inversion methods Over-determined system Square system

Left-division N/A 48.0
Pseudo-inverse 98.8 48.0
Least-squares 98.8 93.4

rate decreased while showing the impact of the latter greater than the former. The table also
shows that the amount of ringing in the reconstructed dose increased with increasing amount
of dose difference and image-alignment error. This was shown by decreasing trend of the pass
rate of the reconstructed doses as summarized in table 2.

The effect of the gridsize of I and E was evaluated computationally. The finer resolution
in I increased matrix size. In general, it is known that the increase of matrix size complicates
the matrix-inversion process. Our study of matrix inversion was not exception. The pass rate
of the 28 × 28 matrix has shown a pass rate smaller than that of the 14 × 14 matrix by 1.1%
for 3% DD and 3 mm DTA. This is due to the fact that the finer grid size of I produced a
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Table 2. Effects of dose difference and dose image-alignment error. The dose difference was
randomly sampled.

Maximum Image- Square field Pass rates of 3% IMRT field Pass rates of 3%
dose alignment DD and 3 mm DTA/gamma DD and 3 mm DTA/gamma
difference (%) error (mm) factor less than 1a factor less than 1a

1 0 100.0/100.0 (100.0/100.0) 100.0/100.0 (100.0/100.0)
3 0 100.0/100.0 (99.7/99.7) 100.0/100.0 (100.0/100.0)
5 0 99.7/99.7 (98.7/98.3) 99.9/99.9 (99.6/99.1)
1 2 96.8/94.7 (92.9/89.9) 98.8/96.4 (96.4/90.4)
3 2 96.7/94.6 (92.4/87.4) 98.8/96.4 (96.4/90.2)
5 2 96.1/93.8 (91.9/86.4) 98.6/96.3 (95.7/90.0)

a The gamma factors were calculated with the same DTA and DD values. The pass rate for 2% or
2 mm criteria and the gamma factor are provided within parentheses.

greater matrix size during inversion and resulted in more ringing patterns. The grid size of
E did not affect the ringing patterns. Methods to reduce ringing patterns in the reconstructed
dose will be investigated to improve the pass rates and the accuracy of dose reconstruction as
a follow-up study.

As one of the main advantages associated with the new method presented in this study, the
full-scope MC calculation for inverse-dose reconstruction provides many desirable features
to the method investigated in this study. It potentially enables complete head modeling
incorporating non-primary components such as tongue-groove effect, MLC leakage and MLC
scatter (Siebers et al 2004). This is particularly important considering the physical situation
that the scattered beam components from the beam delivery system hardly reach the EPID
even though they contribute to the patient dose. So, this signal is not fully contained in the
dose image in the EPID. This problem, therefore, poses a challenge to the idea of using the
EPID for the dose reconstruction in a patient. It may require secondary treatment of the above
components when the MC calculation is not involved (Kapatoes et al 1999). Furthermore,
modeling scatter distal to patients as well as calculating portal dose accurately has been an
issue for exit dosimetry (McCurdy and Pistorius 2000, 2002, Van Elmpt et al 2009, 2006,
2008). This method intrinsically models the scatter in the EPID responses. Using the forward
simulation also eliminates the need of iterative calculation between the planes of the EPID
and the desired region (phantom or beam intensity zones). Finally, MC calculation offers
accurate modeling of the EPID, unlike convolution/superposition methods (Siebers et al
2004, McCurdy and Pistorius 2002), on which the success of the method derived in this study
is based. Such an accuracy is valuable to the new algorithm of dose reconstruction investigated
in this study that relies on accurate modeling of dose on the EPID plane.

On the other hand, one of the major limitations of the method is a relatively long calculation
time. This can be reduced by using more number of cluster CPUs, hybrid response functions
between a model and direct calculation, and a response calculation from a composite field
instead of beamlets. More importantly, clinical implementation scenario will be developed
that will effectively and speedily use the method.

A true patient (i.e. the use of his/her CT scan) will entail a high frequency component
associated with a distribution of CT numbers within him/her (this does not apply when
simulating flat phantom with a fixed single density, thus not involving a CT scan). This
will add another source of noise to the calculated and thus reconstructed doses. Whether
this favorably or unfavorably contributes to the inverse noise propagation depends on how it
contributes to the noise (amount and frequency of dose difference in the EPID plane). Our



Dose reconstruction for IMRT using a non-iterative method and portal dose image 5235

study results shown in table 2 and figure 8 may explain this fact to some extent; the contribution
of such noise is not noticeable. As our current study is focused on validating the new algorithm
of dose reconstruction on a flat phantom, application on a true patient will be pursued in a
follow-up study.

Finally, the beamlet calculation which our method employs is currently being used for
IMRT calculations. Although current treatment planning systems do not provide calculated
dose for each beamlet, such information can potentially be made available to facilitate our
method.

4. Conclusion

Through in-phantom and exit film dosimetry and computations, we have validated and
demonstrated the dose reconstruction algorithm based on detailed MC calculations and non-
iterative inversion presented in this study. The dose comparison between reconstructed dose
and direct measurement in phantoms for all irradiated fields showed pass rates of higher than
90% dose points for the criteria of 3% DD or 3 mm DTA (the pass rates were 86.2 to 96.5% for
the gamma test). Some fluctuations were found in the reconstructed dose distribution. More
work will be done to improve the accuracy in the realization of the method through filtering
the fluctuations and better commissioning the Monte Carlo code and to readily implement the
method for clinical use in radiation therapy processes.
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