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Computer Assisted EPID Analysis of Breast Intrafractional and
Interfractional Positioning Error
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Automated analysis software was developed to measure the magnitude of the intrafractional and inter-
fractional errors during breast radiation treatments. Error analysis results are important for determining suitable
planning target volumes (PTV) prior to implementing breast-conserving 3-D conformal radiation treatment
(CRT). The electrical portal imaging device (EPID) used for this study was a Portal Vision LC250 liquid-filled
ionization detector (fast frame-averaging mode, 1.4 frames per second, 256x256 pixels). Twelve patients
were imaged for a minimum of 7 treatment days. During each treatment day, an average of 8 to 9 images
per field were acquired (dose rate of 400 MU/minute). We developed automated image analysis software to
quantitatively analyze 2,931 images (encompassing 720 measurements). Standard deviations (o) of intra-
fractional (breathing motion) and interfractional (setup uncertainty) errors were calculated. The PTV margin to
include the clinical target volume (CTV) with 95% confidence level was calculated as 2 - (1.96 - o). To
compensate for intra—fractional error {(mainly due to breathing motion) the required PTV margin ranged from
2 mm to 4 mm. However, PTV margins compensating for interfractional error ranged from 7 mm to 31 mm.
The total average error observed for 12 patients was 17 mm. The interfractional setup error ranged from 2
to 15 times larger than intrafractional errors associated with breathing motion. Prior to 3-D conformal radiation
treatment or IMRT breast treatment, the magnitude of setup errors must be measured and properly
incorporated into the PTV. To reduce large PTVs for breast IMRT or 3-D CRT, an image-guided system
would be extremely valuable, if not required. EPID systems should incorporate automated analysis software
as described in this report to process and take advantage of the large numbers of EPID images available for
error analysis which will help individua! clinics arrive at an appropriate PTV for their practice. Such systems
can also provide valuable patient monitoring information with minimal effort.
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Volume (CTV). Sources of errors are generally broken down

INTRODUCTION

Planning Target Volumes (PTV) as described in the Inter-
national Commission on Radiation Units and Measurements
(ICRU) Report 50" are designed to compensate for factors

that prevent the accurate treatment of the Clinical Target
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into three categories: anatomical mobility (i.e. breathing mo-
tion), anatomical variations (i.e. mobile breast tissue), and
external factors (i.e. patient setup errors, beam geometries).
The PTV is expressed as an expansion of the CTV volume
by adding a ‘margin’ for a particular type of treatment. The
determination of this margin is critical for successful treat-
ment. If the margin is too small, portions of the CTV are
likely not to receive a therapeutic dose. A PTV volume that
is too large will propagate excess irradiation of normal tissue.
To determine an appropriate PTV margin an analysis of con-
tributing factors should be performed at each institution. It is

sometimes easier to address errors by separating them accord-
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ing to their frequency of occurrence: i.e., Intrafractional (during
irradiation) and Interfractional (between radiation sessions).
Interfractional setup error is the main contributor to the size
of the PTV margin.” Tissue deformation and mobility origi-
nate from the inherent characteristics of breast tissue and
hence also contribute to interfractional error. Intrafractional
error is the positional error incurred during a daily treatment
fraction. Breathing and/or voluntary patient movement may
cause this positional change.

Breast tadiation treatments initially brought up many con-
cerns regarding positional uncertainties resulting from breathing
motion and setup error. There is extensive literature reporting
on positional error and its dosimetric consequences.”” Among
these studies, EPIDs were the most common tools used to
measure the magnitude of the breathing and interfractional
setup error. EPIDs are offered in a variety of imaging meth-
ods, which include the single and cine imaging modes. Single
mode can acquire an image before, during, and after a
treatment, Cine imaging mode takes multiple images during a
treatment, providing information of patient positioning during
a treatment fraction. EPIDs come with image-analyzing and
operating software. However, tools provided with the software
normally only handle single image analysis. Therefore, it is
currently cumbersome and laborious to analyze the large
number of images needed to accurately determine patient
positional errors on a routine clinical basis.

Measurements involved in analyzing images are often per-
formed by tracking the tissue-and-air and/or lung-and-chestwall
interfaces. For individual image analysis, the distance was
measured from the beam edge to one of those interfaces.
Since these interfaces form very steep image-intensity gra-
dients, we investigated the use of an edge detection algorithm
as the basis for an analysis tool. There are many well-known
edgefinterface-detecting algorithms including: Canny, Nalwa-
Binford, Sarkar-Boyer, and Sobel.'”"” Among the edge de-
tection algorithms proposed so far, the Canny edge detection
algorithm is the most robustly defined operator and is widely
used. The popularity of the Canny edge detection algorithm
based on three criteria: good detection, localization, and single
response to a step edge.'*"

We investigated the intrafractional and interfractional posi-

tional error by creating an automated analysis software pack-

age designed to process large numbers of EPID images. Our
study goals were to develop and evaluate automated EPID
analysis software to learn how accurately breast patients were
positioned, and to use the results for determining PTV

margins.

MATERIALS AND METHODS

1. Patient treatment position and geometry

Patients were positioned in alpha cradles with the ipsilateral
arm over the head holding a bar attached to the alpha cradle.
Custom alpha cradles were made for each patient, which
extended from above the head to the patient’s waist. They
were scanned for treatment planning using a large bore CT
simulator (AcQSim, Philips, Cleveland, OH). The orthogonal
setup marks were placed along with tangential field’s bor-
derlines. During the treatment planning process, 2-D custom

) were generated using a commercial treat-

compensator filters'®
ment planning system (Focus, Computerized Medical System,
St. Louis, MO) for all patients to achieve uniform dose
distribution. All patients were instructed to breathe normally
during CT scanning and treatments. Twelve patients partici-
pated in this study. Five of the 12 patients were treated to the
right breast, and the remaining patients were treated to the
left breast. The gantry angles used for treatments are summa-
rized in Fig. 1 and Fig. 2. All of these patients were treated
with 2 fields, tangential beams only. None of them had the
supraclavicular, axillary, or internal mammary nodes treated

with separate fields.

2. Acauisition of EPID images

While treating patients, electronic portal images were taken
with a commercial EPID (PortalVision-LC250, Varian, Palo
Alto, CA). As shown in Fig. 3, images exhibited the check-
erboard pattern due to the use of 2-D custom compensator
filters fabricated with aluminum and copper cubes mounted
on a Perspex tray. The EPID utilizes arrays of liquid-filled
ionization chambers. It was set to run in a fast frame-
averaging mode with an image acquisition rate of 1.4 frames/
second. All treatments were delivered at a 400 MU/min dose
rate. For each patient an average of 8 images per field were

acquired during a treatment. This image acquisition was
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Fig. 1. Five patients had right breast treatment. The medial and
lateral gantry angles ranged from 124° to 137° and from 304°
to 317° respectively.

repeated for a minimum of 7 treatment days. Each patient had
approximately 240 images for tangential fields. All fields

were defined with multi-leaf collimators (1 c¢cm leaf width).

3. Automated analysis software

A custom software package was developed using a com-
mercial data analysis and programming software package
(Matlab®, Mathworks). The custom software is composed of
three modules: (1) compressed Varian formatted image files
are imported and uncompressed, (2) tissue edge detection and
automated line drawing along the tissue edge, and (3) geo-
metric measurement and statistical analysis. The Canny meth-
od was used to detect the tissue interfaces and to locate the
edge of the breast tissue.'>'*" This method finds edges by
identifying local maxima of the gradient of image intensities.
Pixels are classified as an edge if the gradient magnitude of
the pixel is larger than those of pixels at both sides in the
direction of maximum intensity change. The typical imple-
mentation of the Canny edge detection algorithm involves 4
steps. First, the Canny algorithm smoothes the image with a
Gaussian filter to reduce the sharpness of the image details.
Second, it determines gradient magnitude and gradient direc-
tion at each pixel. If the gradient magnitude at a pixel is
larger than those at its two neighbors in the gradient di-
rection, it marks the pixel as an edge. Otherwise, the pixel is
marked as part of the background. Finally, the Canny system

removes the weak edges by hysteresis thresholding'® where

G 223° (patient6 & 9) AP

G 228 (patient 7) .G180°
G 232] (patient 3) *\, G 201" (patient 2)
G 234 (patient 4)

G 237 (patient 10)

Rt Lat
G 270°

GO’
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Fig. 2. Seven patients had left breast treatment. The lateral and

medial gantry angles ranged from 21° to 57° and from 201° to
237° respectively.

Fig. 3. A sample electronic portal image taken during radiation
treatments using an EPID employing arrays of liquid-filled
ionization chambers.

weak edges below a low threshold are eliminated, but not if
they are connected to an edge above a high threshold. The
Canny edge detection algorithm was implemented as a built-in
function in the Matlab® imaging toolbox. Our experience has
shown the Canny method can be one of the best edge-
detection algorithms for electronic portal image analysis.
Edge detection was performed on each acquired image to

trace field edges and tissue interfaces such as lung-tissue and
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Fig. 4. A cumulative image generated by applying edge
detection to trace tissue interfaces (along the lung and skin)
and field edges for a set of EPID images. Each image has a
pixel value of 0 for background and 1 for outline (edge).
Outlined images were combined into a composite image.

tissue-air. The software assigns the image a pixel value of O
for background, and 1 for detected edges. Outlined images
were accumulated into a composite image as shown in Fig. 4.
Field corners were used as registration points for super-
imposing images. This image had the maximum pixel value
equal to the number of images where the delineated edges
overlapped.

A statistical analysis tool was built into the automated
analysis software. Composite images show edges (or outlines)
as a spread of lines following a common path. Where the
outlines were spread along the chest wall, the in-house
software enabled us to draw an analysis line (from point A to
B as shown Fig. 4) perpendicular to the tangent at the apex
of the breast, and produced the graph (dotted) based on where
those lines fell on the analysis line as illustrated in Fig. 5.
Once the data has been collected from the composite image,
the software creates a Gaussian graph (solid line) representing
the composite error, and calculates the standard deviation ( o).
The X-axis, “Selected Length”, is a relative dimension that
depends on where the line started and stopped for mea-
surement and analysis.

2-D compensators are fabricated with a number of alu-
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0 T T
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Fig. 5. Gaussian spread (solid line) and standard deviation (¢)
(dashed line) based on the cumulative measurement of edges
crossing a reference line. The X-axis, Selected Length, is a
relative dimension, which depends on where the line started
and stopped for measurement and analysis.

minum and copper cubes. Between the cubes there is some
leakage, which appears as grids in edge detected images.
Lines and dots produced by detector leakage and noise were

removed before analysis.

4. Measurement

A total of 2,931 electronic images were taken in cine mode
for this study. Twelve patients were filmed and analyzed for
intra and interfractional errors. Since beam geometry can
affect PTV margins, the range of gantry angles for the patient
selection is depicted in Fig. 1 and Fig. 2 for future reference.
Intrafractional error was measured with a composite image of
cine-mode images for each field during a daily treatment. Fig.
6 shows composite images taken over five consecutive days.
The top row presents the medial composite images. Each
composite image is assembled from § to 9 images. Bottom
row images show the composites of the lateral field. The
anterior-to-posterior breast motion on the breast mid-plane was
tracked at three different locations on the breast: the top 1/3,
middle (apex of the breast), and bottom 1/3 of each image.

The standard deviations (SD) measured at each location
were averaged for each daily image data set throughout the 7
to 15 treatment days. For each patient, the SD was averaged
over the entire span of treatment days. From the SD, the 95%
confidence levels (2 - (1.96 - ¢) were calculated for all pa-

. 17 . . .
tients."” The measurement results are summarized in Fig. 7.
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Fig. 6. Intrafractional medial (top) and lateral (bottom) cumulative images covering five consecutive fractions (columns) from Patent
11. Eight to Nine images were taken during single fraction irradiation and processed. Tissue interface edges were detected using
the Canny edge detection technique. Edge detected images were registered and overlaid in a frame with a reference line at the

medial field edge. These images show nearly identical line spread.
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For the interfractional error analysis, one image from a set

of images taken in cine mode per treatment day was

randomly selected from the entire treatment set. These ran-

domly selected images were outlined and accumulated into a

composite image. An example is shown in Fig. 8. The grid

size in the figure is | cm by 1 cm.

The anterior-to-posterior breast motion of the breast mid-

plane was again tracked at three different locations: top 1/3,

middle (apex of the breast), and bottom 1/3 of each image.

For each patient, the standard deviations were averaged at

n=13 n=7
n=15

Fig. 7. Intrafractional motion a-
nalyses showing eight to nine
images per fraction, acquired for
7 to 15 fractions (n). Measure-
ments at 1/3, 1/2, and 2/3 of
the vertical image axis in were

averaged for each fraction. The
9 10 N 12 95% confidence values were cal-
culated from composite images.

three locations. The 95% confidence levels were calculated

and summarized Fig. 9.

RESULTS

The standard deviation from intrafractional motion did not
show significant variation among patients as shown in Fig. 7.
The 95% confidence level from the intrafractional motion
(due mostly to breathing) ranged from 2 mm to 4 mm.

Between 12 patients the variation was within 2 mm. The dif-
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ference between medial and tangential fields was negligible.
For each patient, the intrafractional error was very consistent,
showing minor variations between treatment days (a sample
analysis is illustrated in Fig. 6). The line spread in each
composite image was almost identical for 5 consecutive days.
However, the 95% confidence level from the interfractional
error (due mainly from daily setup error) ranged from 7 mm

to 31 mm shown in Fig. 9. The average of 95% confidence

Fig. 8. An Interfractional analysis image is generated by
randomly selecting one image from each of 17 fractions and
accumulating them into a single image. This composite of
medial images shows how much interfractional setup error
occurs in addition to breathing motion. A 1x1 cm grid is
provided for reference.

35.0 4
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25.0+
20.0 1

15.0 1
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10.0 +

5.0 1

0.0

levels over 12 patients was 17 mm. Fig. 8 shows the inter-
fractional error as an example. The outline spread was much
more significant compared to that from intrafractional motion
shown in Fig. 6. The variation between patients was obvious
and exceeded 15 mm. Some patients showed significant dif-
ferences between medial and lateral fields, which were larger
than 5 mm. This may result from the geometry used for
imaging. Since all images were taken at the gantry angle used
for treatments, expansion of the chest-wall from breathing
may vary in the beam direction and will differ between
medial and lateral fields.

Our automated analysis software demonstrated itself to be
robust. It took 2 days to analyze approximately 720 measure-
ments (2,931 EPID images). We found the automatic func-
tionality was very useful to process the large number of
images required for a statistically meaningful characterization

of a clinical modality.
DISCUSSION AND CONCLUSIONS

The 95% confidence values of intrafractional motion ranged
from 2 to 4 mm on 12 patients. However, the interfractional
setup error, which ranged from 7 mm to 31 mm, was sig-
nificantly larger than patient breathing motion. Some breath-
ing motion is folded into the interfractional error depending
on what moment during the breathing cycle the image was
taken. However, the magnitude of interfractional etror com-
pared to intrafractional error indicates that breathing motion is

not a significant contributor to the former. The random se-

[ Medial field
Hl | ateral field

Fig. 9. A summation of interfrac-
tional patient movement. One
image per fraction was randomly
chosen through breathing cycle
(s). The number of fractions sam-
pled ranged from 7 to 15 for
twelve patients. Measurements at
1/3, 1/2, and 2/3 of the vertical
image axis in were performed.
From the measurements, the 95%
confidence values were calculated.
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lection of the images probably helps in minimizing this effect.
Since there was little variation among patients, breathing
motion results from this study can be applied to the general
patient population unless a particular patient’s lung capacity
deviates significantly from the average. Daily setup error may
vary depending on the technique used for patient setup (and
what institution-specific immobilization device may be in use).
Prior to 3-D conformal radiation treatment or IMRT delivery
to breast patients, the magnitude of setup error must be mea-
sured and properly formulated into the PTV. To reduce large
PTVs, a setup verification device may be required for breast
IMRT or 3-D CRT. Commercial software that comes with
EPIDs typically analyzes only single images and does not
provide edge detection. Automated analysis software is very
helpful to process the large number of EPID images required
to characterize a particular treatment and formulate a PTV. It
can provide us valuable information with minimal effort.

It should be noted, that to fully characterize a treatment
PTV, positional accuracy examined in this study is not wholly
sufficient. The useful ness of a PTV depends on accurate
CTV delineation. Target accuracy (accurate CTVs) will be an
important factor for 3D conformal fields as is indicated by
current issues in defining the CTV for electron boost fields.
The commonly used clinical technique to define an electron
boost field is based on the resection scar and palpating the
tumor bed. If the bed is palpable, a 1 cm margin was added.
If it is not, then a 3~4 cm margin was placed parallel to the
surgical scar. Benda et al. compared the commonly used
clinical technique to an approach based on CT imaging of
surgical clips in tumor beds.'® In their proposed technique,
the CTV was contoured with the surgical clips as a guide but
also incorporated any surgical defect or seromas seen on the
CT scans. For daily setup error and organ motion, the PTV
was created with a 1 cm margin added to the CTV. Their
results showed that the isocenter differed more than 1 cm in
the medial-lateral direction in 5 of 30 patients and in the
cephalocaudal direction in 12 of 30 patients. Clearly, our
findings on PTV derivation must follow a carefully delineated
CTV for 3D conformal or IMRT breast treatment.

Our images were taken at the treatment beam gantry angles
with treatment apertures. Therefore, our specific PTV margins

should only be applied to tangential beam arrangements

acquired in that particular clinic. However, our findings can
be used as a minimum margin to compensate for daily setup
error and breathing motion. To further reduce margins, an
image-guided system is recommended for patient position
verification. Our automated EPID analysis can be extended to
other treatments by acquiring digital images specific to that

treatment geometry.
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