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Fig. 2. Scintillation light emitted from a 2.5 x 10 cm? field (a), and scintillation light emitted in the case in which the
even number leaf positions are open (b). The white boxes are ROIs used to measure the detected light. The ROIs are set
at the center of the leaves.

Accumulating q;; over the sampling frames, we get

Q; (pixel value) = 2 dj; )

We use Q for the amount of light measured over all frames and ROI positions. BG is obtained
from the average q,,, i measured in nonexposure (€.g., q,,,, i averaged over 9000 frames was
0.36). This was used as the value of BG in this study.

Under these measurement settings, photons scattered from the collimator rarely, but some-
times, interact with the camcorder and give rise to noise. Such noise is called transient noise,
and it is possible to reduce this noise by surrounding the camcorder with radiation shielding
material. It is also possible to correct for noise in the images by applying a spatial filtering
algorithm (e.g., a median filter). However, it turns out that the filtering correction alters each
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pixel value.®D In our preclinical tests on the scintillation light detection system, we exposed
the scintillator to a 2.5 cm X 10 cm field of 6 MV X-rays and recorded the light for 300 sec
(equivalent to 9000 frames). We observed noise 18 times in the 9000 images, which indicates
the probability of transient noise to be 0.2% per frame. This is lower than the noise in similar
systems using CCDs. Therefore, for these measurements, neither image filtering nor radiation
shielding for noise correction was done.

B. Characteristics of light detection

In order to verify implementation of the unit as a QA tool, we conducted some basic measure-
ments which are performed in the QA procedure for helical tomotherapy. For the first step,
these were done under static field conditions with the gantry angle at 0° and exposure to 6 MV
X-rays at a dose rate of 839 cGy/min.

B.1 Relationship between the scintillation light and the collimator open time

It is important to understand the characteristics of the light detected from this system in order
to be able to use it to predict the time for which the collimator is open (defined as “leaf open
time”). First, we investigated the relationship between the light and the leaf open time from the
measurements. The field size was 2.5 cm x 10 cm (opening leaf numbers 25-40). We changed
the leaf open time from 29.41 msec to 294.12 msec and made measurements in each case. For
these measurements, the value of Q at the isocenter, Q .. is defined as a reference point. Since
the isocenter for tomotherapy is located between leaf numbers 32 and 33, this was calculated
from the following:

Q. enter (Pixel value) = (Q,,+Q;5) /2 (3)

B.2 Lateral profile in the scintillator

The lateral profile in the plastic scintillator is different from the one given by a conventional
measurement (e.g., film or 2D profile detector and 3D water measurement), due to the cylin-
drical shape of the plastic scintillator. Thus, a reference profile for the cylindrical shape is
required. This was done by opening a single leaf and exposing the detector to 6 MV X-rays
for 294.12 msec. This process was repeated for all the leaves from 18 to 47, during which time
the camcorder was recording the light continuously. Subsequently, we obtained measurements
for each Qj (=18 to 47).

B.3 Field size dependency of the detected light

The profile measurement was also performed for several field sizes, where the effective field
size ranged from 0.625 cm to 17.5 cm. The exposure time was 294.12 msec. We observed each
Qj value, and also looked at the output factor on the central axis.

B.4 Exposure time and the detected light

The field size was 10 cm with the 25th-40th leaves opened. The exposure time was 300 sec.
The q.,,,, ; value for each frame was observed frame by frame. We also performed measure-
ments with an ion chamber (Standard Imaging, Inc., A12, Middleton, WI) and a Tomotherapy
Electrometer Measurement System (TomoTherapy Inc., Madison, WI). The chamber was placed
at the center at a depth of 10 cm in a solid phantom in the same field. The sample time for the
ion chamber was 250 msec.

C. Gantry rotation speed measurement (rotational stability)

The benefit of measurements using the cylindrically shaped detector is the capability of per-
forming dynamic measurements of the rotating gantry in a helical tomotherapy unit. In this
measurement, the scintillation light signals are recorded during the gantry rotation, and by
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observing these we verified if the gantry rotation speed varies at each gantry angle. An X-ray
field along the central axis was established by opening either leaf 32 or 33, and the gantry speed
was set to rotate at from 15 to 60 sec per revolution. The narrow beam profiles were recorded
frame by frame, from which we observed the position of the beam profile whose side passed
through the isocenter.

D. Binary MLC QA using the cylindrical scintillator
Helical tomotherapy requires a sinogram file to control the motion of the binary MLC. The file
consists of each leaf number expressed in the horizontal axis and its corresponding projection
number in the vertical axis. In the sinogram, the leaf open times of each leaf number for each
projection are given by a number between 0.0 and 1.0. Here 0.0 means that the leaf is closed.
For helical tomotherapy, 51 projections can be delivered in one gantry rotation. Suppose one
complete rotation of the gantry takes 15 seconds, then one projection needs 294.12 msec (equiva-
lent to 15 secs/51). Therefore, the leaf open time is expressed by the fraction of 294.12 msec.
For example, 0.5 expressed in the sinogram means that the leaf open time is 147.06 ms, which
is half of 294.12 msec. In a clinical situation, the minimum leaf open time is about 20 msec.
The feasibility of using the scintillator unit as a QA tool was investigated. We attempted to
perform the binary MLC QA using the measured q;;- The sinogram was reconstructed from the
measured q;; and was compared with the original sinogram dataset. q;; is the detected light per
frame. The sinogram represents the leaf open time for each projection. In order to reconstruct
the sinogram, g, needs to be summed for each projection. The summed q; is converted into
the leaf open time. For the conversion, we used the relationship between the detected light
and the leaf open time, which is made based upon the measurement at the center of the plastic
scintillator (see Section B.1 above). In this relationship, q needs to be normalized because if
each ¢; (acquired under the condition that each leaf is open for a certain time) is different from
each other, it leads to error. There is another cause of error in that the detected light changes
due to exposure time. This also needs to be handled. In this study, two correction factors are
applied for each leaf position: one is for correcting the difference in the detected light, k.,
and the other is for correcting time variances, k,;. The corrected value of the detected light is
defined as q,;; as follows:

qg;; (pixel value) = q; = k;; = k;, @

Here, k;. and k,; are the lateral profile of the jth ROI and the exposure time correction for
the ith frame mentioned in previous sections. In the scintillator and camcorder unit, there may
be some issues with respect to the detection of light scattered in the medium and Cherenkov
radiation. These phenomena can cause spurious signals in nonexposed ROIs and, in order to
deal with these, we set a threshold (Th) to the ROI signal for the scintillation light measurement.
Ideally, the threshold values for each ROI bin are derived from the field size effect (output factor
in each ROI area) discussed in Section B.3 above. For the purpose of a much simpler verifica-
tion method, we attempted to determine a general threshold value from the descriptive field
size effect measured at center of the field. The threshold value was determined by a receiver
operating characteristic (ROC) curve. The q; is finally normalized in order to agree with the
real exposure time in the original sinogram using the relationship between the exposure time
and q measured in section Section B.1 above.

The measurement was performed with the gantry rotating. The gantry was rotated at a constant
velocity of 15 sec per revolution. Dose distributions corresponding to the binary leaf patterns
show up on the scintillator surface, and the camcorder records these at each gantry angle.

Since the ROIs put on the image in Fig. 2 are fixed at each position and these do not rotate
with the gantry rotation, it is not a real-time measurement. Following the light acquisition for
all gantry angles, each of the images acquired are rotated back to 0°, by which we measured
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the q;; at each gantry angle. The actual appropriate gantry angles to rotate the images back were
given from the result of Section C above. In this way, it is possible to conduct a real-time binary
MLC QA with the rotating gantry during treatment. This is the benefit of this measurement. In
the procedure, two sets of sinograms were used. One was a very simple sinogram in which all of
the binary MLCs were open for 294.12 msec and this was repeated for 133 projections (simple
binary MLC pattern). Another set was the clinical case of a prostate treatment MLC pattern,
with 643 projection data and a modulation factor of 1.649 (clinical binary MLC pattern). The
modulation factor is defined by maximum leaf open time divided by the average leaf open time.
When the modulation factor increases, the leaf open time becomes shorter on the sinogram. In
the measurements, the treatment couch was not moved and the number of projections was fixed
at 51. The sinogram was analyzed based on the Th value. When q . was greater than Th, the
jth leaf was identified as being open. When qg; was less than Th, the jth leaf was considered
to be closed. The suitability of the Th value was also evaluated by considering the sensitivity
and specificity for some sets of Th values. The leaf open time obtained from this method was
compared with the one for the original sinogram data.

lll. RESULTS

A. Characteristics of light detection

A.1 Relationship between scintillation light and collimator open time

The relationship between the detected light Q at the central beam axis, between the 32nd and
33rd leaf positions, is shown in Fig. 3. Good linearity can be seen for leaf open times from
29.41 msec to 294.12 msec. This has already been reported,®>??) and we were able to obtain
a similar result. The relationship shows that by changing the leaf open time, we can control
the exposure to the scintillator and, conversely, that it is possible to predict the leaf open time
from the detected light Q.
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Fic. 3. Relationship between the leaf open time and detected light. Q on the vertical axis, is calculated from Eq. (3).
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A.2 Lateral profile in the scintillator

The result of the lateral profile using the scintillator unit is shown in Fig. 4. There is a slight
slope in the profile from the center of the beam line towards the off-axis direction. The main
reasons for this are that there is no flattening filter in the linear accelerator used for helical to-
motherapy, and the depth doses at each ROI position are different in the cylindrical scintillator.
Each value, q, is normalized to the 32nd detected light value, q,,, which is at the center of the
field. The inverse value of the relative value in the profile is used for klj.
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A.3 Field size dependency of the detected light

The relationship between the field size and the beam profile is shown in Fig. 5(a). The Q in
each ROl increases as the field size is widened. This is caused by scattered photons, light scat-
tering®>?% and Cherenkov radiation®%3233) in the scintillator. Figure 5(b) shows the output
factors in terms of Q, at the center and at the field edge for each field size in Fig. 5(a). The
center is at the 32nd leaf position when opening one leaf, and between leaves 32 and 33 when
opening two or more leaves. The Q at the field edge is defined, when the leaves from j to j+n are
open, as the average value of Qj_1 and Qj +ns+1- FOr example, when just the 32nd leaf'is open, the
field edge is the average of Q,, and Q,,, and when the 32nd-33rd leaves are open, the field edge
is the average of Q,; and Q,,. The detected light per frame at center increases from 29.1 up to
65.1 pixel value. In the field edge, the detected light per frame increased from 5.6 to 33.7 pixel
value. The light detected at the center when just one leaf was open is lower than the light detected at
the field edge when 24 leaves were open (Fig. 5(b)). This means that, in the case of the wider field
shown in Fig. 5(a), even if a few leaves are not open at the side, the unopened leaves might pos-
sibly be recognized as being “open”. This might be the cause of errors in this measurement.
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Fic. 5. Field dependency of the measured light: the light measured at each ROI and its corresponding leaf position (a);
the number of open leaves and the output factor at the central axis and in the field edge region (b). The vertical axis is
the detected light per frame.
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A.4 Exposure time and the detected light

The relationship between irradiation time and the scintillation light detected (relative value)
on the camcorder is shown in Fig. 6. The detected light is slightly greater than 1 for short ir-
radiation times, and then gradually decreases. Since this trend is also seen in the ion chamber
measurements, it is thought that the slight variation was due to a variation in the beam output
and not to the scintillator. However, since the variation in the beam output affects the results,
a correction factor k,; for the beam output based on this curve was applied.
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Fic. 6. Stability of the data measured with an ion chamber and the plastic scintillator. The measured data from the scintil-
lator are based on q,,, ;. The data from the ion chamber are from measurements made at a depth of 10 cm. Each plot is
averaged over a time of 10 sec and normalized by the value at 100 sec. The readings of both the plastic scintillator and
ion chamber decreased with exposure time.
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B. Gantry rotation speed measurement (rotational stability)

Figure 7 shows the gantry position (degree) and the time from the gantry rotation start position.
The solid lines in the figure express the theoretical values on the basis of the assumption that
the gantry rotational speed is constant. There is good agreement between the measured and
theoretical values for rotational speeds of 15 to 60 sec/revolution, and these are constant for all
rotational speeds. Thus, regarding the appropriate gantry angles for rotating back the images,
it turned out that the nominal gantry rotation angles are useful.
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Fig. 7. Stability of the gantry rotational speed. The solid axis represents the theoretical value.

C. Binary MLC QA using the cylindrical scintillator

Figure 8 shows the ROC curves for the simple model and the clinical model. Setting the thresh-
old, Th, too high, would give a false value. Setting the threshold too low results in spurious
signals being detected on each ROL. This is also affected by the leaf open time. It is important,
therefore, for us to consider the optimum Th value to make an adequate balance between
sensitivity and specificity. Therefore, we employed the Youden index,®# which is calculated
from “sensitivity+specificity-1” and ranges from 0 to 1. We believe that the maximum Youden
index represents the optimum Th in this case. From the results of the simple model, the maxi-
mum value is 0.987 when Th is at the 44 pixel value, with the sensitivity being 0.998 and the
specificity 0.989. According to Fig. 5, Th = 44 pixel value is for the case for which between 2
and 4 leaves are open. However, in the case of one leaf only open, the detected light per frame
is 29.1 pixel value (Fig. 5). Thus, if the value of Th = 44 pixel value were to be used, the case
of one leaf open might be identified as not open.

In the clinical case, the maximum Youden index is 0.992 at Th = 28 pixel value. As shown
in Fig. 5, Th = 28 pixel value is less than the measured value with one leaf open (29.1 pixel
value). In the clinical model, the beam intensity generated from each binary MLC is modulated,
even though leaves neighboring each other are open; it is not uncommon for each leaf open
time to be different. Looking at the leaf open times frame by frame (every 33 msec), we can
see when only one leaf is open. Therefore, we consider that Th =28 pixel value, with which we
are able to detect even one leaf open, is the most appropriate value. From the observations, the
appropriate Th itself actually varies depending on the variation in the leaf pattern. Nevertheless,
we believe that Th = 28 pixel value is the appropriate value because with it, the one leaf open
status can be detected and its flexibility makes it applicable for any leaf pattern.
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Fi6. 8. ROC curves for a simple binary MLC pattern model () and a clinical binary MLC pattern model (b). The Youden index
is at its maximum value at Th = 44 pixel value in the simple model and at Th = 28 pixel value in the clinical model.

Figure 9(a) shows the leaf open patterns expressed as original sinogram. Figure 9(b) is the
reconstructed sinogram from measured projection datasets. The sensitivity and specificity are
1.000 and 0.919, respectively. Figure 9(c) shows the relative error. The relative error was cal-
culated from the difference between Fig. 9(a) and Fig. 9(b), and was divided by the maximum
value for each projection. Figure 9(d) represents a histogram of the values in Fig. 9(c). The
error associated with the leaf open time is calculated from the mean and standard deviation of
the relative errors. The calculation result was -1.3 = 7.5%, and this is defined as the leaf open
error. The 68.6% of all observed leaves were performed within + 3% relative error. In some
ROIs, the light measured was above the threshold but the leaf at the corresponding position
was not open. This was due to field edge light from other leaf positions pushing the value of
Q. over the threshold value. This was very obvious in the case of ROIj with the leaf numbers
j+1 and j-1 open and j closed.

The sinogram clinically used for a prostate cancer patient is shown in Fig. 10(a); Fig. 10(b)
is the reconstructed data from the measurement. The sensitivity and specificity are 0.994 and
0.997, respectively. The leaf open error was -3.4 + 8.0%. The 77.5% of observed leaves were
performed within £ 3% relative error. With respect to the errors, the status that some leaves
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FiG. 9. Sinogram for planned simple binary MLC pattern model (a), measured sinogram (b), difference between these
sinograms {c), and the resulting histogram (normalized) (d).

were open but not recognized as open occurred at a given leaf position because Q was below
the threshold value. Conversely, the case in which leaves were not open but were recognized
as open occurred around the same area of the simple sinogram result.
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IV. DISCUSSION

The leaf open errors were ~1.3 + 7.5% for the simple model and -3.4 + 8.0% for the clinical
model. The sensitivity and specificity were > 0.9, which means that the leaf status was correctly
recognized in 90% of the cases. Hence the main reason for the detection errors might be caused
by use of the formula used to convert detected light to leaf open time, which is based on the
results of the 2.5 cm x 10 cm field measurement rather than the value of Th. As already shown
in Fig. 5, the detected light changes depending on the field size, even though the leaf open time
is constant. In the case of just one leaf being open, the detected light was 0.48 compared to
the 10 cm field size. This change becomes more obvious for smaller field sizes. In the clinical
model, the field size per frame is generally smaller than the simple field due to the intensity
modulated field. This is why the error for the clinical model turned out to be -3.4 + 8.0%,
which is much larger than that for the simple model. Regarding the measured light correction,
the light measurements obtained from sets of field sizes were normalized based on the light
measured for the 10 cm field. However, for the leaf pattern for the simple model, scintillation
light emitted from a corresponding leaf location was scattered in the medium and affected the
adjacent leaf positions. The error associated with scattering varies depending on the field size
and the scatter. Thus, ideally it would be preferable to calculate a variety of correction factors
for any leaf pattern; this, however, is much too complicated.

We used the Youden index as a criterion in order to optimize the value of Th. The Youden
index is computed from a comparison between the original sinogram and the sinogram delivered
from the measurement. The Th value was originally supposed to be derived from a comparison
between the original leaf pattern and the one from the measurement, by which the errors are
also estimated. Nevertheless, since reliable measured data could not be obtained, we chose to
use the planned sinogram as a reference value.

The errors in this study were caused by not using correction factors for Th depending on
field size. If scattered light did not enter neighboring ROIs, no corrections associated with field
size would be necessary. In such a situation, we could achieve accurate measurements and the
errors would perhaps be independent of the Th value. In order to reduce the scattering, it might
be a better solution to collimate the scattered light. Ikegami et al.®>) reported that it is possible
to collimate the scintillation light and measure 3D dose distributions using scintillation fibers.
If we were able to use scintillation fibers, it could be possible to perform our measurement
with a higher accuracy.

Nevertheless, we have demonstrated that a simple measuring device using a combination of
a camcorder and a cylindrical scintillator can work as a binary collimator QA device without
light correction. With this device, measurements can be performed even in a clinical case with
a sensitivity and specificity of more than 0.99 and a leaf open error of -3.4 + 8.0%. Since the
sensitivity and specificity are more than 0.99, and this measurement can identify the leaf posi-
tions where errors are most likely occur, we believe that this measurement can be used to detect
leaf motion where the leaf is open but recognized as not so, or the opposite case.

In this study, we have used 20 cm diameter scintillator. It detected the radiation field only
from leaf number 18 to leaf number 47. The binary MLC is composed of 64 leaves, which
effectively makes a 40 cm field (in width) at isocenter. It would be preferable to use at least
40 cm diameter scintillator for all measurements. However, if such a detector were to be used
for QA, it would be necessary to evaluate if our method would be applicable with a large
scintillator size.

Kapatoes et al.®%) has reported a similar study where the sinogram is reconstructed using
MIMiC MLC (Nomos Corporation, Pittsburgh, PA) and a CT detector, where the possibility of
beam delivery similar to helical tomotherapy was investigated. Indeed it could be possible to do
a similar trial with a helical tomotherapy unit. However, since the accelerator and CT detector
are combined with an actuator and these are not independent, it is impossible to conduct the
gantry angle check with this unit. Besides, it is difficult for users to make a use of the signal
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obtained from a CT detector, which leads to a measurement lacking in versatility. The benefits
of our method are that our unit can dynamically measure the motion of the binary leaves at
any gantry angle (as well as the gantry position during rotation), and it provides simplicity of
measurement. In this study, we accomplished observations of a binary MLC and the gantry
angle easily with a simple unit consisting of a cylindrical scintillator and a general-purpose
camcorder. We believe that this presents us with a very feasible QA tool.

V. CONCLUSIONS

We have developed a simple QA tool that can easily check binary MLC motion. This is composed
of a cylindrical scintillator and a widely-used camcorder. The camcorder can monitor the binary
MLC motion via scintillation light. Using the QA tool, we verified a simple binary MLC pattern
and a more complicated MLC pattern used in clinic. In the sinogram of the simple binary MLC
pattern, the leaves that were supposed to be open were detected with “open” status with respect
to the detected light, and the sensitivity was 1.000. On the other hand, the leaves that were not
supposed to be open were usually detected as such giving rise to a specificity of 0.919. The
measurement was achievable with -1.3 = 7.5% leaf open error. The 68.6% of observed leaves
were performed within + 3% relative error. In the clinical binary MLC pattern, the sensitiv-
ity and specificity were 0.994 and 0.997, respectively. The measurement could be performed
with -3.4 & 8.0% leaf open error. The 77.5% of observed leaves were performed within + 3%
relative error. These errors accounted for the values that are dependent on the planned leaf
pattern. In order to remove such dependency, one needs to correct for the contribution of light
scatter, which requires further study. The results of this study demonstrated that it is possible
to dynamically detect the motion of a binary MLC, which is a difficult task with conventional
film or ion chamber measurement. Our method has been investigated without couch motion,
and we conclude that we are able to perform accurate verification with this constraint. Although
this method is not a perfect alternative for QA, it is more easily performed than that which uses
a combination of ion chamber and film measurements.
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Summary

This retrospective analysis of
patients who had undergone
mastectomy without post-
mastectomy radiation
(PMRT) looked for predic-
tors of loco-regional recur-
rence. Those with one to
three positive lymph nodes
demonstrated a particularly
high locoregional recurrence
rate in the presence of
extensive lymphatic inva-
sion. This factor was more
strongly predictive than T3
status. This subgroup may
require PMRT similar to

Purpose: The indication for postmastectomy radiotherapy (PMRT) in breast cancer patients
with one to three positive lymph nodes has been in discussion. The purpose of this study was
to identify patient groups for whom PMRT may be indicated, focusing on varied locoregional
recurrence rates depending on lymphatic invasion (ly) status.

Methods and Materials: Retrospective analysis of 1,994 node-positive patients who had under-
gone mastectomy without postoperative radiotherapy between January 1990 and December
2000 at our hospital was performed. Patient groups for whom PMRT should be indicated were
assessed using statistical tests based on the relationship between locoregional recurrence rate
and ly status.

Results: Multivariate analysis showed that the ly status affected the locoregional recurrence rate
to as great a degree as the number of positive lymph nodes (p < 0.001). Especially for patients
with one to three positive nodes, extensive ly was a more significant factor than stage T3 in the
TNM staging system for locoregional recurrence (p < 0.001 vs. p = 0.295).

Conclusion: Among postmastectomy patients with one to three positive lymph nodes, patients
with extensive ly seem to require local therapy regimens similar to those used for patients with
four or more positive nodes and also seem to require consideration of the use of PMRT.
© 2012 Elsevier Inc.

Keywords: Breast cancer, Lymphatic invasion, Postmastectomy radiotherapy

those with four or more
positive nodes.

Introduction

In many cases in the 1960s, postmastectomy radiotherapy (PMRT)
was delivered mainly to regional lymph nodes, not the chest wall
(1). This procedure reduced locoregional recurrence rates (LRR)
but did not contribute to improvement of survival rates of patients.
It gradually came to be shown thereafter that addition of chest
wall irradiation resulted in better treatment outcomes including
survival rates.

In and after 1997, large-scale clinical trials began to reveal the
fact that in primary breast cancer patients with positive lymph
nodes, PMRT, as provided in current clinical practice, not only
reduced locoregional recurrences but also improved overall
survival (2—8). Recently issued clinical practice guidelines,
including those of the American Society of Clinical Oncology (9),
the National Comprehensive Cancer Network (10), and the Japa-
nese Breast Cancer Society, recommend PMRT for cases of
primary breast cancer with four or more positive axillary lymph
nodes. Then, questions arise as to whether PMRT is needed for
such cases with one to three positive nodes, and if it is, for what
patient subgroups. Those questions remain unanswered (11-—14).

In the present study, we focused on lymphatic invasion (ly),
which is regarded as an independent prognostic factor in cases of
negative lymph nodes (15). The term ly reflects migration of
intralymphatic tumor cells into regional lymph nodes; we
considered the possibility of lymphatic obstruction being caused
by tumor cells in cases of extensively.

Depending on ly status, LRR for patients with one to three
positive nodes may be comparable to those of patients with four or
more positive nodes. On the other hand, depending on ly status,
LRR may be low even in the presence of four or more positive
nodes. Following the hypothesis that PMRT targets and eradicates
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or decreases residual tumor cells in regional lymphatics, it is
deemed critical to consider the indication for PMRT based on LRR.
The purpose of the present study was, focusing on the ly factor,
to identify postmastectomy patient subgroups with one to three
positive lymph nodes for whom PMRT might be indicated.

Methods and Materials

Retrospective analysis of 1,994 patients with histologically tumor-
positive lymph nodes, including micrometastases but not isolated
tumor cells, who had undergone mastectomy without post-
operative radiotherapy between January 1990 and December 2000
at our hospital was performed; at that time, PMRT was performed
on a limited basis to high-risk patients with 10 or more positive
nodes because it was thought that the LRR of postmastectomy
patients was low. Clinical data including age, T stage, number of
positive lymph nodes, ly, and histology were examined. Estrogen
receptor (ER) and progesterone receptor (PgR) status were
included in the analysis only as reference data, because, in the
1990s, ER and PgR status was assessed by enzyme immunoassay
not immunohistochemistry. ER and PgR status data seemed to fall
short of serving as factors of accurate multivariate analysis;
therefore, we performed multivariate analysis twofold, with and
without PgR and ER status (Tables 2 and 4, respectively). Table 4
data are discussed below in “Discussion.” Nuclear grade and
HER?2 activity were excluded from the study, because they often
were not evaluated at the time in our hospital.

At our hospital, ly grading (so-called 1y status) of each patient
is diagnosed initially by an expert pathologist and subsequently
reviewed by two pathologists. In the present study, the ly status
was classified as ly— (no ly), where no evidence of ly was found
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on any slides; ly+ (low ly), where one to nine areas of ly were
detected; and ly++ (high ly), where 10 or more areas of ly were
detected. LRR was compared among patients classified by ly
grade to evaluate the relationship between LRR and ly status.
Based on the results of this evaluation, we sought to identify the
subgroup of patients for whom PMRT might be indicated among
all patients with one to three positive nodes (n1—3 group).

Locoregional recurrence was defined as local recurrence,
including isolated relapse in the regional lymph node areas
(axillary, supraclavicular, infraclavicular, or parasternal). In
assessing locoregional recurrences, we ensured that they were first
relapses.. Patients with only node-negative tumors have been
shown to have low LRRs in earlier studies (16, 17) and were
therefore excluded.

Statistical analyses were undertaken using Dr SPSS II for
Windows Version 11.0.1 J (SPSS Japan, Tokyo, Japan). LRRs
were estimated by the Kaplan-Meier method and compared
with a two-sided log rank test. Multivariate analysis was per-
formed using the Cox proportional hazards model for four risk
factors of locoregional recurrence: ly grade, number of positive
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lymph nodes, tumor size, and patient age. Intergroup compar-
isons were carried out using % test or Fisher’s exact test
(Excel; Microsoft). All p values were two-tailed; a p value of
0.05 or less was considered significant. In the present study,
complete anonymity of patients and medical record numbers
was maintained.

Results

The median follow-up period for the 1,994 patients was 112
months, with locoregional recurrence in 306 (15.3%) patients.
Larger tumor size, more extensive ly, and greater number of
positive lymph nodes were associated with higher LRRs, with
LRR surpassing 30% in patients with ly-++ or 10 or more positive
nodes. Univariate analysis revealed that T stage, ly status, and
number of positive nodes were particularly strong risk factors (p <
0.001) (Table 1). Although significant difference was detected for
ER status and PgR status, those receptor status data lacked
accuracy, as they were reference data obtained from enzyme
immunoassay and were “unknown” (i.e., not available or not
evaluable) for approximately 8% of patients (ER “unknown,” 156/
1,994 patients; PgR “unknown,” 169/1,994 patients).

The Kaplan-Meier estimated LRRs for all patients with posi-
tive lymph nodes were compared among different ly status groups;
the log rank test detected a significant difference (p < 0.001),
indicating a particularly high LRR for the ly++- subgroup (Fig. 1).
Multivariate analysis incorporating the number of positive nodes,
T stage, and age showed that ly-++ status (p < 0.001) was as
strong a factor for chest wall recurrence and LRR as number of
positive nodes, T3 stage, and age (>50) (Table 2). Regarding
overall survival (OS), having a higher number of positive lymph
nodes, which was associated with higher risk of distant metastasis,
was the strongest risk factor, while ly-++ status fell short of
showing significant difference (relative risk [RR] = 1.182, 95%
confidence interval [CI], 0.974—1.436, p = 0.091). When the
group with n > 10 was excluded, however, ly status was found to
affect survival (RR = 1.430; 95% CI, 1.100—1.859; p = 0.008)
(Table 2).

Data in Fig 2 were prepared and examined. For both the n1—3
group and the n >4 group, the ly++ level was associated with
a very high LRR, with the ly++ subgroup of nl—3 patients
showing a higher LRR than the ly— subgroups of n >4 patients.
Limited to the n1—3 group, multivariate analysis identified ly++
status as the sole risk factor for chest wall recurrence (RR =
3.018; 95% CI, 1.472—6.190; p = 0.003) and locoregional
recurrence (RR = 3.132; 95% CI, 1.753—5.596; p < 0.001)
(Table 2). As for OS, the presence of three positive lymph nodes
was the strongest risk factor (RR = 1.780; 95% CI, 1.303~2.432;
p < 0.001), rendering ly status a less influential factor for the
nl—3 group (RR = 1.231; 95% CI, 0.815—1.857; p = 0.323)
(Table 2).

Discussion

The utility of PMRT has been established, including evidence of
the Danish clinical trial in 1997 (2) and meta-analysis by the Early
Breast Cancer Trialists’ Collaborative Group in 2005 (7). In the
United States and Europe, the value of PMRT is a time-proven
treatment. In Japan, postoperative irradiation tended to remain
uncommon for some time, in response to very low LRRs reported
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in the US (12, 18). In the 1990s at our hospital, PMRT was not
a standard therapy; therefore, we had a number of breast cancer
cases untreated with radiotherapy even in the presence of four or
more positive lymph nodes. During that period, against such
a backdrop, institutional review board approval was not neces-
sarily required for implementation of PMRT in clinical research.

Our study yielded three major findings. First, for patients with
positive nodes, ly++ status was associated with an LRR as great
as that of the number of positive nodes (Fig. 1, Table 2). Second,
within the n1—3 group, ly++ status was associated with partic-
ularly high LRR, indicating the need for consideration of PMRT
for this subgroup (Table 2). Third, PMRT might not have to be
done positively, as the risk of locoregional recurrence is low in the
nl—3 group if tumor diameter is 5 cm or more, not ly++ (Table
2). Some previous studies reported that PMRT needed to be
considered for breast cancer patients involving tumors >5 cm (13,
14, 19). The present study showed that breast tumors >5 cm
affected locoregional recurrence only when patients with four or
more positive lymph nodes were included (Table 2). In the n1—3
group, locoregional recurrence was unaffected by T stage
(Table 2).

Regarding patient age, the present study showed that age 50
years or older was associated with higher LRRs, while conflicting
information is available: some studies found only a nonsignificant
relationship between age and LRR (17, 18), whereas others
reported stronger association of younger ages with higher LRRs
(2, 16). We performed additional analyses of LRR in the 35-year-
old and younger group and the 35-year-old and older group. In that
analysis, contrary to the aforementioned analysis of patients below
or above 50 years old, we found that the younger age group
exhibited higher LRR but not with a significant difference (log-
rank, p = 0.1391; multivariate analysis, RR = 0.951; 95% CI,
0.596—1.517; p = 0.833).

We undertook multivariate analysis incorporating ER and PgR
status. In an analysis of all patients, each receptor status was a risk
factor for both chest wall recurrence and locoregional recurrence
but was not as strong a factor as other risk factors for those
recurrences. For the n1—3 group, ER and PgR status were not risk
factors. ly++ status was shown to be the sole risk factor for
locoregional recurrence (Table 4). As mentioned above, however,
these findings should be followed only as reference data. In this
multivariate analysis, ER and PgR status had only minimal impact
on the finding that ly++ was the risk factor for LRR. Given the
results of this analysis, it seems possible to predict that ER-
negative and PgR-negative status are associated with higher LRRs.

The definition of ly used in the present study may raise
a question concerning the applicability of our findings to cases at
other institutions. Because the criteria of ly status vary depending
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on institution, differences in the criteria need to be taken into
consideration. Another possible point of consideration is that in
the present study, the entire tissue from each postmastectomy
patient was not subjected to histologic examination, which could
have affected the number of sections in which ly status was
detected. It is our view, however, that the use of entire dissected
tissue for ly status assessment would not have resulted in any
significant discrepancy from the results (frequencies of ly—, ly-+,
and ly++) we obtained, because ly were found in peritumoral
lesions as usual (20).

According to earlier reports, LRR seems to differ widely among
reported series of patients. For example, LRR varies from 8.1% to
33% in postmastectomy patients with one to three positive nodes
who were assessed in several studies to which we referred (Table
3). While time to treatment from diagnosis may affect LRR in
certain cases, or other undetected selection factors may also
account for the reported LRR in this series, the quality of surgery is
deemed critical in any case. The LRR of 8.4% at our hospital
appears to reflect satisfactorily high quality of surgery offered here.

Regarding a threshold for the indication of PMRT, it should be
judged based on treatment outcomes at each site as LRR varies
substantially among institutions (Table 3). Data in Fig. 2 show that
at our hospital, when the presence of four or more positive lymph
nodes is assumed to be the indication for PMRT as a standard
treatment, the n1—3 plus ly+- subgroup will be able to indicate
PMRT. Therefore, because the LRR of the nl—3 plus ly++
subgroup was 16.3% at 10 years, the threshold for PMRT indi-
cation in our hospital is around 15%.

Because PMRT was initially developed as a local therapy for
the chest wall, it may be more rational to discuss this therapy in
the context of chest wall recurrence, rather than locoregional
recurrence, which includes isolated relapse in the regional lymph
node areas. In the present study we based our assessment mainly
on LRR, as in many earlier studies. We also performed
a secondary assessment that was based on chest wall recurrence
and found tendencies similar to those in the LRR-based evaluation
(Table 2): the ly++ status in all patients was a risk factor for chest
wall recurrence (RR = 2.548; 95% CI, 1.795-3.617; p < 0.001);
and that of the n1—3 group was also similar (RR = 3.018; 95%
CL 1.472—6.190; p = 0.003).

Regarding OS, multivariate analysis showed that ly-++ status
only nonsignificantly affected OS in the entire node-positive
patient group, and the n1—3 group, as opposed to the n1—9 group,
for which ly-++ as well as higher number of positive lymph nodes,
was found to be a significant factor in OS (Table 2). It is suspected
that the n > 10 group has a poorer prognosis because of problems
other than locoregional recurrences, distant metastases, for
example, and that many cases in the n1—9 group are associated
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with worse survival rates due to locoregional recurrences. In the
nl—3 group alike, survival rates can be decreased similarly, owing
to locoregional recurrences; it may be that difference in the OS
were not detected because of insufficient length of follow-up and
inadequate number of events analyzed. Data are available to
indicate that locoregional recurrences eventually affected OS in
the n1—3 group (5, 11). Extension of follow-up may result in the
detection of differences in OS.

41

Our results showed LRR was strongly associated with ly status
as well as with the number of positive lymph nodes or T stage,
with ly+-+ being an especially strong risk factor; LRR was
notably high in ly-++ patients in the n1—3 group; whereas in the
nl—3 group, T3 was not a risk factor for LRR, even with tumor
size of Scm or more.

The hypothesis that PMRT targets and eradicates or reduces
residual tumor cells in regional lymphatics needs to be validated in



