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Some systems require the user to draw bony structures on the source images.!® While this
is an option with our software, it is not required. It is sometimes useful to draw the outline of a
bone on both images, and then see how closely they align on the merged image; however, we
found that this method significantly increases the burden on the operator. It is generally faster
to view the merged portal-DRR image without hand-drawn contours.

Although EPID has become popular, some EPID systems are quite expensive to maintain
and have reduced imaging quality. Our software can be used in many situations where good
quality EPID is not available. '

Because our system uses only three points to calculate the out-of-plane transformation, areas
far from the control points (outside the working area) may not align exactly. If the entire image
is to be used for alignment, an alternative method would be to use a calibration function such
as McalList from the Matrox Imaging Library.(!¥) With this method, a list of corresponding
points on the portal and DRR images is passed to the function and a perspective distortion cor-
rection matrix is calculated. The more points that are specified, the more accurate the mapping.
However, because only points on the axes can be specified, the corners of the corrected portal
image may still be slightly distorted. Specifying many points may also be a burden on the user.
An automatic method of detecting all the visible grid tick marks on the portal and DRR images
is under investigation.

V. CONCLUSIONS

The ability to estimate offset values improved using our software for the chest phantom that we
tested. Setup error estimation was further improved using our automatic error estimation algo-
rithm. Estimations were not statistically different for the pelvis case. Comparing the automatic
setup function with a database of clinical cases estimated by human operators revealed that the
automatic function works relatively well for head, chest and breast cases, but performs poorly
for pelvis and other cases. Automatic registration should improve by increasing the contrast
of the portal image. Although setup error can be manually judged accurately and quickly with
the software as an aid to doctors and technicians, work remains to make the software more
fully automatic.
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Abstract

In the real-time tumor-tracking radiotherapy system, fluoroscopy is used to
determine the real-time position of internal fiducial markers. The pattern
recognition score (PRS) ranging from 0 to 100 is computed by a template
pattern matching technique in order to determine the marker position on the
fluoroscopic image. The PRS depends on the quality of the fluoroscopic image.
However, the fluoroscopy parameters such as tube voltage, current and exposure
duration are selected manually and empirically in the clinical situation. This
may result in an unnecessary imaging dose from the fluoroscopy or loss of the
marker because of too much or insufficient x-ray exposure. In this study, a
novel optimization method is proposed in order to minimize the fluoroscopic
dose while keeping the image quality usable for marker tracking. The PRS can
be predicted in a region where the marker appears to move in the fluoroscopic
image by the proposed method. The predicted PRS can be utilized to judge
whether the marker can be tracked with accuracy. In this paper, experiments
were performed to show the feasibility of the PRS prediction method under
various conditions. The predicted PRS showed good agreement with the
measured PRS. The root mean square error between the predicted PRS and
the measured PRS was within 1.44. An experiment using a motion controller
and an anthropomorphic chest phantom was also performed in order to imitate
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a clinical fluoroscopy situation. The result shows that the proposed prediction
method is expected to be applicable in a real clinical situation.

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

1. Introduction

The real-time tumor-tracking radiotherapy (RTRT) system was developed (Shirato ez al 1999)
in order to compensate for respiratory-induced motion of tumors. The system consists of
a linear accelerator (linac) and two x-ray fluoroscopy systems. In the RTRT system, metal
markers are surgically embedded in or near the target tumor. During radiation treatment, the
markers are detected by means of continuous fluoroscopy operated at 30 frames s~!. The
linac irradiation is only enabled during the period when the detected location of the fiducial
marker is within its allowed displacement values with respect to the treatment plan. The
location of the inserted fiducial marker is calculated from the projected position in the pair
of the fluoroscopic images obtained at two different directions. The marker position on each
fluoroscopic image is determined by means of a template pattern matching technique which is
based on the normalized cross correlation between the template image and the target image.
The pattern recognition score (PRS) is defined by the correlation coefficient. The location
that gives the highest PRS is considered to be the marker position in the search area. With
high tube voltage, large current and long exposure, the PRS will be higher because a high-
signal-to-noise-ratio (SNR) fluoroscopic image can be obtained. In this case, the marker can
be tracked accurately and stably; however, the radiation dose due to x-ray fluoroscopy also
increases. With many treatment fractions or in long treatment duration of a single fraction,
the total imaging dose could be more than what clinically acceptable. On the other hand, by
decreasing the fluoroscopy parameter settings, the PRS is decreased and the fiducial marker
could be lost. During irradiation, the fluoroscopy parameters such as tube voltage, current
and exposure duration are selected manually and empirically. This may result in unnecessary
imaging dose from the fluoroscopy or loss of the marker because of too much or insufficient
x-ray exposure. Hence, the fluoroscopy parameters have to be adjusted taking into account
both the PRS and the fluoroscopic dose.

Optimization of the operating parameters has been investigated and examined in computer
tomography (Brisse et al 2007, Papadakis et al 2008), radiation diagnostic (Doyle et al 2005,
Ullman et al 2006) or mammography (Williams et al 2008, Young et al 2006). In these radiation
diagnostic devices, the optimum tube voltage, current or exposure duration are optimized in
consideration of the contrast-to-noise ratio (CNR) or the SNR of the x-ray image. However,
the optimization method based on these indices cannot be applied in the RTRT system because
the marker moves in various regions of the fluoroscopic image due to respiration. Therefore,
it is difficult to determine the relationship between the PRS and the indices of image quality
such as CNR or SNR.

In order to minimize the fluoroscopic dose by reducing the pulse rate of the fluoroscopy,
various prediction models of tumor movement have been reported (Ruan et al 2007, Sharp
et al 2004). A combination with external signals such as a real-time position management
system is also useful for dose reduction (Wu et al 2008). Placing an additional filtration
material in the fluoroscopic beam (Moore et al 2008, Young et al 2006) should be useful for
the RTRT system. Optimization of the fluoroscopy parameters is one of the best solutions for
dose reduction. However, this has not been established yet for the RTRT system.
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In the RTRT system, optimization should be focused on reduction of the radiation dose
while maintaining the PRS at an acceptable level. For this purpose, we propose a novel
optimization method based on prediction of the PRS at an arbitrary position in the fluoroscopic
image. In the proposed method, the PRS can be predicted in a region where the marker appears
to move in the fluoroscopic image. The predicted PRS can be utilized to judge whether the
marker can be tracked with accuracy and stability. Hence, by analyzing the fluoroscopic
images obtained in several x-ray tube settings, the best fluoroscopic setting can be derived.
This method could be applied not only to the RTRT system but also to other fluoroscopy-based
motion tracking systems that use the template pattern matching technique. The purpose of
this research is to show the feasibility of the PRS prediction method and to demonstrate the
optimization of the fluoroscopy parameters in a phantom study.

2. Materials and methods

2.1. Template pattern matching

In the RTRT system, the fiducial marker is tracked every 0.033 s. On each sequential image,
the marker position in the fluoroscopic image is recognized by means of a template pattern
matching technique. The template image of the fiducial marker has to be registered in advance.
In the RTRT system, the fluoroscopic image of the fiducial marker which is captured before
insertion into the patients is used as the template image. In general, the same template image
is applied to all treatments because the markers are manufactured with same specification.
Template pattern matching is based on normalized cross correlation. The correlation coefficient
is given by

N L LM — (L 1) oL M,
VIVEE 72— (S 1IN T 02 = (T Y]

where N is the pixel number, and /; and M; are the pixel values of the target image and the

template image, respectively. The target image has to be cropped from the fluoroscopic image
with the same size of the template image. The PRS is defined as

0 (r <0,
100 x ¥2  (r 2 0).

In our case, we are not interested in the negative value, so results are clipped to 0. The location
that gives the highest PRS is considered to be the marker position in the search area. Other
algorithms for determining the marker position have also been considered; however, they are
not discussed in this paper.

In order to avoid the misidentification of the marker and to track only the marker, the
threshold value of the PRS should be determined beforehand. If the maximum PRS in the
search area is greater than the threshold value, the location that gives the highest PRS is
considered to be the marker position. On the other hand, in case the maximum PRS is lower
than the threshold value, the system decides that no markers are within the search area.  If
a high threshold value is applied, tracking accuracy is improved; however, the probability of
losing the track of the marker is also increased. If a low threshold is used, the probability of
the marker misidentification is increased. Hence, we must adjust the threshold value taking
into account both tracking accuracy and stability.

The PRS depends on the quality of the fluoroscopic images. Assuming that a stable
marker is tracked with the same exposure condition, the PRS fluctuates on each sequential
image in fluoroscopy. This is mainly caused by the statistical noise of a digital x-ray image

(D

=
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Figure 1. Outline of the pattern recognition score (PRS) prediction method.

(e.g. quantum noise, electronic noise). In a higher SNR image, the fluctuation of the PRS
is smaller. Fluctuation of the PRS is correlated with that of the projected marker position
in the fluoroscopic images. The 3D marker coordinates calculated by the RTRT system are
also altered according to these fluctuations. The fluctuation of the 3D coordinates can be
regarded as the tracking accuracy. As a result, the PRS can be one of the indicators of tracking
accuracy. The relationship between the PRS and. the tracking accuracy will depend on the
characteristics of the imaging devices of the fluoroscopy system. Therefore, the relationship
should be investigated in order to assure tracking accuracy for each system.

2.2. PRS prediction algorithm

The outline of the PRS prediction method is shown in figure !. For simplicity, the parameter
for optimization is assumed to be the x-ray tube voltage, kV,. Other parameters, tube current
and exposure duration, can be optimized in the same manner. The proposed prediction
algorithm is a three-step procedure. First, the target area for PRS prediction is cropped from
the fluoroscopic image with the same size as that of the template image. The pixel value
distribution of the template image and the cropped target area obtained in a specific x-ray
tube voltage kV, are defined as Piemp(x, y; kVp) and Pug(x, y; kV)), respectively. An x-ray
attenuation factor for each pixel position is calculated by taking into account the pixel value of
the background image which is obtained without the objects. The background images should
be obtained for each exposure setting in advance. The attenuation factor distributions of the
template image and the target image are defined as

P, tcm;;(x ¥ kVp)

A ,y: kVy) = —1 R
temp(x y p) n P (kVp)

©)

P (x, y; kvp)

targ (x,y p) n Po (kVp)

) “
where Py(kVy) is defined as the average pixel value of the background image. In order to
consider the ununiformity of the background image, the location of the background image is
selected according to the position where the template image is placed. Second, a fused image
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Figure 2. Experimental setup for examination of the relationship between the PRS and the tracking
accuracy. This same setup was used for verification of the PRS prediction algorithm.

is constructed by assuming that the marker is within the cropped area. By considering the
x-ray attenuation factor, the predicted pixel value distribution can be expressed as

Pp(x,y; kVp) = PO(kVp) exp{"Atemp(x, i kVp) - Atarg(xa yi kVp)}’ (5

where the Pp(x, y; kV}) is the pixel value distribution of the predicted fusion image. Finally,
the predicted PRS value is calculated by performing template pattern matching between the
fused image Pr(x, y; kV;) and the template image Piemp(x, y; kVp). In principle, the beam-
hardening effect should be considered in order to construct the actual fusion image. The
x-ray units used in this study have a filtration material which can remove the low-energy
x-ray. Hence, the beam-hardening effect is no longer considered in this study. The effect of
beam-hardening is to be addressed in future work.

The PRS at an arbitrary position in the fluoroscopic image can be predicted by the above
procedures. By predicting the PRS in a region where the fiducial marker is expected to move in
the fluoroscopic image, the tracking accuracy and stability can be evaluated without additional
fluoroscopic dose. By processing the images obtained in different fluoroscopy settings, the
optimum condition that gives the minimum fluoroscopic dose while maintaining the tracking
accuracy at an acceptable level can be determined.

2.3. Experiments

2.3.1. Relationship between the tracking accuracy and the PRS. First, the relationship
between the PRS and the fluctuation of the measured 3D coordinates of the fiducial marker was
investigated. The experimental setup is illustrated in figure 2. The distance between the x-ray
source and the x-ray image intensifier (I.I.) was fixed at 3.6 m. The LI. had an input of 22.5 cm
diameter and was coupled to a 1000 x 1000 pixel resolution CCD camera. A 2.0 mm @ gold
fiducial marker was placed at the isocenter and was sandwiched by polymethylmethacrylate
(PMMA) slabs which have an area of 300 mm x 400 mm. In order to vary the PRS, the total
thickness of the PMMA phantom was varied between 40 and 200 mm. Under each exposure
condition, both the PRS and the recognition position on the fluoroscopic image were recorded
100 times every 0.033 s. The standard deviation (SD) of the recorded 100 recognition positions
was converted to the SD of the 3D marker coordinates. The SD of the 3D marker coordinates
should correspond to the tracking accuracy. Hence, the relationship between the PRS and the
tracking accuracy was derived from this experiment.

2.3.2. Verification of the PRS prediction. Verification of the PRS prediction was performed
with the same geometry as shown in figure 2. The tube current and tube exposure time were
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(a) (b)

Figure 3. (a) Experimental setup for the phantom study. (b) An example of the x-ray fluoroscopic
image. The marker was moved linearly between A and B.

fixed to 80 mA and 3 ms, respectively. By assuming that the image quality around the marker
should be the same, the PRS was predicted from the area near the actual marker position as
shown in figure 2. The template images and the background images, which corresponded to
Pemp(x, y; kV,) and Py(kVp), respectively, were recorded in each experimental x-ray tube
voltage in advance. The experiment involved two scenarios. The first case was a variable x-ray
tube voltage ranging from 40 to 90 kV,, with 2 kV,, increment, and fixed PMMA thickness of
80 mm. The PMMA thickness of 80 mm was assumed to be equal to an imaging condition of
lung fluoroscopy. The second case was a fixed tube voltage of 50 kV,, and the variable PMMA
thickness ranging from 0 to 180 mm. The increment of the thickness was 20 mm. The PMMA
thickness of 180 mm was assumed to be equal to a typical patient thickness (Vano et al 2006).
The PMMA thickness was varied in order to imitate the marker overlapped in the variable
density including the lung, bone and so on. It was confirmed in advance that the minimum
tube voltage to recognize the marker was around 50 kV;, in this PMMA thickness range. In
order to consider the fluctuation of the measured PRS and the predicted PRS, the fluoroscopic
- image was acquired ten times on each exposure setup. The measured and the predicted PRS
were compared to assess the prediction accuracy.

2.3.3. Phantom study. In order to confirm the accuracy of the PRS prediction in a clinical
fluoroscopy situation, an experiment using a motion controller and an anthropomorphic chest
phantom was performed. The experimental setup is shown in figure 3(a). Alignment of the
x-ray tube and the L.I. was the same as in the previous experiments. The marker was placed in
front of the phantom and was moved using the motion controller to mimic respiratory marker
motion. The marker was moved linearly in the left-right direction of the phantom with a speed
of 10 mmsec™!. In the obtained fluoroscopic images, the marker moved within a region of
varying media which included the lung, bone and heart. An example of the fluoroscopic image
is shown in figure 3(b). The white arrow indicates the marker trajectory in the fluoroscopic
image. The motion of the marker was tracked using the RTRT system, and both the PRS
and the recognized position were recorded every 0.033 s. The x-ray tube voltage was varied
from 46 to 54 kV,, with 2 kV}, increments. The tube current and exposure time were fixed to
80 mA and 3 ms, respectively. After gathering the sets of PRS and recognized positions along
the marker trajectory, an image was captured without the marker. The fluoroscopic image
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Figure 4. Relationship between the PRS and the SD of the 3D marker location. The solid line is
a fitting curve.

without the marker was used for PRS prediction. The measured PRS and the predicted PRS
were compared for each tube voltage.

3. Results

3.1. Relationship between the tracking accuracy and the PRS

The relationship between the PRS and the SD of the 3D marker coordinates is shown in
figure 4. The horizontal error bars represent the SD of the PRS in 100 times measurements
under the same exposure condition. That was mainly caused by the statistical noise of the
fluoroscopic image. In the case of large thickness of PMMA or low tube voltage, the PRS was
decreased because of the low SNR of the image. In addition, the SD of the PRS was increased
for the same reason. The marker was not able to be recognized correctly in the PRS region
below 30. In contrast, the PRS was increased with thinner PMMA or high tube voltage. The
PRS never reached 100 because an image that is exactly same as the template image is not
able to be observed in the fluoroscopic image due to statistical noise of the image.

Curve fitting was applied in order to define the relationship between the PRS and the SD
of the 3D coordinates. The SD is regarded as the tracking accuracy. In our experiment, it was
found that the tracking accuracy could be kept within about 0.1 mm when the PRS exceeds
about 75 during the marker tracking. It was almost equal to imaging resolution. Hence,
the threshold PRS of 75 was considered to be suitable for accurate marker tracking in our
experimental setup.

3.2. Verification of the prediction method

The result of variable x-ray tube voltage with fixed PMMA thickness of 80 mm is shown
in figure 5(a). Each point represents 2 kV,, increments. The predicted PRS showed good
agreement with the measured PRS. The SD of both the prediction and the measurement in the
high PRS region was found to be smaller than that of the low-PRS region. The SD depended
on the image quality as mentioned above. By taking account of the 2kV increment, it was
found that the PRS decreased drastically at a typical x-ray tube voltage. Hence, it would be
difficult to determine the optimum tube voltage by manual operation. In order to evaluate the
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Figure 5. Measured and predicted PRS: (a) constant thickness and variable tube voltage and (b)
constant tube voltage and variable thickness.

prediction accuracy, the coefficient of determination R?* was derived from linear regression
between the predicted PRS and the measured PRS. The root mean square error (RMSE) was
also calculated as a prediction error. In the case of variable x-ray tube voltage and fixed
PMMA thickness, R? = 0.993 and RMSE = 0.90 were obtained. The relationship between
the predicted PRS and the measured PRS showed good linearity. In addition, the RMSE was
within the statistical error. Hence, the PRS could be predicted within acceptable discrepancy
in the case of variable x-ray tube voltage. '

The result of variable PMMA thickness with fixed tube voltage of 50 kv, is shown in
figure 5(b). The SD of both the measured PRS and the prediced PRS was increased as
PMMA thickness was increased. In this case, R? = 0.995 and RMSE = 1.44 were obtained.
The RMSE was larger compared with the result of fixed PMMA thickness. One of the
reasons was assumed to be the beam-hardening effect. However, the prediction error could be
mainly caused by the statistical noise as mentioned above. Hence, the discrepancy between
the measured PRS and the predicted PRS could be permissible. It was confirmed that the
proposed method can predict the PRS in both cases of varying tube voltage and varying object
thickness. The patient’s couch will be overlapped in the fluoroscopic images in the actual
clinical case. The effect of the x-ray absorbance by the couch is to be addressed in future
work.

3.3. Phantom study

The results of the measured PRS and the predicted PRS along the marker trajectory for each
x-ray tube voltage are shown in figure 6. The measured PRS and the predicted PRS showed
the same trend for each tube voltage. The RMSE was decreased as the tube voltage was
increased. This was mainly caused by the improvement of the SNR. As shown in figure 3(b),
region A was a thick region which included the heart and bone. Region B was less dense
compared to region A, including only the lung region. The SNR of the fluoroscopic image
captured in region A should be lower than that of region B. Hence, the PRS of region A was
relatively low compared to that of region B.
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Figure 6. Measured and predicted PRS for each x-ray tube voltage: (a) 46 kV), (b) 48 kVy, ()
50kV, and (d) 52 kVp,.

The PRS at the boundary between region A and region B could not be improved even
if the tube voltage was increased. One reason was that the brightness of the target image
in the border area was clearly separated. In our experiments, the predicted PRS showed the
same trend as the measured PRS along the marker trajectory including the border region.
In the clinical situation, the fluoroscopic images contain a large variation of the pixel value
distribution. Hence, the proposed prediction method is expected to be applicable in a real
clinical situation.

4. Discussion

The optimization procedure based on PRS prediction is discussed by taking an example from
the results of the phantom study. For the purpose of optimization, the pass-rate is defined as a
ratio of the number of the points that exceed the threshold PRS and the number of all points.
The threshold PRS of 75, which corresponds to about 0.1 mm tracking accuracy, was applied
in the analysis. The RMSE and pass-rate are summarized in table !. The predicted pass-rate
showed good agreement with the measured pass-rate. The difference between the measured
and the predicted pass-rate was within 2.3% in our experiments. The tube parameters are
optimized when the pass-rate is almost 100%. The optimum tube voltage was estimated to
be either 50 kV, or 52 kV,, in our fluoroscopic setup. Tube parameters, such as current
and exposure time, can also be optimized in the same manner. Thus, the best fluoroscopic
condition can be derived by analyzing the images captured in different tube settings.
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Table 1. RMSE and the pass-rate for each tube voltage.

Pass-rate (%)
Tube voltage (kV,) RMSEof PRS Measured Predicted

46 4.05 50.7 48.4
48 293 71.6 73.1
50 2.18 98.4 97.1
52 1.90 100.0 99.7
54 1.83 100.0 100.0

It has been reported that the skin surface dose rate from RTRT could be as high as
1 Gy h™! (Shirato et al 2000b). The exposure time of the fluoroscopy could extend for more
than 30 min in a specific case such as irregular motion of the tumor. Assuming the worst
case, the cumulative dose due to the fluoroscopy could reach an unacceptable value of 1Gy,
which is referenced as a limit level in interventional radiology (Vano et al 2009). Hence,
the optimization of the fluoroscopic parameters is strongly required for dose reduction. For
example, a nominal x-ray tube voltage from 90 kV,, to 110 kV,,, tube current of 100 mA
and pulse width of 4 ms are used in the actual RTRT irradiation of the lung region. The
experimental setup for this study was based on actual lung treatments. It was shown that the
tube voltage can be reduced to the minimum value while maintaining the PRS at an acceptance
level. For example, if the tube voltage can be reduced from 90 kV;, to 50 kV,, the fluoroscopic
dose can be reduced by about 80%. Hence, the imaging dose could be reduced significantly
by the proposed method.

By reducing the tube voltage manually at small increments while tracking the marker,
the optimum tube voltage may be defined. In manual operation, however, the marker should
be tracked for a long time, which includes many respiratory cycles, in order to confirm the
tracking stability. This is because the marker does not always move on the same trajectory.
Hence, more time and additional dose are needed for manual optimization. In contrast, our
proposed method can predict the PRS at an arbitrary position where the marker is expected
to move. The optimized fluoroscopy condition can be determined quickly by considering
whether or not the predicted pass-rate is acceptable. In actual treatment, respiration affects
both the motion of the marker and the adjacent organs. Hence, the PRS should be predicted
in the region of the marker trajectory including an additional margin.

If the digitally reconstructed radiographs (DRRs), which are reconstructed by a planning
computer tomography (CT), can be used as the fluoroscopic images, the pseudo-target could
be created by adding the template images and the background images to the DRRs without the
actual fluoroscopic images. However, problems such as the resolution of the CT images, the
inconsistency of the imaging condition between the CT and the fluoroscopy and so on should
be solved.

5. Conclusion

A technique for the optimization of x-ray fluoroscopy in the RTRT system was investigated.
It was confirmed that the proposed method can predict the PRS in both cases of varying tube
voltage and varying object thickness. In addition, the optimum fluoroscopy parameter was
derived while keeping the PRS high enough to track the marker accurately. As a result, the
proposed optimization method based on PRS prediction can be applicable in the RTRT system.
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This method could also be used for other systems that use the motion tracking technique based
on template pattern matching.
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ACCURATE ANALYSIS OF THE CHANGE IN VOLUME, LOCATION, AND SHAPE
OF METASTATIC CERVICAL LYMPH NODES DURING RADIOTHERAPY

SeisHIN Takao, PH.D.,* SHIGERU TapaNo, Pu.D.,* HirosHr Tacuchr, M.D., Pu.D. |
KoicHr YAsuDA, M.D.,T Rikiya ONiMARU, M.D., Pu.D.," MAsAYORI ISHIKAWA, PH.D.,i
GERARD BENGUA, PH.D.,I RyYUSUKE SUZUKI, PH.D.,i AND Hirok1 SHiraTO, M.D., Pu.D.'

*Graduate School of Engineering, {Graduate School of Medicine, and iDepartment of Medical Physics, Hokkaido University,
Sapporo, Japan

Purpose: To establish a method for the accurate acquisition and analysis of the variations in tumor volume, loca-
tion, and three-dimensional (3D) shape of tumors during radiotherapy in the era of image-guided radiotherapy.
Methods and Materials: Finite element models of lymph nodes were developed based on computed tomography
(CT) images taken before the start of treatment and every week during the treatment period. A surface geometry
map with a volumetric scale was adopted and used for the analysis. Six metastatic cervical lymph nodes, 3.5 to 55.1
cm” before treatment, in 6 patients with head and neck carcinomas were analyzed in this study. Three fiducial
markers implanted in mouthpieces were used for the fusion of CT images. Changes in the location of the lymph
nodes were measured on the basis of these fiducial markers.

Results: The surface geometry maps showed convex regions in red and concave regions in blue to ensure that the
characteristics of the 3D tumor geometries are simply understood visually. After the irradiation of 66 to 70 Gy in 2
Gy daily doses, the patterns of the colors had not changed significantly, and the maps before and during treatment
were strongly correlated (average correlation coefficient was 0.808), suggesting that the tumors shrank uniformly,
maintaining the original characteristics of the shapes in all 6 patients. The movement of the gravitational center of
the lymph nodes during the treatment period was everywhere less than +5 mm except in 1 patient, in whom the
change reached nearly 10 mm.

Conclusions: The surface geometry map was useful for an accurate evaluation of the changes in volume and 3D
shapes of metastatic lymph nodes. The fusion of the initial and follow-up CT images based on fiducial markers
enabled an analysis of changes in the location of the targets. Metastatic cervical lymph nodes in patients were
suggested to decrease in size without significant changes in the 3D shape during radiotherapy. The movements
of the gravitational center of the lymph nodes were almost all less than =5 mm. © 2011 Elsevier Inc.

Adaptive radiotherapy, Tumor deformation, Tumor geometry, Image-guided radiotherapy, Intensity-modulated
radiation therapy.
INTRODUCTION changes can be measured and corrected during fractionated ra-
diotherapy by any of several imaging techniques. Image-
guided radiotherapy (IGRT) is one such technique for margin
reduction caused by setup uncertainties or anatomic move-
ment used to improve the accuracy of dose delivery. Many
studies have reported interfractional organ motions and target-
ing errors in IGRT using daily computed tomography (CT) im-
ages (2-4). The clinical efficacy of IGRT techniques in
reducing the treatment margins have been confirmed in
head-and-neck cancer (5-7) and prostate cancer (8-10).
However, it is still not practical to perform daily modifi-
cations to treatment plans to adapt to observed changes in

The latest advances in high-precision radiotherapy enable fo-
cusing of higher radiation doses to the tumor region while min-
imizing unwanted radiation exposure to surrounding tissue.
Intensity-modulated radiation therapy (IMRT) varies the in-
tensities and profiles of beams from various directions to fit
the tumor size and shape. An initial treatment plan prescribing
the radiation field and dose in IMRT is made based on informa-
tion about the tumor location and geometry before treatment
starts. If the tumor moves or shrinks during treatment, the sur-
rounding normal tissue may become included in the region ex-
posed to high radiation doses (1). Such potential anatomic
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Table 1. Characteristics of the patients

Patient
Characteristic 1 3 4 S 6

Sex F F M M M
TMN classification T2bN2MO T3N2MO T3N2MO T2bN1IMO T3N2MO TINIMO
Pathologic type

Undifferentiated carcinoma /Squamous Undiff Undiff SqCC Undiff SqCC Undiff

cell carcinoma

Treatment

IMRT/Conventional RT (Conv) IMRT Conv IMRT IMRT IMRT IMRT
Dose (Gy)

Total dose and number of fractions (fr) 66 (33 fr) 70 (35 fr) 70 (35 fr) 70 (35 fr) 70 (35 fr) 66 (33 fr)
Initial tumor volume (cm?) 35 55.1 104 7.6 7.2 12.7

Abbreviations: Undiff = undifferentiated carcinoma; SqCC = squamous cell carcinoma; IMRT = intensity-modulated radiation therapy;

RT = radiation therapy; Conv = conventional; fr = fractions.

the tumor dimensions. Several practical ways to minimize
anatomic uncertainties have been reported. Hansen et al.
proposed a strategy of repeated CT imaging and replanning
to ensure adequate doses to the target volumes and safe
doses to normal tissue during the course of IMRT (11).
Smyth et al. verified the dose coverage in clinical target
volumes at the time of treatment delivery using a dose dis-

(a) CT image

(d) 3D FE model

tribution overlay technique (12). Several image registration
methods have also been proposed for online replanning in
IGRT (13-16). To improve the efficacy of practical
solutions, accumulation of precise knowledge about the
changes in tumor volumes, locations, and especially the
three-dimensional (3D) shape during radiotherapy is criti-
cally important. The authors have proposed a method to

(c) 3D surface model

Fig. 1. Finite element modeling process for the tumors. (a) CT image for treatment planning. (b) Tumor contours on each
slice. (c) 3D surface model of the tumor. (d) Finite element (FE) model of the tumor.
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represent 3D tumor shapes in a two-dimensional (2D) map
and evaluate the therapeutic response to radiotherapy (17).

The purpose of this study was to establish an accurate
method for the acquisition and analysis of variations in
tumor volumes, locations, and 3D shapes during radiother-
apy. The 3D tumor geometry was expressed in terms of
distances from the tumor center to the tumor boundary.
This information is represented in 2D color-scaled maps of
the distances from the center, from which the 3D tumor
shapes can be visually and quantitatively assessed. Further,
by comparison of maps before and after treatment, the ther-
apeutic response can be evaluated quantitatively based on
the changes in tumor shape during the course of treatments.

METHODS AND MATERIALS

Clinical cases

The study participants were 6 patients with nasopharyngeal
cancer and metastatic cervical lymph nodes who were treated
at the Hokkaido University Hospital, Sapporo, Japan, between

Superior

Posterior

Right

Anterior

Posterior

Mn

R

February 2007 and November 2008. The patient characteristics
are given in Table 1. Of the 6 patients, 3 had Stage T3N2MO disease,
and 3 patients were diagnosed with Stages T2bN2MO, T2bN1MO,
and TIN1MO disease, respectively. Four tumors were undifferenti-
ated carcinomas and two were squamous cell carcinomas. The
average target volume was 16.1 cm’ (range, 3.5-55.2 cm?). All
the patients except the patient with the largest lymph node (Patient
2) were treated with IMRT; Patient 2 received conventional radio-
therapy. The dose distribution before radiotherapy intended each
node in this study to be homogeneously irradiated with a dose of
66 to 70 Gy in 2 Gy fractions delivered five times a week.
Pretreatment CT images (CT0) were taken for the treatment
planning. The slice thickness of the pretreatment CT images was
2 mm. After the start of treatment, follow-up CT images were taken
at weekly intervals (CT1, CT2, CT3, etc). The slice thickness of the
follow-up CT images was 5 mm. All patients were immobilized by
thermoplastic masks during the CT scanning and treatment. Addi-
tionally, in the head-and-neck IMRT treatments in our hospital,
a mouthpiece with three fiducial markers (2-mm diameter gold
pellets) was used in the fluoroscopic verification of the patient setup
(18). This study was conducted with written informed consent
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e

-90
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Fig.2. Representation of the three-dimensional tumor geometry in a two-dimensional color map (surface geometry map).
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obtained from all patients and was approved by the institutional
ethical committee at Hokkaido University Hospital.

Finite element models of metastatic lymph nodes

Finite element (FE) models of the targets were constructed based
on the tumor images. The procedure is shown in Fig. 1. One radia-
tion oncologist (H. T.) determined and contoured metastatic
cervical lymph nodes on the CT images with appropriate window
settings by means of a radiotherapy planning system (Xio, Comput-
erized Medical Systems, St. Louis, MO) (Fig. 1a). A group of
sequential cross-sectional profiles of the tumor were then loaded
into biomedical imaging software (Analyze PC 7.0, Mayo Founda-
tion, Rochester, MN) and interpolated to 1-mm intervals (Fig. 1b).
From these images, 3D surface models of the tumors were
constructed and saved in DXF (Drawing Exchange Format)
(Fig. 1c), and the DXF files were converted to IGES (Initial
Graphics Exchange Specification) files. Finally, the IGES files
were imported into the finite element analysis software package
(ANSYS 11.0, ANSYS, Canonsburg, PA), and then the 3D FE
models of the tumors were constructed (Fig. 1d).

Evaluation of tumor geometry and location

The quantitative evaluation of the 3D tumor geometry was
performed using the distances from the tumor center to its surface
at every angle (17). The values of the distances were represented
by the radius R in a spherical coordinate system O-Rf¢, with the or-
igin set at the center of gravity of the tumor. The angle 6 represents
the azimuthal angle (—180° = ¢ = 180°) with 6 = 0° being the an-
terior plane. The positive rotation angle is counterclockwise around
the origin. The angle ¢ represents the polar angle (90° < ¢ = 90°),
and ¢ = 0° is defined to be the horizontal plane. The distance from
the origin to the tumor surface at (4, ¢) is expressed by the radius
R(0, ¢), and radius R(f, ¢) was sampled at 10° intervals in both
the polar and the azimuthal directions, giving a total of 684 sampling
points. The 3D tumor geometry can be evaluated with the values of
R(8, 9). To enable a visual understanding of the features of the 3D
geometry, a 2D surface geometry map like a global map is intro-
duced (Fig. 2). In this map, the values of the tumor radius R(6, ¢)
are represented in a color scale and plotted in the §-¢ plane: red in-
dicates the maximum radius and blue the minimum within the tu-
mor. The warm colors (red and yellow) represent convex areas,
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and cool colors (blue) represent concave areas. If the tumor is a per-
fect sphere, the map will be uniformly colored (green). This map is
termed a surface geometry map. The size of the map was modified to
express the tumor volume relative to the pretreatment tumor vol-
ume. For example, if the tumor volume decreases to half, the length
of each side of the map becomes ( 2.

The patterns of the surface geometry map represent morphologic
features of the tumors, and it is possible to know whether the tumor
shrinks uniformly by visually comparing maps based on the CT
images acquired before and during treatment. Further, to evaluate
changes in tumor geometry mathematically, the image correlation
between the maps was analyzed. These surface geometry maps
were converted into a grayscale with 256 levels; therefore, the in-
tensities of the maps represent the tumor radius and were used in
the correlational analysis of the images. The intensities at every
position in the map during treatment were compared with those
of the corresponding position in the map before treatment, and
a correlation coefficient for these two maps was calculated. This
image correlation coefficient indicates the similarity of two images,
and where the two images are strongly correlated, it suggests that
the tumor shrank uniformly.

The changes in tumor location were analyzed as the displace-
ment of the gravitational center of a tumor. To examine the tumor
movement during the treatment period, the coordinate systems of
the weekly CT scans were translated and rotated so that they corre-
sponded to the pretreatment CT scan using a CT-CT fusion
technique. In the 5 patients treated with IMRT, the follow-up and
pretreatment CT images were aligned with the reference images
by means of the three fiducial markers implanted in the mouth-
pieces. The accuracy of the patient setup localization using the
fiducial markers in the mouthpieces has been reported elsewhere
(18). In the patient for whom the mouthpiece was not used, two
images were matched based on the bone structure. The displace-
ment of the gravitational center of a tumor was measured in the co-
ordinate system of the pretreatment CT.

RESULTS

Details of changes in tumor volumes during the radiother-
apy are shown in Table 2. After irradiation with 66 to 70 Gy,
the tumor volumes decreased to 0.31 to 8.4 cm? (to 8.7-39 %
of the initial volumes). In some cases, the measured tumor

Table 2. Tumor volume changes during treatment. Values in brackets under the sizes of the tumors show the number of days elapsed
from start of treatment (negative values are days before start of treatment)

Absolute (cm®) and relative (%) tumor volume

Patient CTO CT1 CT2 CT3 CT4 CT5 CT6 CT7
1 3.5 (100%) 2.2 (63%) 1.5 (44%) 1.1 (31%) 0.72 (20%) 0.56 (16%) 0.55 (15%) 0.31 (8.7%)
(Day —20) (Day 12) (Day 19) (Day 26) (Day 33) (Day 40) (Day 48) (Day 54)
2 55.1 (100%) 36.5 (66%) 19.1 (35%) 15.9 (29%) 14.3 (26%) 8.4 (15%)
(Day -6) (Day 9) (Day 19) (Day 30) (Day 34) (Day 44)
3 10.4 (100%) 9.5 91%) 53(51%) 4.1 (39%) 2.8 (27%) 2.5 24%) 2.2 21%) 2.4 (23%)
(Day -21) (Day 9) (Day 15) (Day 22) (Day 29) (Day 36) (Day 43) (Day 50)
4 7.6 (100%) 7.6 (101%) 4.1 (55%) 3.7 (48%) 3.4 (45%) 3.1 (41%) 2.1 28%) 1.5 (20%)
(Day -19) (Day 7) (Day 14) (Day 21) (Day 28) (Day 35) (Day 42) (Day 49)
5 7.2 (100%) 9.5 (131%) 8.3 (115%) 6.6 (91%) 5.8 (80%) 4.0 (55%) 2.8 (39%)
(Day -13) (Day 7) (Day 14) (Day 21) (Day 27) (Day 42) (Day 49)
6 12.7 (100%) 14.2 (112%) 8.0 (63%) 5.3 (42%) 4.1 (32%) 2.9 (23%) 2.5 (19%) 2.4 (15%)
(Day -27) (Day 9) (Day 16) (Day 23) (Day 30) (Day 37) (Day 44) (Day 51)

Abbreviations: CT0 = pretreatment computed tomography images; CT1 = CT images at 1 week; CT2 = CT images at 2 weeks, etc.
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Patient A

Patient B

Day 9 Day 19

9.8 24.9 9.0 24.4 9.3 18.2
Patient C

R mme

Fig. 3. Changes in three-dimensional tumor geometries during radiotherapy represented using surface geometry maps.
Day + number represents the day of the CT examination after the starting date of radiotherapy for patients 1, 2, 3, 4,
5, and 6, respectively. Negative values are days before the start of treatment.
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Patient D
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Fig. 3. (continued).



