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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 ROI. 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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Fic. 8. ROC curves for a simple binary MLC pattern model () and a clinical binary MILC 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 RO 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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Fic. 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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F1G. 10. Sinogram on planned clinical binary MLC pattern model (a), measured sinogram (b), difference between these
sinograms (c), and the resulting histogram (normalized) (d).
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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 % 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 ROlIs, 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 ML.C
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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The relationship between the bladder volume and optimal treatment
planning in definitive radiotherapy for localized prostate cancer
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Abstract

Background. There is no current consensus regarding the optimal bladder volumes in definitive radiotherapy for localized
prostate cancer. The aim of this study was to clarify the relationship between the bladder volume and optimal treatment
planning in radiotherapy for localized prostate cancer. Material and methods. Two hundred and forty-three patients under-
went definitive radiotherapy with helical tomotherapy for intermediate- and high-risk localized prostate cancer. The pre-
scribed dose defined as 95% of the planning target volume (PTV) receiving = 100% of the prescription dose was 76 Gy in
38 fractions. The clinical target volume (CTV) was defined as the prostate with a 5-mm margin and 2 cm of the proximal
seminal vesicle. The PTV was defined as the CTV with a 5-mm margin. Treatment plans were optimized to satisfy the dose
constraints defined by in-house protocols for PTV and organs at risk (rectum wall, bladder wall, sigmoid colon and small
intestine). If all dose constraints were satisfied, the plan was defined as an optimal plan (OP). Resuits. An OP was achieved
with 203 patients (84%). Mean bladder volume (1 SD) was 266 ml (£ 130 ml) among those with an OP and 214 ml
(%130 ml) among those without an OP (p=0.02). Logistic regression analysis also showed that bladder volumes below
150 ml decreased the possibility of achieving an OP. However, the percentage of patients with an OP showed a plateau
effect at bladder volumes above 150 ml. Conclusions. Bladder volume is a significant factor affecting OP rates. However,
our results suggest that bladder volumes exceeding 150 ml may not help meet planning dose constraints.

The bladder is filled to various volumes during frac-
tionated radiotherapy. Changing bladder volumes
affects both bladder dose volumes and the position
of adjacent organs (the prostate, seminal vesicles,
small intestine and sigmoid colon) [1]. Furthermore,
significant variations in bladder volume can affect
planned three-dimensional conformal radiotherapy
(3D-CRT) and intensity-modulated radiation ther-
apy (IMRT) dose distributions. For all these reasons,
bladder volumes must be kept consistent throughout
planning and treatment to reduce positional uncer-
tainties related to the prostate and the risk of increased
toxicity to the surrounding normal tissue.

There is no current consensus regarding the opti-
mal bladder volumes in definitive radiotherapy for
localized prostate cancer. One possible advantage of

maintaining a full bladder is that part of the bladder
moves away from the target volume, thereby reduc-
ing bladder toxicity [2,3]. A full bladder also moves
the small intestine and the sigmoid colon out of the
irradiation field, reducing toxicity in these organs
[1,4-7]. However, if we target larger bladder volumes
on planning using computed tomography (CT) and
during radiotherapy, such volumes tend to show
marked variability [8-10]. On the other hand, exces-
sively small bladder volumes make it difficult to meet
planning dose constraints for the bladder and adja-
cent organs. For these reasons, the optimal bladder
volume may be the minimum bladder volume that
can satisfy dose constraints. Based on this reasoning,
several institutions target a half-full bladder or a
comfortably full bladder [8,9]. However, no previous
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reports have focused on the relationship between the
bladder volume and optimal treatment planning.

We evaluated the relationship between the blad-
der volume on planning CT and the percentage sat-
isfying the dose constraints as a reference what
bladder volumes should be targeted.

Material and methods

Between June 2007 and February 2009, 243 patients
underwent definitive radiotherapy with helical tomo-
therapy using the Hi-Art System (Tomotherapy Inc.)
for intermediate- and high-risk localized prostate
cancer (¢cT1-4NOMO) according to D’Amico’s clas-
sification at Edogawa Hospital (Tokyo, Japan)
(Table I).

The patients were irradiated in a supine position,
with a knee support. They were instructed to refrain
from urinating for 60-90 minutes before the plan-
ning computed tomography (CT) scan and before
daily irradiation. They were also encouraged to drink
an unspecified volume of water to ensure a clear but
tolerable urge to urinate before the planning CT scan
and before daily irradiation. They were instructed to
take laxatives before the planning CT scan, although
no specific instructions were issued regarding bowel
movements before daily irradiation.

Table I. Patient characteristics.

no.
cT stage (TNM 6th ed.)
1-2a 101(42%)
2b ) 32 (13%)
2c 40 (16%)
3a 61 (25%)
3b 8 (33%)
4 1 (0.4%)
Gleason score
2-6 41 (17%)
7 102 (42%)
8-10 100 (41%)
Pretreatment PSA
0-10 104 (43%)
10-20 67 (28%)
>20 72 (30%)
D’Amico’s risk group
Intermediate 71 (29%)
High 172 (71%)
Neoadjuvant hormone therapy
No 81 (33%)
Yes 162 (67%)
Mean age (range) 70 (42-85)
Mean prostate volume (range) 21 ml (6-178)

Mean PTV (range)
Mean bladder volume (range)

112 ml (61-273)
235 ml (45-653)

¢T stage, clinical tumor stage; PSA, prostate-specific antigen;
PTYV, planning target volume.

The clinical target volume (CTV) was defined as
the prostate that was delineated by the fusion images
of CT and magnetic resonance imaging (MRI) with
a 5-mm margin and 2 cm of the proximal seminal
vesicle. Exceptionally, the whole seminal vesicle was
included in the CTV for cases of clinical T3b
stage disease. The planning target volume (PTV)
was defined as the CTV with a 5-mm margin.
The prescribed dose defined as 95% of the PTV
receiving = 100% of the prescription dose (ID95) was
76 Gy in 38 fractions. The treatment plans were opti-
mized to satisfy the dose constraints defined by
in-house protocols for the PTV and organs at risk
(OAR) (Table II). No specific protocols were used
for the order of prioritization among the constraints.
Cases in which all dose constraints were satisfied
were defined as an optimal plan (OP).

We assessed the relationship between the bladder
volumes on planning CT and the percentage of
patients achieving an OP. Univariate logistic regres-
sion analysis was used to examine the predictive value
of covariates including clinical T stage (T1-2a, T2b,
T2c, T3a,T3b, and T4), Gleason score (2-6, 7, 8-10),
pretreatment PSA (0-10,10-20,and > 20),D’Amico’s
risk group (intermediate or high), neoadjuvant hor-
mone therapy (yes or no), age, PTV, and bladder vol-
ume. Those showing significant associations in
univariate logistic regression analysis were further
tested by multivariate logistic regression analysis.

We used GraphPad Prism version 5 (GraphPad
Software Inc.) and SPSS version 17 (IBM) for sta-
tistical analysis. Differences were deemed significant
when two-tailed p-values were less than 0.05.

Results

Of the subjects, 203 patients (84%) met the defini-
tions for an OP. Among these patients, the mean of

Table II. Dose constraints.

Target/Organ Dose constraint
PTV D95 100% (76 Gy)

Maximum <110% (83.6 Gy)

Mean <105% (79.8 Gy)
Rectum wall” V40 <65%

V60 <35%

V70 <25%

V78 <10%
Bladder wall V40 <60%

V70 <35%
Sigmoid colon V65 <0.5 ml
Small bowel V60 <0.5 ml

*Rectum wall within 5 mm above and below the PTV, Vx<y%
(or ml) means that no more than y% (or ml) of the volume of the
organ receive a dose >x Gy.

PTV, planning target volume.
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the mean PTV dose and the maximum dose were
77.4 Gy (range 76.7-79.2 Gy) and 80.7 Gy (range
78.2-83.3 Gy), respectively. )

The mean bladder volume (*1 standard devia-
tion; SD) was 266 ml (+130 ml) among those with
an OP and 214 ml (=130 ml) among those without
an OP (p = 0.02, by unpaired t-test).

Logistic regression analysis also showed that
bladder volumes below 150 ml decreased the possi-
bility of achieving an OP (Table III). Figure 1 shows
the percentage of patients with an OP according to
bladder volumes, indicating that the percentage of
patients with an OP showed a plateau effect at blad-
der volumes above 150 ml. On univariate analysis,
higher clinical T stage, younger age, treatment with
neoadjuvant hormone therapy, and larger bladder
volume were predictors for achieving an OP
(Table IV). On multivariate analysis, larger bladder
volumes (p=0.04), younger age (p=0.01), and
higher clinical T stage (p = 0.03) were independent
predictors for achieving an OP.

Discussion

We found that bladder volumes among patients with
an OP were significantly larger than among patients
without an OP. This indicates that bladder volume
is a significant factor affecting whether OP is
achieved. However, we also found that bladder vol-
umes larger than 150 ml did not contribute to OP
rates. We could meet the dose constraints on the
bladder even with considerably small bladder vol-
umes. However, small bladders moved the small
intestine and the sigmoid colon inside the irradia-
tion field, which made it impossible to meet the
dose constraint on those organs. This may explain
why we found the plateau effect at bladder volumes
above 150 ml.

Table ITI. Logistic regression analysis between bladder volume and
the percentage of patients with an optimal plan.

Number Patients
Bladder of with an Odds ratio
volume patients OP P 95% CI)
<100 ml 21 15 (71%) 0.069 0.34
(0.11-1.09)
100-149 ml 34 24 (71%) 0.028 0.33
(0.12-0.89)
150-199 ml 43 37 (86%) 0.761 0.85
(0.29-2.50)
200-249 ml 35 30 (86%) 0.739 0.82
(0.26-2.61)
250-299 ml 27 24 (89%) 0.896 1.10
(0.28-4.31)
>300 ml 83 73 (88%) 1

OP, optimal plan.
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Figure 1. The percentage of patients with an OP according to
bladder volume. Patients were divided into subgroups according
to their bladder volume by 50 ml. The percentage of patients with
an OP was defined by dividing the number of patients with an OP
by the number of patents in each subgroup. The size of each dot
represents the number in each subgroup.

n, number of patients; OP, optimal plan.

Our logistic regression analysis did not show a
statistically significant difference in the percentage of
patients with an OP in the subgroup with the small-
est bladder volume. We think the relatively small
number of subjects in the subgroup caused the false
negative.

Our results suggested that younger age and
higher clinical T stage were also independent predic-
tors for achieving an OP. It is difficult to interpret
why.age affects OP achievement. There may be some
anatomic features among younger patients that
make it easier to achieve an OP. It is also difficult
to interpret why clinical T stage affects OP achieve-
ments although we used the same definition of CTV
for all clinical T stages except for the few cases of
clinical T3b.

The existence of a clear dose effect for genitouri-
nary (GU) toxicity is well-known in cases in which
the entire bladder is irradiated [11]. In the case of
prostate irradiation, the cranial portion of the blad-~
der is generally spared, whereas the bladder neck
and urethra are irradiated at levels close to the pre- .
scribed dose. Most of the published results fails to
support a correlation between bladder dose volume
histograms (DVH) and GU toxicity [12,13], whereas
several studies indicate that the absolute volume of
the bladder receiving >78 Gy to 80 Gy is most pre-
dictive of late GU toxicity [14,15]. Regarding GU
toxicity, a half-full bladder and an empty bladder
appear to be acceptable bladder volumes [16]. How-
ever, an excessively small bladder volume may move
the small intestine and sigmoid colon within the
high dose irradiated field [1,4-6]. Therefore, we also
imposed dose constraints on the small intestine and
sigmoid colon.
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Table IV. Univariate logistic regression analysis of association with achieving an optimal plan.

Patients with an OP (n, 203) Patients without an OP (n, 40) p
¢T stage (TNM 6th ed.) 0.03
1-2a 77 (38%) 24 (60%)
2b 26 (13%) 6 (15%)
2c 35 (17%) 5 (13%)
3a 57 (28%) 4 (10%)
3b 7 (3%) 1 (3%)
4 1 (0.5%) 0 (0%)
Gleason score NS
2-6 39 (19%) 2 (5%)
7 83 (41%) 19 (48%)
8-10 81 (40%) 19 (48%)
Pretreatment PSA NS
0-10 .85 (42%) 19 (48%)
10-20 58 (28%) 9 (23%)
>20 60 (30%) 12 30%)
D’Amico’s risk group NS
Intermediate 60 (30%) 11 (28%)
High 143 (70%) 29 (73%)
Neoadjuvant hormone therapy 0.10
No 63 (31%) 18 (45%)
Yes 140 (69%) 22 (55%)
Mean age (range) 70 (42-85) 73 (59-83) 0.01
Mean prostate volume (range) 21 ml (6-178) 22 ml (12-103) NS
Mean PTV (range) 109 ml (61-225) 115 ml (77-273) NS
Mean bladder volume (range) 266 ml (45-594) 214 ml (48-653) 0.04

Acta Oncol Downloaded from informahealthcare.com by University of Tokyo on 02/16/12

For personal use only.

¢T stage, clinical tumor stage; OP, optimal plan; PSA, prostate-specific antigen; PTV, planning target volume.

Several previous studies have reported that the

. greatest variation in bladder volume is found in

patients with large initial bladder volumes [8,9,17].
Significant variations in bladder volume can con-
found planned dose distributions. A half-full bladder
of 150 ml or slightly larger may represent a reason-
able target, offering the potential to improve bladder
volume consistency without compromising the dose
constraints for the adjacent organs.

A limitation of this investigation is the lack of the
clinical correlation. We need to investigate the cor-
relation between bladder volumes on planning CT
and clinical outcomes in a future study. In most
cases, we use a shrinking PTV if we can not satisfy
the dose constraints for OARs. Qur concern is that
the compromise might cause inferior local control
and survival rates. However, long-term follow-up is
necessary to clarify the clinical impact. We consider
achieving an optimal plan a surrogate marker for
clinical outcomes; therefore, we report the correla-
tion between bladder volumes and achieving an
optimal plan as the first step.

While optimal bladder volumes vary from institu-
tion to institution according to the protocol used, we
believe that each institution must seek to recognize
what bladder volumes are optimal in definitive
radiotherapy for localized prostate cancer.

In conclusions, bladder volume is a significant
factor affecting the achieving of an optimal plan.

However, our results suggest that bladder volumes
exceeding 150 ml may not help meet planning dose
constraints.
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volumetric modulated arc therapy (VMAT), known as VMAT-CBCT, has been investigated. In this study,
we developed a four-dimensional (4D) version of the VMAT-CBCT.

Materials and methods: The MV portal images were sequentially acquired from an electronic portal imag-
Keywords: ing device. The flex, background, monitor unit, field size, and multi-leaf collimator masking corrections
CBCT . were considered during image reconstruction. A 4D VMAT-CBCT requires a respiratory signal during
4D-CT image acquisition. An image-based phase recognition (IBPR) method was performed using normalised
Respiratory motion cross correlation to extract a respiratory signal from the series of portal images.

Portal imaging Results: Our original IBPR method enabled us to reconstruct 4D VMAT-CBCT with no external devices. We
VMAT confirmed that 4D VMAT-CBCT was feasible for two patients and in good agreement with in-treatment
4D kV-CBCT.

Conclusion: The visibility of the anatomy in 4D VMAT-CBCT reconstruction for lung cancer patients has
the potential of using 4D VMAT-CBCT as a tool for verifying relative positions of tumour for each respi-

ratory phase.

© 2011 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 100 (2011) 380-385

Radiotherapy is complex and verification of treatment is crucial.
Although portal images acquired during treatment with an elec-
tronic portal imaging device (EPID) have been used as a planar im-
age guidance tool and for geometrical quality assurance, the recent
development of EPID dosimetry has provided in vivo dosimetry
verification [1~3]. A Linac-mounted kV-CBCT is a powerful tool
for verifying anatomical positions [4,5]. Accompanying rotational
treatment such as volumetric modulated arc therapy (VMAT), in-
treatment kV-CBCT images that reflect the patient’s treatment po-
sition can be acquired just after the treatment [6-8]. The four-
dimensional (4D) version known as ‘in-treatment 4D kV-CBCT’ ver-
ifies the positions of targets, such as lung tumours, with respiratory
motion [9]. Acquiring CBCT images during treatment requires an
orthogonal imager and a Linac-mounted kV source, and the isocen-
tre displacement of the kV beam from the treatment beam must be
carefully considered. More importantly, in-treatment kV-CBCT
could expose the patient to additional radiation.

Recently, CBCT reconstruction with portal images during VMAT
or VMAT-CBCT has been investigated {10]. The advantages of

* Corresponding author. Address: Department of Radiology, The University of
Tokyo Hospital, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan.
E-mail address: haga-haga®@umin.ac.jp (A. Haga).

0167-8140/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.radonc.2011.08.047

VMAT-CBCT are (1) no additional radiation exposure and (2) re-
duced hardware requirements, making the VMAT-CBCT a promis-
ing tool for verification of irradiated areas andfor in vivo
dosimetry.

The 4D version of CBCT still presents a problem in acquiring
respiratory signals for portal images. Generally, there are two
methods to synchronously measure a respiratory signal with im-
age acquisition. One method uses an image-based phase recogni-
tion (IBPR) technique [11-13]. The other uses an external
respiratory monitoring system (e.g. AZ-733V by Anzai Medical
Cooperation and real-time position management by Varian Medi-
cal System) {14]. This study tested the IBPR technique. For kV-
CBCT, a technique of tracking small regions through the time series
of projection images based on a maximum normalised cross corre-
lation (NCC) was developed [9]. With this technique, parameters
such as the size of the area were adjusted for application to portal
images.

This paper reports on the feasibility of using 4D VMAT-CBCT as
a treatment verification tool in two lung cancer patients receiving
VMAT. Validity was assessed by comparing the tumour positions
between 4D VMAT-CBCT images and in-treatment 4D kV-CBCT
images simultaneously acquired during VMAT delivery. The 4D
VMAT-CBCT images were also evaluated with phantom testing.
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Methods and materials

Outlook of the 4D VMAT-CBCT reconstruction process

4D VMAT-CBCT reconstruction is performed as follows: VMAT
for lung cancer was delivered with an Elekta Synergy accelerator
operating at 6 MV. During beam delivery, portal images were
sequentially collected by EPID with an interval of 0.46 s using Ele-
kta iViewGT software. The portal image consists of 1024 x 1024
pixels with a size of 0.25 mm at the isocentre. At maximum, 256
projection images per reconstruction were obtained. In order to
connect the portal images with the corresponding gantry angles,
we employed a log file via the Elekta software protocol, iCom,
which records the gantry angle information during treatment. This
was followed by matching the multi-leaf collimator (MLC) shapes
derived from the portal images with those from iCom.

The acquired portal images can include the shift due to the geo-
metric non-idealities in the rotation of the gantry system. The geo-
metric non-idealities were measured in advance for gantry angle
intervals of 5 degrees by analysing 10 cm x 10 cm radiation fields;
this correction (flex correction) was performed for each portal im-
age. The response of EPID was also regularised by considering the
background (BG), linearity of monitor unit (MU), and field size (out-
put factor) effects. MLC masking correction was performed accord-
ing to Poludniowski et al. [10]. The MLC masking correction
extrapolates the data truncated by the MLC field shape to mitigate

artifacts otherwise induced by the filter operation of the CBCT recon-
struction algorithm. A value in the masked region can be adjusted
arbitrarily if we are interested only in visual images, not quantitative
densities, within the patient. We defined the masking factor as a ra-
tio of the maximum pixel value. In this study, we applied masking
factors of 0.56 and 0.76 for patients 1 and 2, respectively.

Reconstruction of 4D VMAT CT requires a respiratory phase in
the system. In this study, portal-image based phase recognition
(P-IBPR) was employed using NCC (see below). The periodic selec-
tion of portal images of only one specific respiratory phase enables
image reconstruction for that phase. Projection images were classi-
fied into 4 phases and the reconstructions were performed with a
filtered back-projection (FBP) algorithm. The sequential process
was performed off-line.

Portal-image based phase recognition (P-IBPR)

The method proposed here employs NCC with limited areas be-
tween ‘adjacent portal images. Several rectangular areas
(wx h=5x 100 pixels) are placed sequentially within exposed
fields on each frame of the portal images to account for tumour
motion. While a rectangular area in the current frame is fixed, an
area on the next frame is moved so that the NCC value of the
two areas is maximised. Movement is limited to the cranio-caudal
axis. The position of the rectangular area was set to the initial posi-
tion with respect to each portal image (see Fig. 1). By performing

Max inhale

Max exhale

Target
position

-l e o s o 0

Inhale-exhale

Exhale-inhale

Inhale-exhale Max exhale

Exhale-inhale Max inhale
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Max Time
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Fig. 1. (a) The distribution of several rectangular areas (w x h=5 x 100 pixels) to cover tumour motion within exposed fields on each portal image. They are partially
overlapped. (b) Schematic explanation of P-IBPR using NCC. The positions of the rectangular areas are shifted only along the cranio-caudal axis on the next portal image to
find the maximum value of NCC with the calculation area on the previous portal image. The position of the rectangular area was set to the initial position with respect to each

portal image. For the above example, the black rectangles indicate initial position and

corresponding black rectangles.

red rectangles indicate the position that gives the maximum NCC value with the
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this procedure repeatedly for all portal images, a respiration signal
can be obtained by displacement in the cranio-caudal direction.
The signals were averaged among the calculation areas. Finally,
low periodic components more than 5 s and high periodic compo-
nents less than 1 s were removed in the frequency domain by using
the band pass filter. The phase distributions were phase 0% (max
inhale), phase 25% (inhale-exhale), phase 50% (max exhale), and
phase 75% (exhale-inhale).

The efficiency of P-IBPR was determined by comparing the
breathing pattern acquired by P-IBPR with those measured by vi-
sual tracking of the tumour on portal images. Here, the breathing
cycle period was defined as the interval between adjacent max-
expiration phases. In the visual tracking, a slight shaking can be
recognised as a peak of expiration. Therefore, respirations with
amplitudes less than 1 mm were neglected in the detection of
max exhale.

Treatment planning for VMAT

One potential problem when inverse planning for lung cancer
treatment is that the optimisation of beam fluences only takes into
account a single three-dimensional volumetric data set. For this,
the actual VMAT that continuously delivers the dose in all respira-
tory phases, may vield a dose distribution that differs from the
plan. In order to compensate for this fact, the target volume can
be extended to encompass the range of target motion by using
4D-CT scan, and field shapes can be defined as the target surround-
ings. Alternatively, the inverse plan that constrains MLC motion in
VMAT forms field shapes that do not hide the target in lung cancer
treatment. In this case, the beam intensity is mainly modulated by
changing gantry speed and dose rate.

In this study, the planning target volume (PTV) for the lung tu-
mour was created with a 5-mm margin of internal target volume
generated from 20 4D-CT sets by using a 320-slice volumetric CT
scanner (TOSHIBA, Japan). The patients received a D95 prescription
of 50 Gy for PTV in 4 fractions. The single-arc VMAT with 6 MV was
created by SmartArc in the Pinnacle v9.0 treatment planning sys-
tem (Philips, USA). The constraint on MLC motion of 0.1 cm/degree
was applied in the VMAT inverse plan so that MLC had little chance
to hide the PTV. Such a constraint on MLC motion may significantly
affect the quality of a treatment plan. Therefore, these plans were
compared to those without constraints on MLC motion.

Treatment was performed by a single clockwise rotation (360
degrees). The arc used for reconstruction was from —180 to —19
degrees (patient 1) and from —180 to —40 degrees (patient 2).
The angle range to allow portal imaging was limited by the Elekta
iView software such that the maximum number of sequential
acquisitions was 256. The difference between patiénts was due
to the gantry speed determined by the VMAT plan.

Before applying the method to clinical cases, we conducted a 4D
VMAT-CBCT reconstruction experiment by using the QUASAR
respiratory motion phantom (Modus Medical Devices Inc.). The
mechanical amplitude and cycle in the phantom were set at
10 mm and 3 s, respectively. The VMAT plan for patient 1 was
delivered.

Result

VMAT plan with the MLC constraint

The dose-volume histograms (DVHs) for patients 1 and 2 are
shown in Fig. 2a and b, respectively. The solid curves denote the
DVHs with an MLC constraint of 0.1 cm/degree, while the dashed
curves denote DVHs without MLC constraints. The dose homogene-
ity of the plan without MLC constraint was better than the plan
with MLC constraint for both patients. Dose conformity was
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Fig. 2. DVH with and without MLC constraints for (a) patient 1 and (b) patient 2, All
plans were prescribed as D95 of PTV equal to 50 Gy. The solid curves denote the
DVHs with MLC constraint of 0.1 cm/degree, while the dashed curves denote those
without MLC constraint.
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comparable. On the other hand, the DVHs for organ at risk (OAR)
with MLC constraint were slightly better than the DVHs without
MLC constraint. This is presumably because in inverse planning,
the constraint on homogeneity and conformity for PTV was
stronger than the DVH constraint on OAR.

We found little difference between the plans with and without
MLC constraints in the tested patients. The plans with MLC con-
straints were acceptable for clinical use and the MLC constraint
was judged to manage the target motion without significant degra-
dation of plan quality.

Acquisition of respiratory signal

The respiratory behaviours of two patients assessed by our P-
IBPR method are shown in Fig. 3a and b. The original signal could
have pseudo periodic components, such as those generated by gan-
try rotation. These components were removed by the band pass fil-
ter and, as seen in Fig. 3c and d, the motion due to patient
respiration was clearly dissolved in all gantry angle directions. In
Fig. 4, the breathing cycles were compared with those derived from
the tumour motion in visual tracking. In Fig. 4a and b for patient 1,
the breathing cycle was estimated by 3.7 £ 0.4 (1 SD) for both P-
IBPR and visual tracking, while in Fig. 4c and d for patient 2, the
breathing cycle was estimated by 2.7 £ 0.3 (1 SD) and 2.7 +0.4 (1
SD) for P-IBPR and visual tracking, respectively. The result in P-
IBPR was concordant with the result of visual tracking. The differ-
ence of breathing cycle between P-IBPR and visual tracking was
one sampling time (0.46 s) at most.

Reconstruction of 4D VMAT-CBCT in phantom

The reconstruction images of 4D VMAT-CBCT with an FBP algo-
rithm corresponding to the points of maximum oscillation are
shown in Fig. 5a and b. The standard calculation time for recon-
struction with 270 x 270 x 80 voxels was about 10 s by GPU using
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Fig. 3. Respiratory signal acquired by P-IBPR for patient 1 (a) before filtering and (b) after filtering and for patient 2 (c) before filtering and (d) after filtering.
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Fig. 4. Histograms of breathing cycle analysed by P-IBPR and visual tracking; (a) P-IBPR and (b) visual tracking for patient 1 and (c) P-IBPR and (d) visual tracking for patient 2.

Fig. 5. Coronal images of 4D VMAT-CBCT of the QUASAR phantom in each peak. The diameter of the ball was 30 mm. The displacement was evaluated to be about 9-10 mm.
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NAVIDIA Tesla C1060 4 GB. The amplitude was evaluated at about
9-10 mm from the 4D VMAT-CBCT images. This displacement is
close to the mechanical set of 10 mm in the experiment. The inho-
mogeneous value inside the insert was observed.

Reconstruction of 4D VMAT-CBCT in 2 patients

With the respiratory signals acquired by P-IBPR, the portal
images were classified into 4 phase bins. Then, VMAT-CBCT recon-
struction was performed. For comparison, kV projection images
were simultaneously acquired during VMAT, and 4D kV-CBCT
was reconstructed. Fig. 6a and b illustrate the coronal and sagittal
slices of VMAT-CBCT and kV-CBCT for 3D and the respiratory
phases {max exhale, exhale inhale, max inhale, and inhale exhale)
of patients 1 and 2.

The total number of portal images acquired during VMAT was
254 for both patients. Those images were almost equally classified
into each phase bin. The gantry angle increment per projection for
4D reconstruction is dependent not only on the gantry speed but
also on the respiratory cycle of the patient. These values for pa-
tients 1 and 2 were estimated as 5.4+ 0.8 (1SD) and 3.9£0.5
(1SD) degrees, respectively. Admittedly, there were large projec-
tion gaps that degraded image quality. In addition, this “effective”
gantry angle increment included the error caused by the long
acquisition interval of portal images, which was limited to 0.46 s
per projection.

The centre of mass (COM) positions of the tumour during treat-
ment were estimated from a contour of the tumour in respective
max-exhale volume images in the Pinnacle treatment planning
system and by shifting these contours in the other images. The
shifts from the max exhale are denoted in Fig. 6. The results of
4D MV-CBCT were remarkably close to those of 4D kV-CBCT. The
amplitudes of tumour motion during treatment for patients 1
and 2 were estimated to be about (1, 2, 5) and (2, 4, 5) mm, respec-
tively. On the other hand, it was difficult to estimate tumour size
due to diminished image quality and artifacts.

Discussion

It should be noted that an exact and unique cone-beam recon-
struction from portal images acquired in a VMAT delivery is impos-
sible in principle [10]. That is, the VMAT-CBCT including our
method is based on the assumption that there are few structures
outside the radiation field. The effect of passing through objects
outside the reconstructed region is naively considered by masking
correction. However, as seen in Figs. 5 and 6 4D VMAT-CBCT
showed the tumour position to be similar when predicted mechan-
ically by the phantom and by the 4D kV-CBCT. We emphasise that
we are interested in the visualisation of tumour maotion for verifi-
cation of actual treatment. From this viewpoint, we are satisfied
that the amplitude can be evaluated from the 4D VMAT-CBCT
images. Our method is, therefore, feasible for verifying tumour mo-
tion through the course of treatment. On the other hand, it should
be noted that inconsistencies, such as the lack of projection data
provided the degradation of image quality, and may lead to incor-
rect recognition for the tumour size and shape. )

We employed the IBPR method using NCC to derive respiratory
signals from portal images. Our experiments demonstrated that
NCC can work well for frame-by-frame changes in irradiation
intensity. Respiratory signals were readily obtained because the
MLC speed was constrained by treatment planning optimisation.
This constraint yielded field shapes similar to those created in con-
formal treatment. The fact that the tumour was located in the mid-
dle of the lung may explain why the MLC did not need to move
drastically. Thus, a target was detected within a field through

(a) Coronal

Sagittal

g (+1,+1,-5)

inhale

(b) Coronal
kV Mv kv

Sagittal

I E

Fig. 6. Coronal and sagittal images at the isocentre plane of in-treatment kV 3D-
and 4D-CBCT and 3D- and 4D-VMAT CT for (a) patient 1 and (b) patient 2. The
coordinates inside the images represent the COM of tumour shift from max exhale
with units in mm for each modality. The COMs were estimated from a contour
delineated in respective max-exhale volume images on the Pinnacle treatment
planning system and by shifting the contour in the other images.

almost all angles. On the other hand, the MLC constraint in the in-
verse plan may hinder clinical utility due to degradation of plan
quality. In our clinical cases, this degradation was small and we
judged that suppressing the MLC motion was beneficial for the
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moving target. Of course, we cannot generalise our results, as this
study was limited to 2 patients.

One of the advantages of IBPR is that no extra devices are re-
quired. It also provides direct tracking of tumour motion in con-
trast to methods that require external devices. In addition,
correlations in the motion of inner structures and the body surface
are not always measurable by external devices [15]. This is a crit-
ical problem for 4D-CT reconstruction.

In addition to our NCC method, several IBPR techniques such as
the Amsterdam shroud method [11,12] and Kavanagh’s method
[13] have been proposed to acquire respiratory signals for kV pro-
jection images. The former projects 2D images onto the cranio-cau-
dal axis to obtain a 1D signal for each image, while the latter
utilises changes in the pixel value summation within each projec-
tion image. Both methods are based on pixel value projection and
are easily affected by MLC motion, which yields drastic changes in
pixel values within the projection images even if the MLC motion is
as small as it was in our cases. Therefore, these methods would
have difficulty with portal images.

Current issues or limitations of VMAT-CBCT reconstruction in-
clude the influence of intensity distribution and the shape yielded
by MLC on the projection images. We performed a homogeneous
correction of the total intensity within a field depending on the size
and monitor unit. However, the change in field size yields an inho-
mogeneous intensity within the field, a matter that must be ad-
dressed in future studies. In addition, due to limitations of the
Elekta iView software, the maximum number of portal imaging
sequential acquisitions is only 256, so the acquisition of images
may be insufficient for longer treatments. For stable P-IBPR, a sam-
pling interval should be short enough to acquire a respiratory sig-
nal. Therefore, in this study, the shortest sampling rate of the
Elekta iView software was employed, and the portal imaging was
performed during less than half of a gantry rotation.

The inhomogeneous value inside the insert of the phantom as
seen in Fig. 5 was also partly caused by this limitation. Optimised
operation for the acquisition of portal images should be allowed in
the system. Alternatively, a reconstruction algorithm can be devel-
oped as represented by digital tomosynthesis [16,17] and by com-
pressed sensing [18] for a limited acquisition angle. The removal of
such problems will enable quantitative derivation of 4D VMAT-
CBCT.

In conclusion, a 4D VMAT-CBCT reconstruction technique was
developed by using P-IBPR with the NCC method, which enabled
us to obtain in-treatment volume images in 4 phases. The visibility
of the anatomy in 4D VMAT-CBCT reconstruction for lung cancer
patients makes this a promising tool for verifying relative tumour
positions for each respiratory phase.
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Purpose: To analyze the effect of use of tractography of the critical brain white matter fibers created from diffusion
tensor magnetic resonance imaging on reduction of morbidity associated with radiosurgery.

Methods and Materials: Tractography of the pyramidal tract has been integrated since February 2004 if lesions are
adjacent to it, the optic radiation since May 2006, and the arcuate fasciculus since October 2007. By visually con-
firming the precise location of these fibers, the dose to these fiber tracts was optimized. One hundred forty-four
consecutive patients with cerebral arteriovenous malformations who underwent radiosurgery with this technique
between February 2004 and December 2009 were analyzed.

Results: Tractography was prospectively integrated in 71 of 155 treatments for 144 patients. The pyramidal tract
was visualized in 45, the optic radiation in 22, and the arcuate fasciculus in 13 (two tracts in 9). During the follow-up
period of 3 to 72 months (median, 23 months) after the procedure, 1 patient showed permanent worsening of pre-
existing dysesthesia, and another patient exhibited mild transient hemiparesis 12 months later but fully recovered
after oral administration of corticosteroid agents. Two patients had transient speech disturbance before starting
integration of the arcuate fasciculus tractography, but no patient thereafter.

Conclusion: Integrating tractography helped prevent morbidity of radiosurgery in patients with brain arteriove-
nous malformations. © 2011 Elsevier Inc.

Arteriovenous malformation, Diffusion tensor tractography, Gamma knife, Morbidity, Stereotactic radiosurgery.

INTRODUCTION

Stereotactic radiosurgery is one of the principal treatment
modalities for various kinds of vascular, neoplastic, or func-
tional disorders of the brain (1-4). Although its efficacy is
well known, radiation-induced neuropathy occurs in 5-
20% of patients (2, 5~8). To minimize such unignorable
risk, we have integrated tractography of the brain white
matter based on diffusion tensor magnetic resonance
imaging before the procedure into treatment planning of
radiosurgery using Gamma Knife (9-11). Diffusion tensor
tractography, one of the major recent advancements in
magnetic resonance imaging, enables clear visualization of
various fibers inside the white matter of the brain, which is
not visible with use of conventional imaging modalities
(12). Clinical applications of diffusion tensor tractography
are mainly reported as diagnostic tools, and reports on its
therapeutic application are quite limited (10, 13). In this
study, we analyzed the effect of integrating diffusion
tensor tractography into treatment planning of stereotactic

radiosurgery on the reduction of morbidity in a prospective
case series with arteriovenous malformations of the brain.

METHODS AND MATERIALS

Our selection criterion for stereotactic radiosurgery was, in prin-
ciple, small malformations (<3 cm) in critical, or eloquent, areas of
the brain (including sensorimotor, language, or visual cortex; the
hypothalamus orthalamus; the internal capsule; the brain stem;
the cerebellar peduncles; and the deep cerebellar nuclei) that, if in-
jured, result in disabling neurologic deficits (2, 14). We started
integrating diffusion tensor tractography of the pyramidal tract in
February 2004 because we considered the pyramidal tract to be
the most crucial fiber in preventing morbidity of radiosurgery out
of complexity of white matter fibers inside the brain. From May
2006, we added the integration of diffusion tensor tractography
of the optic radiation, and diffusion tensor tractography of the
arcuate fasciculus tractography from October 2007. One hundred
forty-four patients with arteriovenous malformations who have
consecutively undergone stereotactic radiosurgery using Gamma
Knife with this protocol between February 2004 and December
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Table 1. Baseline characteristics of 144 patients treated

Age (y) 35 (5-77)
Female sex 65 (45)
Details of arteriovenous malformations
Diameter (cm) 2.7 (0.7-7.9)
Small size 89 (62)
Eloquent brain location 66 (46)
Deep venous drainage 74 (51)
Spetzler-Martin grade I I-VD)
Details of radiosurgergl
Target volume (cm”) 6.9 (0.3-24)
Maximal dose (Gy) 40 (32-50)
Dose to margins (Gy) 20 (15-25)
Follow-up period (mo) 23 (3-72)

Data are number (percentage) or median (range).

2009 were enrolled in this study. All patients were considered as
candidates for integrating tractography, but the integration was
not carried out if a target lesion was considered to be located
more than 1 cm apart from these fiber tracts and risk of injuring
them was considered to be sufficiently low. Malformations were
located in eloguent brain areas in 66 patients (46%). Detailed
treatment parameters are shown in Table 1.

Diffusion tensor magnetic resonance imaging was obtained on
the day before treatment. Tractography was created from diffusion
tensor imaging by using freely shared programs, according to ana-
tomic landmarks as shown in previous studies (9—12).

On the day of treatment, patients were affixed to the stereotactic
coordinate frame and underwent stereotactic magnetic resonance
imaging and stereotactic cerebral angiography. Stereotactic mag-
netic resonance imaging and tractography were registered by using
the method reported previously (9-11, 15). After the introduction of
Gamma Knife 4C in October 2006, the registration process was
automated (16). Tractography-integrated images were imported to
treatment planning images on the day of radiosurgery. Conformal
treatment planning was made by experienced neurosurgeons and
radiation oncologists with use of the treatment planning software
GammaPlan (Elekta Instruments AB, Stockholm, Sweden).
Generally 20 Gy was given to the margin of lesions by using 40—
50% isodose lines. Any portion of the anterior visual pathway and
half of the brainstem were designed to receive no more than 10 Gy.
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The precise location of the pyramidal tract (Fig. 1), the optic ra-
diation (Fig. 2), or the arcuate fasciculus was confirmed on treat-
ment planning images, and it was attempted that the maximum
dose received by each fiber was less than 20 Gy, 8 Gy, or 8 Gy
(20 Gy in the frontal fibers), respectively, on the basis of previous
analyses (9-11), though this was not possible in some cases.

Serial formal neurologic and radiologic examination was per-
formed every 6 months after the procedure.

RESULTS

Diffusion tensor-based tractography was prospectively
integrated in 71 (46%) of 155 treatment sessions. Integrated
fiber tracts were the pyramidal tract in 45, the optic radiation
in 22, and the arcuate fasciculus in 13 sessions, including 9
in which two tracts were integrated (the pyramidal tract and
the optic radiation in 2, the pyramidal tract and the arcuate
fasciculus in 3, the optic radiation and the arcuate fasciculus
in 4). The optic radiation could not be depicted in 1 patient,
and only arcuate fasciculus was drawn. Of 71 treatments
with integration of tractography, the distance between the le-
sion and critical white matter fibers was less than 5 mm in 43
(60%); thus, tighter treatment planning was mandatory. Con-
sequently, 39 sessions (55%) necessitated any modification
in treatment planning by reducing the radiation dose to the
visualized tracts. Until December 2007, 38% of treatments
(37 of 98 sessions) were performed with integration of trac-
tography, whereas tractography was integrated for 60% (34
of 57) thereafter. This difference in frequency was statisti-
cally significant according to x? test (p = 0.008).

Two patients died of unknown cause after the procedure.
The other 142 patients were followed for 3—72 months (me-
dian, 23 months) after radiosurgery. During this period, tran-
sient speech disturbance was observed in 2 patients. They
were treated before 2007, when we started integrating arcu-
ate fasciculus tractography. One patient with right thalamic
arteriovenous malformation showed gradual worsening of
pre-existing dysesthesia of left upper and lower extremities
after treatment, and this symptom lasted until the last

Fig. 1. Radiosurgical dosimetry of 23-year-old woman with ruptured arteriovenous malformation in the right basal gan-
glia. Dose delivered to the corticospinal tract before referring to tractography (a) was intentionally reduced after its in-

tegration (b).



