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ABSTRACT

Background: Predicting the direction and amount of movement of the patient-specific
prostate at an early stage of treatment is important for estimating systematic errors
and avoiding large dose differences between planning and actual treatment. This
study aimed to evaluate a two-plane analysis of prostate movement for multiple-
image matching and examine the accuracy of predicting the amount of prostate
movement for inter- and intra-fraction setup errors at the early stage of treatment.
Materials and Methods: Sixty-five patients who underwent prostate intensity-
modulated rotating radiotherapy with fiducial markers were examined for setup errors
in bone matching and inter- and intra-marker matching. The two-plane setup errors in
the anterior-posterior (AP), left-right (LR), and superior-inferior (SI) directions were
analyzed. Correlation analysis was performed by calculating the relationship between
the total average setup error and each average setup error (2-5 fractions), increasing
from the first to the sixth fraction. Results: The inter- and intra-fraction setup errors
between the AP and SI directions of prostate movement were moderately correlated
(r: 0.63, r =0.58, respectively). The average setup error of >4 fractions was strongly
correlated (r >0.7), and the standard deviation of the >3 fraction setup errors was
moderately correlated (r >0.4) with total and early setup errors. Conclusions: Prostate
movement during radiotherapy was linear in the AP-SI direction. The evaluation of
early fraction setup errors may be used to predict prostate movement in individual
patients during the treatment period.

INTRODUCTION

Prostate cancer has a high occurrence frequency
and mortality rate in men; however, the progression
of symptoms is relatively slow (1). Prostate cancer is
often treated with surgery and radiation therapy, and
intensity-modulated rotational radiation therapy
(IMRT) enables a steep dose-gradient distribution
owing to an increase in the dose concentration on the
target (2.3),

In prostate volumetric modulated arc therapy
(VMAT), the target prostate is close to organs at risk
(OAR), such as the rectum, bladder, and small bowel,
and universality of positional coordinates between
organs is required during the treatment period.
However, the prostate and surrounding OAR change
the relationship of positional coordinates owing to
peristalsis and tension, rectum gas, and bladder
filling, limiting dose reduction to organs at risk (4).

Therefore, prostate VMAT is important for observing
individual patients and predicting changes in the
relationship between positional coordinates during
the treatment period to avoid overdosing for OAR or
underdosing for the target (5. 6),

In previous studies, we predicted prostate
movement in advance using diagnostic computerized
tomography (CT) and multiple planning CTs to
reduce the deviation between the planned treatment
and actual treatment dose; however, prediction using
multiple planning CTs increases the exposure dose (7.
8),

Adaptive radiation therapy is used to address
changes in positional coordinates of the target and
OAR using cone beam CT (CBCT), and target
movement and OAR need attention owing to the
short irradiation duration (9. Robust radiotherapy is
effective for the short-term movement of organs, and
a robust plan requires the accurate prediction of
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patient-specific organ movement (. 10, Predicting
complete organs before treatment planning is
difficult because of the extension of the start of
treatment and the increase in radiation exposure due
to multiple planned CT scans (7). In image-guided
radiotherapy, matching images are often obtained
using CBCT, which can be used to evaluate daily
organ movements and trends in patient-organ
movements (7.10.11), Considering the advantages and
disadvantages of adaptive and robust radiotherapy,
predicting the trend of patient organ movements for
the early fraction is effective (12). In addition, early
identification of an individual’'s prostate movement
can lead to re-planning, avoiding large differences
between planned and actual doses (13-15),

To date, no study has investigated the relationship
between the two-plane prostate movement and
prediction methods for patient-specific prostate
movement management at the early fraction stage
using CBCT. Therefore, this study aimed to evaluate
two-plane prostate movement for robust planning
and accuracy in predicting prostate movement at the
early fraction stage of treatment for offline adaptive
and robust radiotherapy. In the early stages, the
tendency of a patient’s prostate to move helps
improve the quality and safety of patient-specific
radiotherapy.

MATERIALS AND METHODS

Patients and materials

This study included 65 patients (median age, 72
[57-82] years) who underwent prostate VMAT with
fiducial markers implanted in the prostate. This study
was approved by the Ethics Committee of the
Institutional Review Board (IRB) of Tokuyama
Central Hospital and was conducted in accordance
with the ethical guidelines of the Declaration of
Helsinki (IRB K456-20230201).

Patients with prostate cancer were scanned using
a CT Aquilion LB scanner (Toshiba Medical Systems,
Tokyo, Japan), and CT images were acquired using
the radiotherapy treatment-planning system Eclipse
version 11 (Varian Medical Systems, Palo Alto, CA,
USA). The implanted fiducial markers were treated
with a Novalis STX linear accelerator (Varian Medical
Systems, Palo Alto, CA, USA) attached to an ExacTrac
X-ray system (BrainLAB AG, Feldkirchen, Germany).
Knee braces and foot pillows were used as
immobilizers. All patients underwent rectal emptying
and bladder filling before the planned CT and
treatment. All the patients received a total radiation
dose of 78 Gy in 39 fractions.

Calculation of setup error of three types of image
matching

Digitally reconstructed radiographs (DRR) of
radiotherapy-planning CT scans were created using a

radiotherapy planning system based on image
matching. The setup error of the three types of image
matching was calculated using bone and inter- and
intra-fraction fiducial marker matching. The setup
error of bone matching was different between the
pelvic bone and skin markers using the DRR and
ExacTrac X-ray systems. The setup error of inter-
fractional fiducial marker matching was calculated by
image matching before and after treatment using the
DRR and ExacTrac X-ray systems. Each setup error
was calculated as the anterior-posterior (AP),
superior-inferior (SI), left-right (LR) directions, and
3D distance. The 3D distance was calculated using the
equation (1):

3D distance = +/(APsz)? + (LRsg)? + (SIsz)? 1)

Where; APsg, LRsg, and Slsg were setup errors in
each direction.

Evaluation of two plane setup error of three types
of image matching

The median, standard deviation (SD), and 95th
percentile of setup errors of the three types of image
matching were calculated for AP, LR, SI direction, and
3D distances using the statistical software SPSS (IBM,
Chicago, IL, USA). Next, the correlation coefficients (1)
of the two-plane setup errors in the AP, LR, and SI
directions were analyzed using SPSS.

Prediction of systematic and random setup error of
patient-specific prostate movement at the early
fraction stage

To evaluate the prediction accuracy for systematic
and random setup errors of patient-specific prostate
movement during the treatment period, the average
and SD of the setup error for the entire duration of
treatment were compared with that of the early
fraction stage. The average and SD of the setup error
at the early fraction stage were calculated for five
different treatment periods (1-2, 1-3, 1-4, 1-5, and 1-
6 fraction) for AP, LR, SI direction, and 3D distance.
The correlation coefficient (r) of the average and SD
of the setup error between the entire duration of
treatment and five different treatment periods was
analyzed using statistical software SPSS.

Statistical analysis

The correlation coefficient (r) of the setup error
was analyzed by linear approximation using the
statistical software SPSS.

RESULTS

Table 1 presents the median, minimum, and
maximum values of patients’ average setup errors in
bone and inter- and intra-marker matching. The
median values (SD) of the 3D distances for setup
errors in bone and marker matching during
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treatment were 5.2 (1.8) mm, 3.0 (0.7) mm, and 1.1
(0.85) mm. (Table 1). The average treatment time for
65 patients was 87.2 sec (range: 71.5-15.0 sec). The
95th percentile of bone matching and inter- and intra
-fraction setup errors were 9.1, 3.4, and 1.4 mm in the
AP direction; 5.1, 1.3, and 0.9 mm in the LR direction;
and 5.2, 5.5, and 1.9 mm in the SI direction,
respectively. The 95th percentile of intra-fraction
marker matching against inter-fraction marker
matching was decreased by approximately half or
less in the AP and SI directions, and slightly
decreased in the LR direction.

The inter- and intra-marker setup errors were
moderately correlated in the AP-SI direction, and no
correlation was observed in the other two plane
directions (figure 1).

The correlation coefficients tended to be higher
according to increasing fraction average number for
the average and SD of the setup error for the entire
duration of treatment (table 2, figures 2 and 3). The
average setup errors >4 fractions at the early fraction
stage had a strong correlation (r >0.7), and the SD of
setup errors >3 fractions had a moderate correlation
(r>0.4) (table 2).

Table 1. Setup error for each image matching.

. Inter-marker | Intra-marker
Set up error |Bone matching . R
(mm) median (range) m_atchmg m.atchmg
median (range) | median (range)
AP |-2.8 (-10.0-7.1)| 0.93 (-4.1-5.3) | -0.1 (-1.0-3.3)
Average LR| 0.1(-5.6-7.6) | 0.4 (-1.5-1.2) | 0.0(-0.9-1.8)
SI | 1.1(-3.1-5.8) | 0.4 (-7.1-7.0) | 0.0(-1.0-4.7)
3D|5.2(2.9-10.8) | 3.0(1.2-8.9) | 1.1(0.5-6.3)
AP| 2.3(1.3-3.9) | 1.6(0.6-3.5) | 0.8(0.4-1.9)
sp | LR| 15(0.7-36) [ 05(0.3-12) [ 0.4(0.1-14)
SI | 1.3(0.9-4.5) | 1.4(0.7-3.6) | 0.7(0.3-2.5)
3D| 1.8(1.1-3.4) | 1.3(0.5-4.2) | 0.9(0.2-2.2)

SD: standard deviation, AP: anterior-posterior, LR: left-right, Sl
superior-inferior.

Table 2. Relationship of average intra-fraction setup error
between the entire duration of treatment and five different
treatment periods at the early fraction stage.

Correlation: r Fraction |Fraction|Fraction|Fraction|Fraction
1-2 ave.|1-3 ave.|1-4 ave.|1-5 ave.|1-6 ave.

AP| 0.74 0.80 0.79 0.82 0.84

Inter LR| 0.65 0.75 0.75 0.75 0.75

SI| 0.79 0.86 0.87 0.89 0.90

Average 3D| 0.59 0.72 0.69 0.79 0.83

AP| 0.66 0.67 0.72 0.73 0.79

Intra LR| 0.77 0.86 0.90 0.90 0.91

SI| 0.79 0.77 0.79 0.79 0.80

3D| 0.85 0.88 0.90 0.92 0.94

AP| 0.20 0.33 0.40 0.69 0.75

Inter LR| 0.37 0.48 0.56 0.57 0.60

SI| 0.50 0.58 0.54 0.79 0.84

sD 3D| 0.39 0.48 0.43 0.80 0.83

AP| 0.18 0.47 0.52 0.57 0.62

Intra LR| 0.62 0.67 0.64 0.65 0.68

SI| 0.19 0.50 0.49 0.57 0.69

3D| 0.07 0.43 0.46 0.54 0.55

SD: standard deviation, AP: anterior-posterior, LR: left-right, Sl
superior-inferior, ave.: average.
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Figure 1. Relationship of two plane setup error for bone
matching and inter- and intra-fraction marker matching. Bone
matching: (a) SI-AP direction (r =0.00), (b) LR-AP direction (r
=0.0), (c) LR-SI direction; Inter-fraction marker matching: (d) Sl
-AP direction (r =0.61), (e) LR-AP direction (r =0.01), (f) LR-SI
direction (r=0.01), Intra-fraction marker matching: (g) SI-AP
direction (r=0.51), (h) LR-AP direction (r=0.02), (i) LR-SI
direction (r=0.03).). Ellipses in the figure indicate the 95%
confidence intervals. Sl: superior-inferior, AP: anterior-
posterior, LR: left-right. This figure was referred the Figure 4 of
referencel5 Sasaki et a/., 2024.
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Figure 2. Relationship of average inter-fraction setup error of
3D distance between the entire duration of treatment and 3
kinds of treatment period at the early fraction stage for 3D
distance. Average: (a) first and second fraction, (b) first to
fourth fraction, (c) first to sixth fraction, Standard deviation
(SD): (d) first and second fraction, (e) first to fourth fraction,
(f) first to sixth fraction.
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DISCUSSION

This study evaluated the two-plane setup error
for bone and inter- and intra-fraction marker
matching. In addition, the trend in patient-specific
prostate movements was evaluated using image-
matching results in the early fractional stage.

The stepwise correction of the geometric position
in image-guided radiotherapy was evaluated from
bone matching to marker matching (15). The 95t
percentile of the SI direction in the inter-fraction
setup error showed a larger movement compared
with that of bone matching. The median of intra-
fraction setup error was close to zero in the LR and SI
directions, considering that image matching was able
to match the geometric center of the prostate
movement. The 95% percentile of intra-fraction
marker matching setup error was decreased by
approximately half the value in the AP and SI
directions compared with that of inter-fraction
marker matching setup error, and the prostate
movement was <2 mm in the 95% percentile of
average 87 s during treatment time. However, the
prostate movement occurred even after as little as 87
s of treatment time. Therefore, we considered that
the control of prostate movement is not complete
after image matching, and paying attention to the
dose impact of intra-fraction movement during an
average treatment time of 87 s is necessary (16.17),

In a two-plane analysis of setup errors, the bone
matching setup error was the 95% confidence
interval value close to concentric circles for the SD of
the SI-LR directions. The SD of bone matching may
affect changes in body weight and mood, such as
relaxation or tension, during the treatment period (13.
14), Furthermore, prostate movement in the AP-SI
direction was moderately correlated in inter- and
intra-fraction. This is believed to be due to the
restriction of movement in the AP-SI direction by the
adjacent bladder and rectum around the prostate (15
17). We considered that the directionality of prostate
movement in the AP-SI is anatomically located
around the adjacent bladder and rectum and can be
observed via the contraction of pelvic floor muscles
and peristalsis of the intestinal movement (8 18), In
addition, understanding a patient’s specific
directionality of prostate movement will help in
margin setting before planning and robust
radiotherapy at the time of treatment (19).

In predicting early radiotherapy for patient-
specific systematic and random errors, the average
setup errors of both the inter- and intra-fraction
were highly accurate, in accordance with the average
number of fractions increasing with a strong
correlation in >4 fractions. In our previous research,
the prediction of a patient’s prostate movement was
a problem of exposure dose and limited time by multi
-plan CT before planning, which could be predicted
and re-planned by evaluating systematic setup errors

using ions without scanning additional images.
Moreover, the prostate movement of individual
patients was evaluated in advance by multiple
planned CT scans in the early radiotherapy treatment
period (16.20),

In the prediction of setup at early radiotherapy,
the SD of the inter- and intra-fraction were
moderately correlated, with >4 fractions in all
directions, and the SD of SI and 3D distance had a high
correlation of >5 fractions in the inter-fraction setup
errors. The correlation coefficient of the SD was lower
than that of the average setup error. Therefore, we
considered that the average setup error is easy to
predict owing to the systematic error of a patient's
anatomy and condition in the volume of the bladder
and rectum, and the SD is difficult to predict owing to
random errors, such as tension of the bladder filling
limit and movement of intestinal gas. The relationship
SD between the entire duration of treatment and the
early treatment period had a moderate correlation of
>2 fractions in the LR direction. Hence, the reason for
the high accuracy prediction in the LR direction may
be attributed to its lower susceptibility to random
errors, such as tension, and may also be attributed to
anatomical information, such as fat mass and pelvis
size (18),

A limitation of this study is that the direction of
prostate movement and anatomical information could
not be compared and evaluated, and the factors of the
two-plane movement direction could not be
objectively evaluated. Movement in the LR direction
may depend on patient-specific information, and
movement prediction may be more accurate by
adding anatomical text information.

CONCLUSION

The two-plane prostate movements for the inter-
and intra-fraction showed moderately correlated
directional movements in the AP-SI direction. In the
inter- and intra-fraction, the average setup error
could be predicted with a strong correlation using
setup data of >4 fractions, and the SD of the setup
error at the early fraction stage could be predicted to
be moderately correlated. This method predicts the
tendency of a patient’s prostate movement and helps
improve the quality and safety of patient-specific
radiotherapy by avoiding systematic errors.
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