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Abstract
Purpose—To evaluate setup, interfraction, and intrafraction organ motion error distributions and
simulate intrafraction intervention strategies for prostate radiotherapy.

Methods and Materials—Seventeen patients were setup and monitored using Calypso system
during radiotherapy. On average, prostate tracking measurements were performed over 8 minutes
per fraction for 28 fractions for each patient. For both patient couch shift data and intrafraction
organ motion data, the systematic and random errors were obtained from the patient population.
PTV margins were calculated using van Herk formula. Two intervention strategies were simulated
using the tracking data: deviation-threshold and time-period. The related PTV margins, time costs
and prostate position “fluctuation” were presented.

Results—The required treatment margins for the left-right, superior-inferior and anterior-
posterior axes were 8.4, 10.8, and 14.7 mm for skin-mark-only setup and 1.3, 2.3 and 2.8 mm with
online setup correction. Prostate motion significantly correlated among the SI and AP directions.
Fourteen patients had 91.6% or higher total tracking time that prostate motion was within 5 mm of
the initial setup position. The treatment margin decreased to 1.1, 1.8, 2.3 mm with 3 mm threshold
correction and to 0.5, 1.0, 1.5 mm with every–two-minute correction. The periodic corrections
significantly increase treatment time and increase the number of instances when the setup
correction was made during transient excursions.

Conclusions—The residual systematic and random error due to intrafraction prostate motion is
small after online setup correction. Threshold-based and time-based intervention strategies both
reduce PTV margins. The time-based strategies increases treatment time and in-fraction position
fluctuation.
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INTRODUCTION
In external-beam prostate radiotherapy, target position uncertainty can affect the efficacy of
the treatment (1–2). Uncertainty arises from inaccuracies in the daily setup procedure, daily
movement of the prostate with respect to the setup landmarks, and intrafraction motion. To
mitigate its impact, a margin is added to the clinical target volume (CTV) to define the
planning target volume (PTV). A well-defined margin should reflect anticipated prostate
position variations relative to the intended target position for the particular setup procedure
in use. For example, if setup is based on daily alignment to skin marks, the margin should
accommodate daily and intrafraction prostate motion relative to those marks; if internal
fiducial markers are used for daily image-guided setup, the margin should accommodate
intrafraction organ movement following initial alignment. The correct margin should be
based on actual observations of prostate movement for each setup scenario and should also
reflect the fact that the setup procedure itself has intrinsic instrumental and measurement
uncertainties.

The prostate position for a particular patient can change in a systematic way over the
complete course of treatment while fluctuating randomly around its mean daily position.
Similar systematic and random variations can occur during a single fraction. By observing
and measuring these patterns of fluctuation in a population of patients, one can establish the
expected target position uncertainty for any given setup procedure. Appropriate margins can
then be estimated from population-based rules that ensure acceptable target coverage for,
e.g., 90% of the patients.

It is now possible to track the position of the prostate continuously during each treatment
fraction using the Calypso 4D localization system (Calypso Medical Technologies, Inc.
Seattle, WA). This system is a wireless electromagnetic system that utilizes a
radiofrequency source/receiver array to localize implanted transponders. Several
investigators (3–7) have evaluated the Calypso system localization accuracy in a phantom or
have analyzed prostate motion data acquired using this system. Balter et al. (3) concluded
that the Calypso system has sub-millimeter localization accuracy in both stationary and
moving phantoms. Litzenberg et al. (6) analyzed data from eleven prostate cancer patients
implanted with Calypso transponders and demonstrated the influence of intrafraction
prostate motion on the PTV margin.

We have used the Calypso system to make a clinical study of interfraction and intrafraction
prostate movement during radiotherapy for a cohort of 17 patients. Then we used our
observations to estimate appropriate margins for various daily patient alignment scenarios.
Finally, we have used our data to simulate various intervention strategies to improve
alignment accuracy and reduce the margins while accounting for the time costs (increase of
treatment time) and potential increases in prostate position fluctuations for some patients.

METHODS AND MATERIALS
The Calypso 4D localization system localizes and tracks electromagnetic transponders
implanted in the patient’s target volume. The overall system components and operating
principles have been described by Balter et al (3). This system can measure the target
position with sub-millimeter accuracy at a rate of 10 Hz. As a part of the research agreement
between Virginia Commonwealth University (VCU) and Calypso Medical, the digital
tracking data were exported from the 4D tracking station and converted into readable format
by a software program provided by Calypso Medical.
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Patient information
This study, under an institutional internal review board approved protocol, analyzed tracking
data from 17 consecutive prostate cancer patients who were prescribed and treated with
implanted Calypso transponders between 2007 and 2008 at VCU. All patients were educated
about transponder implantation and Calypso System operation during the treatment. For
each patient, three transponders were implanted into the prostate gland at the right base, left
base and apex, using a transrectal ultrasound-guided procedure. CT simulation was
performed one week after the implantation to minimize the influence of transponder drift.
Permanent skin marks for localizing the isocenter via room lasers were placed at the time of
simulation. The CT images were imported into the Pinnacle treatment planning system
(Philips Medical Systems, Fitchburg, WI). The coordinates of the transponders and the
planned treatment isocenter point, usually the centroid of the transponders, were obtained
from the treatment planning system and manually inputted into the Calypso 4D tracking
station computer.

Patient setup and tracking
At the start of each treatment fraction the patient was initially set up to the skin marks placed
during CT simulation. Then the patient was localized using the Calypso system. The
treatment target deviation from the machine isocenter was determined from the detected
transponder positions in the left-right (LR), superior-inferior (SI) and anterior-posterior (AP)
directions and reported as a translational displacement (Δx, Δy, Δz) of the isocenter position
from that measured during simulation CT. Radiation therapists then manually adjusted the
treatment table position by (Δx, Δy, Δz) to approximately zero the deviation prior to
treatment.

During each treatment fraction the Calypso system continued monitoring the position of the
planned isocenter point. Whenever the intrafraction position deviated by more than 5 mm
from the setup position for more than 25 seconds on any axis, our policy was to interrupt
treatment and adjust the treatment couch. However, this procedure was not uniformly
implemented. Our analysis was able to identify only 14 treatment sessions that had
intrafraction couch adjustments. To avoid biasing our analysis, the datasets of these patients
were processed to recover the patient’s original prostate motion trajectories as if no
adjustments had been made.

While processing the tracking data for this study, some of the tracking files were corrupted.
On average, there were about 28 tracking sessions per patient, each of about 8 minutes
duration. Population histograms of intrafraction prostate motion along each axis were
obtained. Cumulative probabilities of prostate deviating from initial setup positions in 3D
distances and along each axis were also calculated.

To evaluate the directional properties of prostate motion for each tracking session, we
calculated the correlation coefficients among the position data of three axes using following
equation:

(1)

X and Y represent the prostate position history along the LR, SI or AP axes in each
treatment fraction, Cov(X,Y) is the covariance between the two histories, Var(X), Var(Y) are
their individual variances, for each pair of coordinate axes. To investigate prostate
displacement trend with time, the fraction of time in each minute bin that the prostate
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displaced beyond distance thresholds (3, 5, 7, 10 mm) was analyzed as a function of
monitoring elapsed time since initial interfraction setup.

Statistical analysis of the inter and intrafraction position data and their reduction to
margin estimates

During treatment session i of patient j, tracking measurement k was obtained from Calypso
system. If we denote patients as j ∈ {1,2,⋯,N} and each patient’s treatment session as i ∈
{1,2,⋯,Mj} and each tracking measurement as k ∈ {1,2,⋯, Oij}, then during a treatment, the
CTV location is

(2)

where Sij is setup error and Xij (tk) is organ motion error for patient j, fraction i at k-th
moment. From this we obtained

(3)

(4)

(5)

(6)

For interfraction setup error only,  denotes the difference between
the isocenter coordinates measured by Calypso for ith fraction of the jth patient and those
measured during simulation CT. For intrafraction organ motion error only,

 denotes the difference between the isocenter coordinates
measured by Calypso for ith fraction of the jth patient at kth moment and those at beginning
of tracking.

Several investigators (8–11) have developed population-based geometric rules to determine
the optimal margin for setup errors when the random error σ and the systematic error Σ are
known for a cohort of similar patients all treated via the same setup procedure. The analysis
of Van Herk et al. (10,11) determined that a PTV margin of 2.5Σ + 0.7σ will ensure that at
least 90% of all patients receive at least 98% equivalent uniform dose. The dominant
influence of the systematic error component compared to the random component reflects the
fact that, over the course of treatment, the random deviations blur the dose distributions
while the systematic deviations result in a geometric miss.
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Simulated intervention strategies
The prostate tracking data were used to evaluate the impact of several hypothetical
intervention strategies to correct prostate excursions during the treatment, including
deviation threshold-based and time-based approaches. The threshold-based approach
interrupted treatment and repositioned the patient whenever the prostate excursion exceeded
a preset distance (3 or 5 mm) along any of the three axes for a preset duration (20 seconds).
In the time-based approach, the patient was repositioned at preset time intervals (every 2
minutes and every 4 minutes) regardless of the spatial magnitude of setup discrepancy. In
both approaches, the related time costs were calculated based on both in-room treatment
couch adjustment (45 seconds) and remote adjustment (15 seconds) (12). Using these
parameters, a program written in Matlab (The MathWorks, Inc., Natick, Massachusetts) was
used to simulate each type of intervention and compare the errors against tracking data with
no intrafraction couch adjustments other than the initial interfraction adjustment. For each of
the four simulated excursion correction datasets, systematic and random components of the
intrafraction prostate motion errors were calculated and the corresponding margins were
presented. The maximum, minimum and average time cost were calculated for both in-room
and remote couch adjustment.

For each patient, the 3D mean prostate position over all fractions was obtained by averaging
the 3D distance over all treatment time. Similarly, for each patient, the root-mean-squared
deviation (SD) over all the treatment fractions was obtained using Equation 7. The
quadrature average SD represented the magnitude of fluctuation within fractions. Same
analysis was performed on datasets obtained from simulated threshold-based and time-based
intervention approaches and compared to those of original tracking data. These comparisons
can evaluate the impact of intervention strategies on each individual patient, especially when
prostate motion fluctuation could not be ignored, i.e., in hypofractionated radiotherapy.

(7)

RESULTS
Prostate interfraction setup error and intrafraction motion

The systematic and random components of patient initial setup and prostate motion errors
are shown in Table 1. The magnitude of both the systematic (Σinter) (σinter) component, 2.3,
3.4, 4.7 mm and 3.7, 2.7, 3.5 mm, respectively, were much larger than their intrafraction
counterparts (0.3, 0.5, 0.6 mm for Σintra and 0.7, 1.4, 1.9 mm for σintra).

The distributions of intrafraction motion measurements along LR, SI and AP axes were
approximately Gaussian. Their cumulative probabilities of deviation from initial setup
positions are presented in Figure 1. Magnitude of the prostate motion was larger in the AP
and SI directions than in the LR direction of the patients. The prostate displacements were
0.0±0.7 mm in LR, −0.1±2.4 mm in SI and −0.4±3.9 mm in AP directions. Table 2 shows,
for each patient, the fraction of time that the prostate was displaced by more than the
indicated 3D distance. Patient 15 showed a significantly more time fraction (31.6%) in
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which the prostate was displaced at least 5 mm from the desired treatment isocenter
compared to other patients.

Correlation coefficients between each two axes were obtained for all treatment sessions and
presented in Figure 2. Clearly, there is a significant positive correlation of prostate motion
between each patient AP and SI directions, which indicates that the prostate had a tendency
to move in the AP/SI plane. Figure 3 shows this prostate displacement trend with time. The
fraction of time for displacements exceeding 3 mm increased linearly with time. However,
for larger 3D displacement thresholds, the time fraction did not vary systematically with
time but fluctuated between 0 and 10 percent.

Margins
The margins with and without patient initial setup correction are presented in Table 3.
Without the online correction before each treatment session, the required margins were 8.4,
10.8 and 14.7 mm in the patient’s LR, SI and AP directions, respectively. With the online
correction, the systematic and random errors associated with skin marks setup and
interfraction prostate motion were largely eliminated. Thus, the remaining treatment errors
were due to the intrafraction motion of the prostate, Calypso measurement errors (including
marker identification on CT), prostate deformation errors, and prostate delineation errors.
Considering only the intrafraction error component, margins of 1.3, 2.3 and 2.8 mm in the
LR, SI and AP directions, respectively, would be needed.

Intervention strategie
Table 4 shows both the margins and time-cost associated with each intervention strategy. Of
the four strategies, the 5 mm threshold approach yielded the least benefit wheras, the 3 mm
threshold one yielded modest improvements compared to the margins required when no
intrafraction adjustments were made. On the other hand, making adjustments at a fixed time
frequency reduced the margin to two thirds and half of the original margins, for 4 and 2
minutes repositioning intervals, respectively. However, the associated time-cost for the time-
based approaches were significantly higher than those of threshold-based approaches. The
treatment time increased more than 50% for the every-2-minute correction approach with
the in-room couch adjustment method. For the remote couch adjustment method, the time
cost was reduced significantly compared to the in-room adjustment but it still exceeded
10%. While a 12% penalty in exchange for a 2-fold intrafraction margin reduction is a
reasonable trade, such margin adjustments will add clinical value only if other sources of
targeting error are reduced to comparable levels.

Figure 4 shows the patient-specific mean 3D prostate displacements average over all
observations for the various intervention techniques. In general, all intervention strategies
succeeded in reducing the mean prostate excursion distance from the target position during
the course of treatment. The every-2-minute approach caused the most significant reduction
in the mean excursion distance except for patient 15. For 13 of the 17 patients, the every-4-
minute intervention approach out-performed (more reduction of mean excursion distance)
the threshold-based approaches. Figure 5 shows the quadrature-averaged σintra over all the

treatment fractions of the original tracking data for each patient and the ratio of  for
each intervention approach to that of the original data. Interestingly, for 8 patients, making

excursion corrections at fixed time intervals increased  compared to the original
tracking data. Also for 7 patients (5 were the same patients of the above 8 patients), the

time-based approaches had larger  than the deviation threshold-based approaches.
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DISCUSSION
In image-guided prostate radiotherapy, prostate localizations before or during treatment are
performed with different techniques: kV/MV 2D radiographic/fluoroscopic imaging of
implanted markers (13–16,18), kV 3D imaging and detection of implanted electro-magnetic
transponder (6,17,23). Intrafraction prostate motion was also studied by using cine-MRI
with time duration comparable to typical radiation treatment (20–22). Online setup
correction and target monitoring using electromagnetic transponders has the advantages of
non-ionizing radiation target localization and real-time target monitoring with high sampling
rate compared to other target localization and monitoring techniques.

Table 5 listed PTV margins for both setup and organ motion errors of several investigators
(6,13–19) using various target positioning and/or monitoring techniques. Interfraction only
margins varied up to two fold among different localization techniques. For intrafraction only
margin, even though Nederveen et al. (16) and Kitamura et al. (14) have relatively frequent
intrafraction prostate motion data, the total imaging time was only about 2 to 3 minutes.
Furthermore, only one marker at the apex of the prostate was tracked in the Kitamura et al.
study. Nevertheless, these findings confirmed that the intrafraction prostate motion errors
were much smaller than interfraction errors. Compared to continuous tracking data, the
EPID inter-beam or difference between pre-treatment and post-treatment techniques may
over/under estimate the intrafraction motion because they assume the measured prostate
deviation lasts between images. Litzenberg et al. (6) investigated prostate interfraction and
intrafraction motion of 11 patients using Calypso system. They simulated pre-beam
implanted marker correction strategy, in which they simulated realignment of the patient
before each treatment beam. This pre-beam re-alignment was similar to our simulations of
the every-2-minute intervention strategy; however, they included a 1 mm Gaussian setup
uncertainty for pre-beam re-alignments. They reported margins of 1.4 mm in LR, 1.8 mm in
SI and 2.3 mm in AP directions, which is about 0.8 mm larger (agreed with 0.7*1 mm) in all
three directions than ours.

Mah et al. (20) acquired cine-MRI in the sagittal and axial planes through the center of the
prostate for about 9 minutes. They tracked posterior, lateral and superior edges of the
prostate relative to initial prostate position. They observed prostate displacements of 0.0±1.5
mm in LR, 0.0±3.4 mm in SI and 0.2±2.9 mm in AP directions. These results are in good
agreement with our findings: 0.0±0.7 mm in LR, −0.1±2.4 mm in SI and −0.4±3.9 mm in
AP directions, with the considerations of different tracking methods and 20s break between
cine-MRI frames. Padhani et al. (21) confirmed correlation between prostate motion and
rectal distention and movement using axial cine-MRI. Ghilezan et al. (22) examined prostate
motion for both empty and full rectum patient using sagittal cine-MRI, they demonstrated
that the status of rectal fillings is the most significant predictor for intrafraction prostate
motion. They also demonstrated the increase in probability of prostate displacement with
elapsed time. This trend (at least for >3 mm case) can be observed from Figure 3 of this
study.

Langen et al. (23) reported intrafraction prostate motion from a 17 patient study using the
Calypso system. The maximum percentages of all the patients have 3D displacements >10,
>7, >5 and >3 mm were 1.3%, 3.1%, 10.9% and 36.2%, respectively. This is similar to our
findings. Langen et al. also reported that, for the patient population, prostate 3D displaced
by >3 mm and >5 mm was approximately 14% and 3% of the time, respectively. Similarly,
our study (Figure 1) indicates 17.3% and 5.2% of the corresponding displacements. Our
fraction of time in each 1 minute interval that the prostate exceeded 3mm in 3D distance
increased almost linearly with observation time. However, there was no such trend observed
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for the cases of 5, 7 and 10 mm excursion distances. Intuitively, these observations indicated
that there are both systematic drifts and random excursions of prostate intrafraction motion.

We reported margins of both original prostate trajectories and of different interventional
strategies, however, there is a caveat using them without further investigations of other
residual error sources, which were not included in these simulations and margin calculation,
i.e., isocenter calibration of Calypso system to coincide with machine isocenter; transponder
identification in CT images; system localization accuracy (random error in the target
alignment); single-point rigid body model used for prostate only (without seminal vesicles)
and with no rotation and deformation considerations. All these factors will increase the PTV
margins either by increasing its systematic or random components. Thus, these margins
mainly served as a comparison metric for different intervention strategies.

Table 4 showed that both the threshold-based and the time-based intervention strategies
reduced PTV margins. However, the time-based strategies achieved more margin reductions
than the threshold-based strategies. This is due to the fact that time-based approach made
corrections in a given time interval to all patients regardless of their prostate locations. This
effectively reduced the systematic component of intrafraction motion error for the patient
population. On the other hand, threshold-based performance depended on both the preset
threshold and patients’ intrafraction motion magnitude. Large margin reductions can be
achieved by setting tighter thresholds, although with increased treatment time cost. Selection
of time-based or threshold-based strategy for intrafraction prostate motion management
depends on many factors in a clinic. i.e., patient load (affordable treatment time for each
patient), remote couch shift function availability and understanding of other residual errors
in the treatment simulation, target delineation and treatment planning processes.

The margin data in this study are based on regular fractionation (about 30 to 40 fractions) in
prostate radiotherapy of a patient population. In a hypo-fractionated prostate radiotherapy,
i.e., 5 fractions or less, the distinction between random and systematic error blurs. The
increased standard deviation of each fraction caused by time-based correction strategies may
play a greater role in patient dosimetry. Using kV imaging sequences from CyberKnife
(Accuray, Sunnyvale, CA) hypofractionated intensity modulated radiation therapy (IMRT)
treatment for the prostate, Hossain et al. (24) simulated multileaf collimator (MLC) based
intensity modulated radiation therapy (IMRT) hypofractionated treatment. They concluded
that when sporadic prostate movements greater than 5mm were present in any one direction,
significant target underdose was found. Interestingly, in our simulations, although the time-
based correction strategies outperformed the threshold based ones in terms of reduction of
PTV margins, they introduced a higher degree of “fluctuations” for almost half of the patient
population, i.e., patients 4, 13 and 15, etc (Figure 5). These increased fluctuations can be
partially explained by the correction interventions made during a transient prostate
excursion. For example, passing gas may cause the prostate to deviate temporarily from the
aligned position. If a time-based correction were to be made to zero this offset at this
moment, then the prostate would be at an offset position, as indicated by the tracking
system, and would remain in that offset position until the time of next correction; However,
if a threshold-based correction was made, when gas passed, it would respond to this new
offset prostate position and zero this offset, if it exceeded the preset threshold. These
increased “fluctuations” may increase the “sporadic” motions if the patient is treated with
hypofractionation with time based correction. Thus, prostate motion correction strategies
during hypofractionated treatment may be patient specific and worth further investigations.
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CONCLUSIONS
We analyzed 17 patient prostate interfraction setups and intrafraction motion data acquired
by the Calypso system. Online correction largely eliminated the interfraction setup and
prostate motion errors in all axes. The systematic and random components of intrafraction
prostate motion error were much smaller than those of the interfraction. The corresponding
PTV margins were about 2 to 3 mm for 90% of the patient population that receives a
minimum dose to the CTV of at least 95% of the nominal dose. It appears that motion in SI
direction correlated well with motion in the AP direction with a large range of prostate
motion in the AP direction. Several patients in the cohort exhibited significant large motion
consistently through treatments. Simulations of threshold-based and time-based strategies
revealed that time-based strategies led to smaller PTV margins but longer treatment time,
especially with the in-room correction approach. Furthermore, time-based corrections
introduce more prostate trace fluctuation for some patients with very active prostate motion.
Further investigations of correction strategies and their dosimetric consequences are needed
to examine their impact on hypofractionated prostate radiotherapy.
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Figure 1.
Cumulative probability intrafraction prostate motion along each axis and in 3D distance.
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Figure 2.
Motion correlations among the three different axes for all the treatment sessions of the
patient population.
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Figure 3.
Time fraction of prostate 3D displacement greater than 3, 5, 7 and 10 mm as a function of
elapsed time since initial interfraction error adjustment. The time fraction displaced was
estimated for 1 minute time bins.
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Figure 4.
3D Displacement of isocenter from planned location for each patient, averaged over all
measurements and fractions, each intervention technique.
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Figure 5.
The quadratic mean of fraction standard deviation for every patient of the original tracking
data (bar symbols) and its ratios of each intervention technique to the original tracking data
(hollow symbols).
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Table 1

Systematic and random components for both patient initial setup errors and intrafraction prostate motion
errors.

LR (mm) SI (mm) AP (mm)

Population Mean Inter-fraction Setup Error 0.6 0.5 2.7

Inter-fraction Setup Error
Systematic 2.3 3.4 4.7

Random 3.7 2.7 3.5

Population Mean Intra-fraction Organ Motion Error 0.0 −0.1 −0.4

Intra-fraction Organ Motion Error Systematic 0.3 0.5 0.6

Random 0.7 1.4 1.9
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Table 2

Percentage of time of that 3D prostate displacement exceeds 10, 7, 5 and 3 mm for each of the 17 patients.

Patient No. 3D > 10 mm (%) 3D > 7mm (%) 3D > 5 mm (%) 3D > 3 mm (%)

1 0.0 0.1 0.2 0.9

2 0.0 0.0 2.8 26.9

3 0.1 1.6 4.0 4.5

4 2.3 8.0 14.1 36.8

5 0.1 1.5 4.6 12.7

6 0.0 0.0 0.1 6.0

7 0.0 0.0 0.8 9.2

8 0.1 0.8 3.4 17.5

9 0.0 0.0 0.0 4.5

10 0.4 2.2 8.4 32.8

11 0.0 0.0 0.1 2.9

12 0.2 0.9 6.0 22.1

13 0.1 9.7 14.7 40.2

14 0.0 0.1 1.9 7.3

15 8.5 18.6 31.6 52.2

16 0.0 0.0 0.1 1.4

17 0.0 0.0 0.2 17.2
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Table 3

Margins required for skin mark setup and online corrections with transponders.

Margins LR (mm) SI (mm) AP (mm)

Skin Mark Setup 8.3 10.5 14.2

Skin Mark Setup with Intra-fraction Motion Consideration 8.4 10.8 14.7

Online Correction using Calypso Transponders 1.3 2.3 2.8
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