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Abstract

Purpose: To investigate the improvement of combined monoscopic/stereoscopic

prostate motion monitoring with room-mounted dual x-ray systems by adopting

patient specific methods.

Methods: The linac couch was used as a motion stage to simulate 40 highly

dynamic real patient prostate trajectories. For each trajectory, 40 s pretreatment

and 120 s treatment periods were extracted to represent a typical treatment frac-

tion. Motion was monitored via continuous stereoscopic x-ray imaging of a single

gold fiducial and images were retrospectively divided into periods of stereoscopic

and monoscopic imaging to simulate periodic blocking of the room-mounted system

by the gantry during arc-based therapy. The accuracy of the combined motion mon-

itoring was assessed by comparison with the linac couch log files. To estimate 3-D

marker position during monoscopic imaging, the use of population statistics was

compared to both maximum likelihood estimation and stereoscopic localization

based estimation of individualized prostate probability density functions (PDFs) from

the pretreatment period. The inclusion of intrafraction updating was compared to

pretreatment initialization alone.

Results: Combined mono/stereoscopic localization was successfully implemented.

During the transitions from stereoscopic to monoscopic imaging, fiducial localization

exhibits sharp discontinuities when population PDFs were employed. Patient speci-

fic PDFs successfully reduced the localization error when estimated from stereo-

scopic localizations, whereas maximum likelihood estimation (MLE) was too unstable

in the room-mounted geometry. Intrafraction stereoscopic updating provided further

increases in accuracy. Residual error tended to decrease throughout the treatment

fraction, as the patient-specific PDFs became more refined.

Conclusions: This is the first demonstration of toggled monoscopic/stereoscopic

localization using room-mounted dual x-ray imagers, enabling continuous intrafrac-

tion motion monitoring for these systems. We showed that both pretreatment indi-

vidualization and intrafraction updating should be used to provide the most

accurate motion monitoring.
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1 | INTRODUCTION

In modern image guided stereotactic radiation therapy for the pros-

tate, the position of the target may be confirmed at the start of each

treatment fraction using a combination of planar imaging and cone-

beam CT. However, intrafraction prostate motion of 1 cm or more is

not uncommon,1,2 requiring relatively large margins to ensure ade-

quate target coverage,3 especially in hypofractionated settings.4–6

Alternatively, intrafraction monitoring can be used to gate treatment

or track prostate motion, in order to ensure accurate dose delivery,

for instance using intrafraction x-ray imaging7–13 or electromagnetic

transponders.1–3,14,15 Continuous monitoring during treatment is

possible using room-mounted stereoscopic x-ray systems, but the

treatment head periodically blocks the x-ray sources or detectors,

for example, as it rotates during a volumetric modulated arc therapy

(VMAT) treatment.16 Although quad-x-ray systems have been

demonstrated to overcome this limitation,7 the geometry of a typical

room-mounted x-ray system is such that stereoscopic imaging is only

available for approximately 50–60° of the 360° gantry rotation (see

Fig. 1).

While exact 3-D localization is not possible from a single (i.e.,

monoscopic) planar image, 3-D position estimation during the mono-

scopic imaging periods is possible by exploiting the correlated pros-

tate motion typical exhibited in the anterior/posterior (AP) and

superior/inferior (SI) directions.10 In this approach, the variance/co-

variance matrix is used to generate a probability density function

(PDF) for the prostate position. The x-ray source point and imaged

location of an object (e.g., a fiducial marker) define a 1D ray line

through this PDF, from which the most likely fiducial position can

be estimated as the mean position of the 1D-PDF along that

ray line.

In the original implementation of this method,10 the monoscopic

images were obtained from the rotating on-board-imager (OBI) of

the Linac, and the PDF was produced from population statistics from

a large Calypso-based study.1 However, in subsequent studies, Poul-

sen et al.11 showed that patient-specific PDFs were more accurate

than population statistics for monoscopic localization. In order to

generate individualized PDFs from OBI image data, Poulsen et al.

used a maximum likelihood estimation (MLE) technique, in which the

PDF parameters that maximized the probability of all observed

image locations were determined. In their study, two individualiza-

tion schemes were investigated: using a pretreatment period to gen-

erate the patient-specific PDF (“static”), and continuing to update

the PDF parameters during treatment (“dynamic”). The best results

were obtained from the dynamically updated PDFs.

We previously studied the accuracy of monoscopic localization

using a room-mounted x-ray imaging system and population vari-

ance/covariance statistics.16 It is natural to anticipate that individual-

ized PDF parameters will also improve the accuracy of monoscopic

localization for room-mounted geometry. However, it is not obvious

that the MLE based approach is ideal for room-mounted imaging

geometry, as the monoscopic projections obtained are all closely

aligned to the two principal imaging directions, and thus the amount

of independent information available for maximum likelihood estima-

tion is low compared to the rotating imager case. We will show that

for room-mounted geometry, direct measurement of the PDF param-

eters from the intermittent stereoscopic imaging windows can be

used instead of MLE estimation to improve the accuracy of mono-

scopic localization during treatment. This novel methodological

approach was not possible in previous implementations of mono-

scopic motion monitoring, due to the availability of only a single kV

imaging panel.

In this study we further demonstrate that methodological

improvements can reduce the residual monoscopic localization

F I G . 1 . Typical room-mounted dual x-ray imaging geometry. The
x-ray detectors (1 and 2) and sources (3 and 4) can be seen in the
upper and lower corners of the image, respectively. Stereoscopic
imaging is available only for small ranges of angles about each
cardinal position (blue shaded areas). For the remaining gantry angles
only monoscopic imaging is possible, using either the tube on the
right side (red shaded regions) or left side (green shaded regions) of
the room.
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error when using a room-mounted x-ray system. In our recent

study,16 we showed that the residual localization error during

monoscopic imaging depended on the particular trajectory, and

which monoscopic view was available. In general, the largest resid-

ual error occurred during the largest excursions from baseline, and

we therefore investigated a series of particularly challenging pros-

tate trajectories with large amounts of intrafraction motion, as

these have the highest potential to show significant advantages of

one method over another. Furthermore, in this study we use a

realistic implementation of room-mounted tracking, in which the

localization toggles between monoscopic and stereoscopic monitor-

ing depending on gantry angle. Our main hypothesis is that loca-

tion based PDF estimation will outperform MLE based estimation

for the room-mounted geometry. We will also investigate the

effects of dynamic updating of PDFs during treatment and the

use of three different imaging rates (1, 2, and 4 Hz) for motion

monitoring.

2 | METHODS

2.A | Prostate trajectories

Forty prostate trajectories were extracted from a database of 550

patient datasets (2.5–18.4 min duration) obtained from a previous

study.1 The entire database was first sorted in terms of total vari-

ance in position. The 40 most dynamic trajectories were selected, as

the largest errors are expected during large excursions, and therefore

methodological improvements should have the greatest impact in

these cases. For each of the selected trajectories, a 40 s period was

extracted from the start of the trajectory, to represent a pretreat-

ment period during which prostate motion could theoretically be

monitored stereoscopically. A 120 s treatment period was also

extracted, using a time window selected to contain the largest possi-

ble amount of motion. In the case where this treatment window was

at the start of the trajectory, the pretreatment window was moved

to after the selected treatment period.

Each trajectory was converted to an XML file, which used to

control the treatment couch using developer mode on the Linac

(Varian STx, Varian Medical Systems, Inc.), as described previously.16

A single cylindrical gold fiducial was placed directly on the couch at

isocentre. In order to eliminate the effects of setup error, the fiducial

was initially imaged in a static position to calibrate the isocentre

position on the x-ray images (i.e., all motion was assessed relative to

this baseline position).

2.B | Imaging Technique

Imaging was performed using a dual room-mounted x-ray system

(Exactrac, Brainlab AG, Feldkirchen, Germany). Continuous stereo-

scopic imaging was performed at 4 Hz during both the pretreatment

and treatment trajectories, using a technique of 140 kVp and

1.0 mAs. Images were transferred from the acquisition and analyzed

retrospectively.

2.C | Combined stereo/monoscopic localization

During a realistic treatment fraction, the x-ray tubes would be period-

ically blocked by the rotating gantry as described above. Therefore, in

order to simulate a realistic implementation of continuous intrafrac-

tion monitoring, images were retrospectively divided into stereoscopic

and monoscopic periods based on the gantry angle. A continuous

gantry rotation at constant speed was assumed in order to assign

images to the appropriate stereoscopic or monoscopic segment. The

resulting trajectories contain five distinct stereoscopic periods of four

to twenty images, separated by four periods of approximately 100

monoscopic images (from the left or right x-ray source depending on

which quadrant the treatment head was in). An example of this com-

bined monoscopic/stereoscopic localization is shown below.

2.C.1 | PDF parameter estimation

As a baseline comparison for the individualized PDF parameter esti-

mation methods, we used the same population covariance matrix

(“C”) as in previous publications,10,16 which was derived from the

same patient database used in this study:

C ¼
varx covxy covxz
covxy vary covyz
covxz covyz varz

2
4

3
5 ¼

0:3163 �0:0775 0:0114
�0:0775 2:4733 1:5051
0:0114 1:5051 1:8820

2
4

3
5mm2

Where the x, y, and z directions correspond to patient left/right,

superior/inferior and anterior/posterior, respectively. Three PDF

parameter initialization schemes were investigated: none (i.e., popu-

lation statistics only), location based pretreatment individualization,

and MLE based pretreatment individualized (see below). For each

PDF estimation scheme, the mean and maximum error (3-D distance

between localizations obtained from the images and the reported

location from the linac log file at that time) over the course of each

extracted treatment fraction was calculated. Finally, three imaging

rates were assessed for intrafraction updating (1, 2 ,and 4 Hz).

2.C.2 | Initialization strategies

MLE based PDF initialization was performed in the same fashion as

described in Poulsen et al.11 In this approach, observed image loca-

tions from the pretreatment period of an individual patient are used

to estimate a patient-specific PDF. The image locations are assumed

to be sampled from a 3-D guassian distribution defined by variance/

covariance values and mean positions relative to isocentre in x, y,

and z directions. The probability of observing a fiducial at a given

image location is equal to the integral of the 1-D guassian distribu-

tion sampled from the full 3-D distribution along the ray line con-

necting the source/image locations (see Fig. 2). The total probability

of all observed image locations is then given by the product of the

individual image probabilities, and depends on the parameters of the

3-D gaussian. By maximizing the total probability of all observed

image locations, the most likely PDF parameter set can be estimated.

In the current implementation, this amounts to two separate lists of
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image locations as input (one for each x-ray panel). The most robust

results were obtained by iterating the MLE solution as image pairs

were added, using the outputs (i.e., estimated PDF parameters) of

each iteration as the initial values for the subsequent iteration.

Conversely, location based initialization of the PDF parameters

involves the direct calculation of the observed variance/covariance

matrix and mean position from the pretreatment window localizations.

For this purpose, a list of observed fiducial locations in 3-D space is

created by stereoscopic reconstruction of the fiducial location in each

image pair as detailed in Stevens et al.16 The location based approach

requires no modeling and makes no assumption about the statistical

distribution of the pretreatment motion trajectory. This approach is

uniquely viable using stereoscopic imaging systems as it relies on

knowing the 3-D location of the fiducial during pretreatment, and

therefore was not possible in the previously studied implementations

of monoscopic motion monitoring that used the OBI system.

2.C.3 | Intrafraction Updating

The PDF parameters calculated during pretreatment can be updated

during the treatment period using the images already being collected

for continuous fiducial monitoring. This will likely be most important

when the motion observed during pretreatment is not representative

of the motion that occurs during treatment, that is, a scenario that

cannot be predicted in advance. For the MLE based method, updat-

ing is accomplished by appending new observed image locations to

the lists of pretreatment image locations, and recalculating the most

likely PDF parameters. For the location based method, each new

localization is appended to the list of observed positions, and the

variance, covariance, and mean position are recalculated.

2.C.5 | Image Rate Effects

The effect of imaging rate was assessed only for the best combina-

tion of PDF initialization and intrafraction updating identified above.

For this purpose, the 4 Hz data obtained experimentally was deci-

mated to 2 or 1 Hz, and the localization procedure (including PDF

estimation) was repeated. The mean error calculation was imple-

mented differently for the image frequency assessment, because

image rate not only affects accuracy at the time of imaging, but also

the lag between the prostate trajectory and localizations. Therefore,

for the imaging frequency assessment, we defined instead the mean

integrated error as follows: the imaging time-points were interpo-

lated onto the high temporal resolution of the linac log file (50 Hz),

and each imaged location was assumed to apply from the first time-

point after the image was obtained until the last time-point before

the next image was taken. The error versus time can then be calcu-

lated as the difference in x/y/z location of these (temporally) inter-

polated image locations to the locations in the linac log, and the

mean integrated error can be computed by integrating the error

magnitude and dividing by the total time (i.e., 120 s for the treat-

ment period).

2.C.6 | Residual Error Characterization

The residual motion statistics for the population PDF and the best

individualized PDFs identified above were compared to the idealized

case of full continuous stereoscopic imaging, in order to separate the

error due to the monoscopic algorithm accuracy from that of the

imaging system as a whole. Furthermore, for each time point in each

trajectory examined, the residual error of the best method for individ-

ualized PDF estimation was compared to the displacement from base-

line at that time. From this analysis, the frequency of displacements

and residual errors was determined and plotted as a 2-D color-map.

Finally, we examined the residual error as a function of time during

treatment, averaged over each quadrant, in order to show how the

continual updating of PDF parameters continues to improve the

motion monitoring technique as treatment progresses. This is espe-

cially important in the context of hypofractionated treatment regi-

mens, which may involve longer treatment fraction durations.

F I G . 2 . Maximum likelihood estimation of the PDF parameters (shown in 2D for simplicity). The 2D guassian PDF (represented by the gray
shaded region) is parameterized by l (the mean position) and C (the covariance matrix). Maximum likelihood estimation of these parameters
consists of extraction of 1D PDFs along each ray line defined by each of the “N” detected image points (ii), and corresponding source locations
(s1 or s2 depending on the detector the image is from). Integration of these 1D PDFs gives the probability of observing the fiducial at that
location in the image given a set of PDF parameters (Pi|l,C). The total probability of all observed image locations (P1-N|l,C) is calculated as the
product of the individual image probabilities, and the MLE PDF parameters are those that maximize this total probability.
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3. | RESULTS

3.A | Combined stereo/monoscopic localization

An example of the combined stereoscopic and monoscopic localiza-

tion during a representative treatment arc using the population vari-

ance/covariance matrix is shown in Fig. 3. During the first large

excursion around t = 35 s, the population covariance overestimates

the amount of motion in the left/right direction, and underestimates

the motion in the other two dimensions. Around t = 60 s, stereo-

scopic imaging becomes available again, and the localization

becomes very accurate, at the expense of a discontinuity in the esti-

mated position. During the next monoscopic period, the other imag-

ing panel is unblocked, and the left/right error is biased in the

opposite direction. These discontinuities, left/right bias error, and

underestimation of motion in the sup/inf and ant/post directions

are characteristic of the combined stereoscopic/monoscopic localiza-

tion using population averaged PDF parameters in highly dynamic

prostates.

3.B | Pretreatment PDF individualization

Pretreatment individualization of the PDF parameters was signifi-

cantly more accurate using the stereoscopic location based approach

than MLE. Although MLE sometimes produced suitable PDF parame-

ters for motion monitoring, there were a number of cases in which

large errors (i.e., >5 mm) were incurred, as evidenced by the large

range between the median and 75th percentile for the mean and

maximum errors using MLE (Fig. 4). In a few extreme outlier cases,

MLE individualization resulted in more residual error than no track-

ing at all.

By contrast, location based PDF initialization was in most cases

better than using population statistics, resulting in reductions of the

median and 25th percentiles of the mean error (0.63–0.58 mm and

0.49–0.43 mm, respectively) as well as the median, 25th and 75th

percentiles of the maximum error (2.96–1.88 mm, 2.00–1.49 mm

and 3.67–3.15 mm, respectively). However, there were a few outlier

datasets for which the individualized PDFs produced less accurate

motion monitoring results than the population PDF. In most of these

cases, it was noted that there was very little motion in the extracted

pretreatment trajectory. Figure 5 illustrates this, by comparing the

mean residual error using individualized PDF to the amount of pre-

treatment variance.

3.C | Intrafraction PDF updating

Mean error was reduced substantially by updating the PDF parame-

ters during treatment when stereoscopic localization was available,

whether or not the pretreatment period was used to initialize the

PDFs (Fig. 6). In the latter case, the PDF available during the first

monoscopic period was formed from only the relatively few (~8–10)

stereoscopic images available at the start of the treatment arc.

Because of this, there were occasionally large errors during this first

monoscopic quadrant, and thus the maximum error of localization

using intrafraction updating without pretreatment initialization had

some extreme outliers. The pretreatment individualized PDFs with

intrafraction updating were especially effective at reducing the maxi-

mum localization error compared to other methods.

3.D | Error vs imaging rate

The mean integrated error and the maximum intrafraction localiza-

tion error both decrease as the imaging rate is increased from 1 to

4 Hz (median across individual trajectories from 0.58 to 0.45 mm

and 3.81 to 1.94 mm, respectively). Sustained elevated errors at low

imaging rates tended to occur during the first large excursion,

whereas brief spikes in residual error occur throughout the treat-

ment period during rapid movements as the image data lags further

behind the true trajectory (Fig. 7).

F I G . 3 . Example motion monitoring
result using the combined stereoscopic/
monoscopic localization technique (i.e.,
“combo” imaging). The blue/green/red
shaded regions correspond to the gantry
angles shown in Fig. 1, and therefore to
where stereoscopic or monoscopic imaging
are available. Localization discontinuities
are observed when switching from
monoscopic to stereoscopic localization,
and estimation errors during large
excursions due to deficiencies with the
population PDF for predicting this
trajectory are also seen. The ground truth
data was taken from the linac log files.
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F I G . 4 . Mean and maximum intrafraction
localization error for the three PDF
Initialization schemes assessed: none
(population statistics only), MLE-based
individualized, and location-based
individualization. The boxes show the 25th

to 75th percentiles, with the median
represented by white lines. The whiskers
indicate the 5th to 95th percentiles, and
outliers are shown as circles.

F I G . 5 . The residual localization error for location-based PDF individualization versus the amount of variance in the pretreatment period
(left), and the reduction in residual error compared to using the population PDF (right). For reference, the magnitude of the average population
variance is shown by the red line. The prostate trajectories with larger (>1.0 mm) residual error had very little motion during the pretreatment
period, resulting in PDFs that were not predictive of the motion observed during treatment. For many of these trajectories, the population
PDF produced more accurate localization.
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3.D.1 | Residual Error Characterization

In Fig. 8, the residual error is compared for three scenarios: motion

monitoring with population statistics only, with pretreatment

individualized and intrafraction updating, and in the theoretical limit

of full stereoscopic imaging throughout the trajectory. The full

stereoscopic case demonstrates the portion of the residual error due

to system characteristics including detector resolution and fiducial

F I G . 6 . Mean and maximum intrafraction
localization error with (w/FB) and without
intrafraction stereoscopic feedback, and
with (Ind.) and without (Pop.) pretreatment
initialization. In general the residual errors
were reduced by the inclusion of
intrafraction feedback, especially when
combined with pretreatment initialization.
In the case of no pretreatment
individualization with intrafraction
updating, the initial PDF used for
monoscopic localization was formed from
just the few images acquired in the first 5°
of the treatment arc. This resulted in larger
maximum errors, as the variance/
covariance estimates during the first
monoscopic period were based off an
insufficient amount of data.

F I G . 7 . Example trajectory monitored at 1, 2, and 4 Hz (top left), the residual error magnitude over time for that trajectory (top right), the
mean integrated error for all 40 trajectories investigated (bottom left), and the corresponding maximum intrafraction localization error (bottom
right). Most of the increased error at low imaging rates occur briefly during large excursions, although around t = 55 s a period of elevated
error for 1 Hz imaging can be observed.
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detection accuracy. These factors should also be present in the

monoscopic methods, providing an upper limit on monitoring accu-

racy. Both in terms of mean and maximum intrafraction localization

error, about half of the potential improvement in accuracy is realized

(e.g., mean error reduced from 0.65 � 0.04 mm to 0.47 � 0.03 mm

compared to the stereo limit of 0.20 � 0.01 mm). Also shown in

Fig. 8 is the same trajectory illustrated in Fig. 3, now monitored

using the best patient-specific method. In this case, the discontinu-

ities when switching from stereoscopic to monoscopic imaging are

nearly resolved completely.

3.D.2 | Error vs displacement

The residual errors for every time point in each trajectory are sum-

marized in Fig. 9. No large errors were observed for small

displacements, showing that the individualized methods do not pro-

duce significant false motion estimates due to the shifting of the

mean PDF position. Even for highly dynamic prostate trajectories,

the majority of time points have relatively low displacements

(<4 mm) and residual error (<2 mm). Even for relatively large excur-

sions of 1 cm or more, the majority of the residual errors are less

than 2 mm, although traces of individual excursions with larger than

typical residual errors can also be observed.

3.D.3 | Error over time

The residual error was averaged for each of the four quadrants of

gantry rotation. During the first quadrant, both the localization error

and displacement from baseline were low (0.39 � 0.03 mm and

1.39 � 0.30 mm, respectively), as the initial setup was recently per-

formed (Fig. 10). Both displacement and error spike during the sec-

ond quadrant (0.78 � 0.13 mm and 4.11 � 0.54 mm, respectively),

as many of the large excursions have begun to occur at this point.

However, while the displacement remains elevated from this point

onward (due to both later occurring excursions and slow drift type

motions), the monitoring error decreases as the individualized PDFs

become more and more accurate due to intrafraction updating.

When expressed as a percentage of displacement, the residual error

steadily decreases throughout the trajectory.

4 | DISCUSSION

We investigated combined monoscopic/stereoscopic intrafraction

motion monitoring for fiducial localization during prostate treatments

using a dual room-mounted x-ray system. This is the first demonstra-

tion of toggling between monoscopic and stereoscopic localization

F I G . 8 . Localization accuracy of the 4 Hz combined mono/stereoscopic imaging using population statistics of individualized PDFs compared
to the practical limit of full stereoscopic monitoring (left), and the same example trajectory as shown in Fig. 3, now monitored using the best
individualized method (right).

F I G . 9 . Natural log frequency of the residual errors plotted as a
function of displacement for all time points of all trajectories
investigated. The majority of time points have both low
displacement (<4 mm) and low residual error (<2 mm). For reference,
the white dashed line shows equal error to displacement, as would
be the case if no monitoring were employed.
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as the gantry rotates and blocks one or the other x-ray imager. The

seamless transition between imaging modes allows for continuous

intrafraction monitoring, and can be combined with treatment gating,

couch or MLC tracking for more accurate delivery of treatment.17–21

This is especially important for hypofractionated treatment regimens,

where geometric miss during a single fraction is more impactful

on overall dose distribution due to the low number of treatment

fractions.

We also demonstrated that individualized PDFs can be used to

produce more accurate localization during the monoscopic periods,

reducing the discontinuities observed during stereo/mono transitions

using population averaged PDFs. This was especially apparent in the

sub-sample of highly mobile prostate trajectories examined in this

study, as these trajectories are not well represented by the overall

population average. As there is no way to anticipate beforehand

which patients will resemble the population motion covariances, and

it is these highly dynamic prostates that are most important to

monitor accurately, the reduction in residual error provided by PDF

individualization is vital. The reduction of maximum error from

2.8 � 0.2 mm to 2.0 � 0.2 mm we observed when using patient-

specific methods is especially important in terms of reducing the

potential for geometric miss in dose delivery.

Compared to previous studies on PDF individualization using an

OBI system,11 the mean error in our study was higher

(0.47 � 0.03 mm compared to 0.22 mm), whereas the maximum

error was significantly lower (2.0 � 0.2 mm compared to 4.5 mm).

This is likely because the sample of prostate trajectories examined in

this study was a subset of those reported in Poulsen et al., and

specifically the most dynamic cases. These trajectories are thus much

further from their baseline position on average, and therefore larger

absolute errors can be expected. The fact that the maximum error in

our results was lower than the previous study suggests that the

stereoscopic PDF estimation is more efficient than the MLE

approach at responding to large excursions.

One potential limitation of our study is that we restricted our

investigation to large amplitude prostate motions. In the average

prostate cancer patient, smaller prostate excursions are expected,

and intrafraction motion monitoring may add unnecessary complex-

ity to treatment execution. Yet even for patients with stable pre-

treatment prostate trajectories, prostate dynamics during treatment

are unpredictable. Unanticipated motion (e.g., persistent excursion

due to rectal filling) could be detrimental to dosimetric coverage.

Any motion monitoring scheme employed should thus be able to

deal with these extreme cases. A second possible criticism is that

the data used to build the population PDFs employed in this study

included the subset of motion trajectories under investigation, which

(a) would not be available in the clinical setting and (b) could bias

the results towards the use of population averages. However, the

best method identified in this study used only individualized pre-

treatment and intrafraction PDF estimation, minimizing the relevance

of this shortcoming.

In previous studies using the kV on-board imager for monoscopic

tracking, it was shown that a maximum likelihood estimation tech-

nique was able to produce individualized pretreatment PDFs that

improved monitoring accuracy.11 However, in our study we found

that the MLE method was highly unstable for room-mounted geome-

try. The reason for this discrepancy is likely that the rotating frame

of reference of the OBI provides many independent orientations to

sample the PDF whereas for the room-mounted geometry the pro-

jection angles are essentially fixed, and so all fiducial projections are

roughly aligned to these two principal axes. This results in a set of

ray-line samples that could be explained by many different PDFs,

and thus a poorly specified minimization problem. The direct mea-

surement of the PDF parameters from stereoscopic localization dur-

ing pretreatment was more accurate for room-mounted geometry,

and when updated throughout the treatment during the stereoscopic

windows produced the most accurate localization results. It is worth

emphasizing that this direct PDF measurement approach is not pos-

sible with a single kV imager system employed in previous studies

using the OBI, and therefore represents a major advantage to our

novel approach.

We observed a greater impact of imaging frequency on localiza-

tion accuracy than previous studies,11 which we hypothesize is due

to the relatively brief periods during treatment for which

F I G . 10 . Residual error (left) and trajectory displacement (middle) as a function of time during treatment, averaged over the four
monoscopic quadrants. The residual error and displacement increase rapidly from the first to second quadrant, but the error then decreases in
later quadrants, whereas the displacement remains relatively elevated. The percent residual error steady decreases throughout the treatment
fraction (right).
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stereoscopic imaging is available, resulting in very little information

begin added to the PDF estimates at low imaging rates. Most of the

reduced accuracy was exhibited as brief residual error spikes as the

monitoring lagged behind the motion during rapid transitions. In gen-

eral the dosimetric impact of this would likely be small, even in

hypofractionated settings, suggesting that imaging dose (previously

estimated at about 15.3 lGy per image in the vicinity of the rec-

tum16) could be reduced by using lower imaging rates. More prob-

lematic is the occasional observation that early in the trajectory the

lower imaging rate produced prolonged elevated error, again pre-

sumably because fewer image samples were available to form a good

estimate of the PDF parameters. Increasing the imaging rate above

4 Hz could potentially increase localization accuracy even further,

however, at some point an acceptable amount of unresolved motion

must be defined. A balance between lowering image rate (and there-

fore kV dose) and monitoring accuracy could potentially be achieved

either by having higher imaging rates during the stereoscopic win-

dows than during monoscopic imaging, or by having the imaging rate

start high, and decrease over the course of treatment.

The trends in localization error as a function of time during

treatment were interesting for multiple reasons. Firstly, it has been

shown previously that over large populations, the prostate position

tends to drift further and further from baseline over prolonged

treatment times.1,22 This was somewhat consistent with our results,

although it should be noted that a predominance of transient

excursions over low frequency drifts in the selection of high

variance trajectories somewhat reduced the displacements at later

times. We observed that the localization error actually tends to

decrease later in the treatment fraction when intrafraction updating

is employed. In fact, when viewed as a percentage of displacement,

localization error decreases continuously throughout treatment.

Thus as the treatment fraction continues, the typically larger and

larger prostate displacements will have less and less detrimental

effect on the dose delivery using the proposed monitoring method.

This is especially important for hypofractionated treatment regi-

mens, which may have extended fraction durations. There may also

be some potential to adjust the monitor-unit weighting over a

treatment fraction to deliver more dose later in the fraction when

the localization uncertainty is lowest, although this idea would

require further study.

5 | CONCLUSION

We have demonstrated for the first time an implementation of com-

bined stereoscopic/monoscopic localization using a room-mounted

x-ray system to overcome gantry blocking issues and to enable con-

tinuous intrafraction monitoring. Furthermore, we demonstrated sig-

nificant improvements in localization accuracy when using patient

specific methods. Specifically, employing both pretreatment initializa-

tion and intrafraction updating from direct stereoscopic measure-

ment of the variance, covariance, and mean position resulted in the

F I G . 11 . Mean and maximum intrafraction localization error when including localizations from the monoscopic periods in intrafraction
updating. The monoscopic weights were used both for calculating weighted average for the mean position and weighted covariances for
individualizing the PDFs. While there was a trend towards lower maximum error around monoscopic a weighting of 0.5, inclusion of the
monoscopic updating did not provide consistent benefits.
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most accurate intrafraction monitoring for this imaging system.

These improved motion monitoring capabilities can potentially be

leveraged to improve the accuracy of treatment delivery.
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APPENDIX 1 – MONOSCOPIC PDF
UPDATING

The utility of intrafraction stereoscopic PDF updating leads to the

question of whether or not localization data from throughout the

treatment fraction (i.e., monoscopic as well as stereoscopic) could

further improve the response to changes in prostate motion dynam-

ics during the treatment fraction. To test this, we assigned relative

weighting of between 0 and 1 to the monoscopic localizations, in

order to determine whether equal importance should be placed on

the estimated locations (i.e., monoscopic) as the directly observed

ones (i.e., stereoscopic).

The inclusion of localizations from the monoscopic image periods

to the updating of the PDF parameters had equivocal results (Fig. 11).

While there was a trend to reduce the maximum localization error with

increasing weight applied to the monoscopic images, this effect satu-

rated above a weighting factor of 0.5. Furthermore, there was no clear

effect on the mean intrafraction residual error, and one outlier dataset

actually exhibited a substantial increase in both mean (0.9–2.3 mm)

and maximum (5.2–9.9 mm) error as the monoscopic feedback weight

was increased from 0 to 1. This is likely caused by propagating errors

in monoscopic localization back into the PDF parameters, forming a

positive feedback loop and amplifying the resulting error. Therefore,

the inclusion of monoscopic feedback can thus not be recommended,

as the modest increases in average accuracy do not justify the risk of

introducing occasional large localization errors.
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