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Purpose: We report on an integrated system for real-time adaptive radiation delivery to moving tumors. The sys-
tem combines two promising technologies—three-dimensional internal position monitoring using implanted elec-
tromagnetically excitable transponders and corresponding real-time beam adaptation using a dynamic multileaf
collimator (DMLC).
Methods and Materials: In a multi-institutional academic and industrial collaboration, a research version of the
Calypso position monitoring system was integrated with a DMLC-based four-dimensional intensity-modulated
radiotherapy delivery system using a Varian 120-leaf multileaf collimator (MLC). Two important determinants
of system performance—latency (i.e., elapsed time between target motion and MLC response) and geometric ac-
curacy—were investigated. Latency was quantified by acquiring continuous megavoltage X-ray images of a moving
phantom (with embedded transponders) that was tracked in real time by a circular MLC field. The latency value
was input into a motion prediction algorithm within the DMLC tracking system. Geometric accuracy was calcu-
lated as the root–mean–square positional error between the target and the centroid of the MLC aperture for
patient-derived three-dimensional motion trajectories comprising two lung tumor traces and one prostate trace.
Results: System latency was determined to be approximately 220 milliseconds. Tracking accuracy was observed to
be sub-2 mm for the respiratory motion traces and sub-1 mm for prostate motion.
Conclusion: We have developed and characterized a research version of a novel four-dimensional delivery system
that integrates nonionizing radiation–based internal position monitoring and accurate real-time DMLC-based
beam adaptation. This system represents a significant step toward achieving the eventual goal of geometrically
ideal dose delivery to moving tumors. � 2009 Elsevier Inc.
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INTRODUCTION

Modern radiotherapy dose delivery can be performed with

submillimeter precision. However, tumor and organ motion

during irradiation (intrafraction motion) can cause significant

geometric and dosimetric uncertainties (1–4). In its ideal

form, radiation delivery in the presence of intrafraction mo-

tion has two requirements—complete spatial and temporal
5

knowledge of the irradiated anatomy and continuous adapta-

tion of the radiation beam to account for these spatiotemporal

changes. Toward this goal, we recently reported on a real-time

three-dimensional (3D) intensity-modulated radiotherapy de-

livery technique for the management of 3D translational intra-

fraction motion (5). This method uses an external, optical

marker–based real-time position monitoring system (RPM,
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version 1.7; Varian Medical Systems, Palo Alto, CA) to

estimate the 3D position of a tumor target and uses this in-

formation for online adaptation of the beam aperture via

a 120-leaf dynamic multileaf collimator (DMLC) (Varian

Medical Systems). This DMLC tracking system has shown

submillimeter geometric accuracy in three dimensions and

significant improvements in dosimetric accuracy for confor-

mal, intensity-modulated radiotherapy and rotational therapy

delivery (5, 6).

Although external markers have been found to be well cor-

related with internal anatomy within an imaging session (7–9),

there is no guarantee that these correlations will continue to

exist and be constant throughout the course of the therapy

(10). In this respect, implanted radiopaque seeds have been

found to be more reliable than external markers (4, 11, 12).

However, to obtain high-quality, real-time information about

the target from radiopaque markers, it is necessary to perform

fluoroscopic X-ray imaging, resulting in increased patient

dose; for example, skin dose of up to approximately 2 cGy/

min, with a dose at 5 cm of depth ranging from 37% to

58% of peak dose, has been reported for an integrated linear

accelerator and fluoroscopic tracking system developed by

Shirato et al. (13). Furthermore, the American Association

of Physicists in Medicine Task Group on Imaging Dose

(Task Group no. 75) has estimated the dose to the patient

from this system to be up to 14 cGy/min (14).

Recently, a 3D position monitoring system based on elec-

tromagnetically excitable implanted markers (i.e., not involv-

ing ionizing radiation) has been developed by Calypso

Medical Technologies (Seattle, WA). Detailed characteriza-

tion and clinical demonstration of this system have been re-

ported in the literature (15, 16). The clinical version of this

system has been reported to exhibit high accuracy and preci-

sion for radiation therapy of the prostate (16). Such accurate

localization, the high degree of correlation with the tumor

target, and the absence of ionizing radiation (unlike fluoro-

scopic X-ray imaging of radiopaque fiducials) make this

system an attractive choice for accurate real-time position

monitoring.

In this work, as part of a multi-institutional academic and

industrial collaboration, we report on the integration of real-

time DMLC tracking with a research version of the Calypso

four-dimensional (4D) localization system (Calypso Medical

Technologies). The integrated system is characterized in

terms of two important determinants of overall perfor-

mance—system latency (i.e., elapsed time between target

motion and multileaf collimator [MLC] response) and geo-

metric accuracy of DMLC tracking for patient-derived mo-

tion traces corresponding to respiratory motion and prostate

motion.

METHODS AND MATERIALS

Real-time position monitoring using the Calypso system
The Calypso system monitors position using an electromagnetic

planar array to excite and receive signals from three wireless tran-

sponders, typically implanted within or near (and therefore spatially
correlated with) the tumor target. The current clinical version up-

dates transponder positions at approximately 10 Hz. To enable

real-time position monitoring of respiratory motion signals, this

clinical version was modified by increasing the update frequency

to approximately 25 Hz, sufficiently high so as to adequately sample

most respiratory motion (17). Hereafter in this article, unless other-

wise stated, the term ‘‘Calypso system’’ will refer to this modified

research version.

Real-time beam adaptation using DMLC tracking
As part of our research in intrafraction motion management, we

have developed a real-time DMLC tracking algorithm based on the

Varian 120-leaf Millennium MLC (Varian Medical Systems). The

algorithm obtains real-time 3D target location from an independent

position monitoring system and dynamically calculates MLC leaf

positions as a function of fractional monitor units and 3D position

to account for target motion (5). In this study the DMLC tracking

software was modified to read real-time target position from the

Calypso system. It should be noted that the Calypso system pro-

vides positional information at a slightly lower frequency (approx-

imately 25 Hz) than the RPM system (approximately 30 Hz) on

which our previous study was based.

Experimental methodology
To characterize the performance of the integrated system, two im-

portant properties were investigated—the temporal latency of the

system and the geometric accuracy of DMLC tracking. The data

flow and the components of the experimental setup are shown in

Figs. 1a and 1b, respectively. Target motion was simulated by use

of a high-precision (approximately 100 mm), programmable motion

platform developed at Washington University, St. Louis, MO (18).

Three electromagnetic transponders were embedded into a 10 � 10

� 1–cm3 solid water slab so as to form an equilateral triangle (in the

coronal plane) with the center of the triangle coinciding with that of

the slab. A spherical, radiopaque ball bearing (BB) that was approx-

imately 1 mm in diameter was placed at the center of the slab. (Thus

each transponder was equidistant from the BB.) The slab was se-

curely fastened to the extended arm of the motion phantom

(Fig. 1b), and the entire assembly was placed on the couch of a Var-

ian Trilogy linear accelerator equipped with a 120-leaf DMLC and

an electronic portal imaging device (EPID). The DMLC consists of

two opposing leaf banks, each comprising 60 leaves. For each bank,

the leaf widths, as projected on the isocentric plane (100 cm from the

source), are 5 mm and 10 mm for the central (11 to 50) and periph-

eral leaves (1 to 10 and 51 to 60), respectively. It should be noted

that the MLC tracking algorithm uses a strategy of initially fitting

virtual ‘‘sub-leaves’’ to mitigate the effect of finite leaf width on

the spatial accuracy of tracking in the direction perpendicular to

leaf motion (5).

The gantry and collimator angles were both set to 90�. The

Calypso planar array was positioned directly above the solid water

slab as shown in Fig. 1b. The phantom was loaded with mathemat-

ically defined sinusoidal as well as patient-derived motion traces,

and the instantaneous 3D position calculated by the Calypso system

was transmitted via an Ethernet connection to the DMLC tracking

computer. The tracking algorithm recalculated MLC leaf positions

as a function of dose fraction and target position and sent these

leaf positions via a separate Ethernet connection to the MLC con-

troller, which actuated the mechanical movement of the MLC

leaves.



MLC tracking using nonionizing internal position monitoring d A. SAWANT et al. 577
Fig. 1. (a) Workflow of integrated system. (b) Experimental components of geometric accuracy and latency measurements
of real-time dynamic multileaf collimator (DMLC) tracking. For the measurements, the gantry was oriented at 90�; it is
shown at 180� for a clearer illustration. MLC = multileaf collimator; 4D = four-dimensional; Linac = linear accelerator.
System latency
A finite time lag or latency is observed between motion detection

and MLC response. This latency can be attributed to the time taken

by each of the subprocesses involved in tracking: motion detection,

the calculation of new leaf positions, and the time required by the

MLC leaves to reach the physical positions sent by the MLC con-

troller. Latency results in geometric and hence dosimetric errors

during dose delivery. To reduce the errors caused by latency, the

tracking algorithm uses a modified linear adaptive predictive filter

with a user-defined temporal offset equal to the latency to estimate

‘‘future’’ target position (19). To determine the magnitude of this la-

tency, the following measurement was performed. The motion plat-

form was programmed with a sinusoidal trajectory (� 1.5 cm, 15

cycles/min) along the direction parallel to MLC motion. The motion

of the phantom was tracked by a circular MLC field of 10 cm in

diameter at the isocenter. Continuously acquired EPID images at

approximately 7 frames per second were used to independently re-

cord the tracking process. In an offline analysis the EPID images

were semi-interactively segmented to locate the embedded BB ‘‘tar-

get’’ and the centroid of the MLC aperture in each image frame. The

absolute position of the target and the aperture centroid was plotted

as a function of elapsed time, and the motion trajectories thus ob-

tained were fitted with sine curves. System latency was calculated

from the phase difference between the curves. The calculated la-

tency was used as input to the prediction algorithm for subsequent

DMLC tracking measurements. Furthermore, for each set of 3D po-

sition data, the Calypso system software also outputs an estimated

value of its own latency, which is calculated as the mean time delay

between position detection and the output of the estimated 3D posi-

tion. This self-reported latency of the Calypso system (also output at

25 Hz) was also recorded to decouple the latencies of the position

monitoring and beam adaptation components of the entire system.

Geometric accuracy
The geometric accuracy of DMLC tracking of 3D rigid target mo-

tion was determined for three patient traces—a respiratory trace

showing high variability, recorded by a dual-fluoroscopic real-

time radiotherapy (RTRT) system (20); a respiratory trace showing

moderate variability, recorded by the Synchrony system (Accuray,

Sunnyvale, CA; 21); and a prostate motion trace showing relatively

high variability, recorded by the Calypso system (22). Each 3D mo-
tion trajectory was programmed into the motion platform. Real-time

DMLC tracking of the moving target was performed with the afore-

mentioned 10-cm-diameter circular MLC aperture and recorded via

continuous EPID imaging as described in the previous section. The

EPID images were segmented, and geometric tracking error was cal-

culated from the positional difference between the trajectories of the

target (BB) and the aperture centroid. In each image frame the

known value of the diameter of the segmented MLC aperture (10

cm) was used to normalize the pixel spacing to absolute spatial co-

ordinates in the isocentric plane. Consequently, magnification/de-

magnification of the aperture and the target due to motion along

the beam axis was normalized to the isocentric plane. It should be

noted that the DMLC tracking algorithm correctly accounts for

such motion (5). For each trajectory, the root–mean–square error

(RMSE) and the distribution of the positional differences were

also calculated.

RESULTS

Figure 2a shows the motion trajectories of the target (red

line) and the aperture (blue line) in the absence of prediction.

It can be seen that the aperture trajectory systematically lags

behind the target trajectory. The system latency correspond-

ing to this lag was estimated to be approximately 220 millisec-

onds. This value was independently verified by performing

the measurement by use of progressively increasing values

of the prediction offset, ranging from 0 to 250 milliseconds.

The measurement corresponding to the 220-millisecond

latency yielded the smallest geometric tracking error. The

plots corresponding to the other latency values are not shown,

for brevity. All results from this point onward are reported

with respect to a latency of 220 milliseconds.

Figure 2b shows a histogram of the temporal latency re-

corded from the Calypso system. It can be observed that there

exists significant variation in the Calypso latency values,

with a peak around approximately 90 milliseconds. (As ex-

pected, this value is less than the latency of the entire system.)

Although the exact cause of this variation is not yet identified,

we suspect that there may be at least two contributing factors.

First, the software executes three transponder position
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Fig. 2. (a) Target and aperture trajectories without prediction, used to calculate total temporal latency of integrated system.
(b) Calypso latency values recorded from system software.
measurements followed by brief system-calibration opera-

tions. These calibration operations tend to add a slight com-

putational load on the processor, which in turn may introduce

some variability in the timing of the position updates. Sec-

ond, the operating system (Windows XP; Microsoft Corp.,

Redmond, WA) on the Calypso computer interleaves mea-

surement processing with other system-related tasks, which

may also introduce some variability in the timing of the po-

sition updates. It is worthwhile to note that this variation in

latency (on the order of tens of milliseconds) will not have

any significant impact in the case of prostate treatments,

which are the only site currently cleared for clinical use.

However, for organs that undergo faster motion (e.g., lung

and liver), such variation is important to take into account

when real-time beam adaptation strategies such as gating or

tracking are used.

Figure 3 shows the components of motion trajectories of

the target and the aperture, in directions parallel and perpen-

dicular to the direction of leaf travel, for the two respiratory

motion traces (RTRT and Synchrony) and for the prostate

motion trace. The tracking error as quantified by the absolute

difference between the aperture and the target position is also

plotted in each frame (green line). The RTRT lung trace rep-

resents a challenging scenario of DMLC tracking, because of

target motion that is highly variant and, moreover, compara-

ble in amplitude in both parallel and perpendicular directions

to the leaf travel. RMSEs of approximately 1.1 mm and ap-

proximately 1.6 mm are observed along the parallel and per-

pendicular directions, respectively. In both directions errors

are particularly pronounced in the peaks and the troughs of

the traces, which correspond to transitions between inhale

and exhale. These errors are likely a result of over- or un-

der-prediction when target motion is nonlinear and have

been reported in the literature for other motion prediction al-

gorithms (23–25). The Synchrony trace represents more

commonly observed respiratory motion, where the target

moves along an approximately elliptical path. For this trace,

the MLC was aligned such that the leaves moved parallel to

the major axis of the ellipse. The RMSE for this case is com-
parable to that observed for the RTRT trace in the parallel

direction (approximately 1.4 mm) and significantly less in

the perpendicular direction (approximately 0.6 mm). Finally,

the Calypso motion trace, which represents a relatively high

degree of prostate motion (nevertheless, much slower than re-

spiratory motion), shows tracking error significantly less than

1 mm in both directions.

Figure 4 shows error histograms corresponding to the data

shown in Fig. 3. The spread in tracking error appears to be

dependent on the nature of the patient trace. Both of the respi-

ratory motion traces exhibit greater spread than the prostate

trace. Although the tracking errors lie mostly within approx-

imately 3 mm, there are some instances (e.g., Synchrony

lung) where errors as high as 5 mm are observed.

DISCUSSION

The results from these initial studies show the feasibility of

real-time 4D MLC-based delivery by use of nonionizing ra-

diation–based internal position monitoring. Sub-2 mm accu-

racy was observed for moderately varying as well as highly

varying respiratory trajectories, showing the robustness of

the system in handling a wide range of intrafraction motion.

Nevertheless, before such a system achieves clinical realiza-

tion, there are several factors that must be considered.

For example, the increase in update frequency from 10 to

25 Hz in the research Calypso system results in a correspond-

ing decrease in the total integration period for the three tran-

sponder measurements from 100 to 40 milliseconds, which in

turn results in a 4-dB reduction in precision (position estimate

variance). It should be noted, however, that the accuracy of

position estimation using the prototype system (defined as

the error in the mean position estimate taken over 30 seconds

of localization) is unlikely to be affected due to the fact that,

with the higher update frequency, 2.5 times as many samples

are acquired in these 30 seconds. We are currently exploring

strategies to recover the 4-dB degradation in precision.

In the case of the respiratory traces, the integrated system

exhibited sub-2 mm RMSEs in tracking. Interestingly,
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Fig. 3. Geometric accuracy of dynamic multileaf collimator tracking of target motion parallel (left column) and perpen-
dicular (right column) to multileaf collimator (MLC) leaf motion in the beam’s-eye view. Motion trajectories of the target
(red line) and the MLC aperture (blue line) are shown for highly variant respiratory motion (real-time radiotherapy [RTRT])
(top row), moderately variant respiratory motion (Synchrony) (middle row), and relatively large prostate motion (Calypso)
(bottom row). The green line in each figure indicates the tracking error. The corresponding root–mean–square error
(RMSE) is given in each panel.
previous measurements of tracking error using the RPM sys-

tem for position monitoring have yielded sub-1 mm accuracy

in all three directions (5). The relatively higher error observed

with Calypso-based DMLC tracking is likely attributed to

two factors. First, the current implementation of the predic-

tion algorithm assumes a constant value for temporal latency.

The variable latency of the Calypso system (Fig. 2b) reduces

the accuracy of the prediction algorithm. Second, the predic-

tive power of the algorithm decreases as the latency in-

creases. As a result, the relatively higher overall latency of

the Calypso-based DMLC tracking system, approximately

220 milliseconds [compared with approximately 160 milli-

seconds for the RPM-based system (26)], results in greater

prediction errors. It is expected that improvements in soft-

ware design and the speed of processing hardware will likely

reduce both the magnitude and the spread in temporal latency

and therefore the resultant error. An alternate strategy is to

modify the prediction algorithm so as to accept variable
values for the temporal offset. Finally, it is important to

note that the two systems measure different things: the

RPM system is an external surrogate of tumor motion,

whereas the Calypso system is an internal surrogate. This

study does not address the relative merits of these approaches

for lung tumor tracking.

Although the implantation of Calypso transponders has

been shown clinically for the prostate (22), these transpon-

ders (cylindrical, 8.5 mm in length, and 1.8 mm in diameter)

(15) are significantly larger than typical radiopaque fiducials

[cylindrical, 3 mm in length, and 0.8 mm in diameter (27, 28)

or spherical and 2 mm in diameter (29, 30)] implanted in the

lungs. Percutaneous implantation of fiducials in the lung has

led to a significant rate of pneumothoraces (27). Broncho-

scopic implantation of fiducials has been safer but has not be-

come part of routine clinical practice in most centers (31, 32).

Thus the safety and efficacy of these transponders and poten-

tial design modifications for respiratory monitoring need to
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be carefully examined. Toward this end, investigators at

Washington University are studying the feasibility and stabil-

ity of bronchoscopic implantation of transponders into canine

lungs. Early studies have shown that the present design of

Calypso transponders (such as those used in this work)

show good to moderate short-term but low long-term fixation

rates (33). However, in a more recent study using an im-

proved, ‘‘non-migrating’’ transponder design, 100% fixation

rates over a 60-day period were reported for 54 broncho-

scopically implanted transponders (nine per animal) (34).

Interfraction transponder migration and intrafraction tran-

sponder migration are other potential concerns, particularly

for implantation within the lung. The transponders used in the

Calypso system have shown long-term positional stability,

comparable to that of radiopaque markers in the prostate (35)

and the lung (33). Although these long-term studies do not
seem to indicate a significant possibility of intrafraction migra-

tion, this effect nevertheless needs to be investigated separately.

In its current form the integrated system performs 4D de-

livery to a single point (typically the target centroid) undergo-

ing rigid translational motion. It is also theoretically possible

to estimate in-plane rigid rotation. Toward this end, prelimi-

nary studies are under way at Washington University to esti-

mate prostate rotation from real-time Calypso data (36).

To account for more complex motion and, potentially, dis-

similar motion of multiple targets, significant modifications

may be required on both the position monitoring and the de-

livery components of the system. For example, whereas each

of the three electromagnetic transponders independently

provides real-time 3D position information, the update fre-

quency of an individual transponder is approximately one-

third of 25 Hz. For three transponders placed in close
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proximity to a single target, this update rate is adequate to

temporally sample target motion due to respiration. How-

ever, higher update frequencies may be required to monitor

multiple targets in the lung. Furthermore, for monitoring

more complex motion such as deformation, strategies that

use more than three transponders may be required.

On the delivery side, the fact that each MLC leaf is con-

trolled independently means that each leaf can be considered

a degree of freedom for repositioning and reoptimization.

Thus, if real-time information about the shape of the target

as seen in the beam’s-eye view is made available to the track-

ing algorithm, then, as a first approximation, the instanta-

neous fluence map can be modified so as to conform to the

new shape. Furthermore, theoretic investigations of other so-

phisticated approaches of realigning the leaves to account for

translational as well as more complex target motion have

been described in the literature (37–42).

Finally, it is important to note that geometric tracking

accuracy is not a margin recipe. The sub-2 mm accuracy re-

ported in this work represents, purely, the technical capability
of the integrated system. In addition to target motion, clinical

margins have to account for several other sources of error

such as uncertainties in gross tumor volume/clinical target

volume delineation, anatomic changes between pretreatment

imaging and treatment delivery, errors in patient localization

from session to session, and uncertainties resulting from

physiologic factors such as changes in the respiratory pattern,

filling of the bladder (compared with the state during pretreat-

ment imaging), and so on. The contribution of real-time

tracking toward margin reduction is related only to target

motion; errors resulting from other uncertainties have to be

minimized independently for further margin reduction.

In summary, the integration of non-irradiating internal po-

sition monitoring and real-time beam adaptation represents

a significant step toward the eventual goal of target vol-

ume–based image guidance for intrafraction motion manage-

ment. Further studies will involve addressing the issues

outlined previously, including estimating and accounting

for more complex forms of motion such as target rotation

and deformation.
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