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Purpose: In external-beam radiation therapy, existing on-board x-ray imaging chains orthogonal to

the delivery beam cannot recover 3D target trajectories from a single view in real-time. This limits

their utility for real-time motion management concurrent with beam delivery. To address this limi-

tation, the authors propose a novel concept for on-board imaging based on the inverse-geometry

Scanning-Beam Digital X-ray (SBDX) system and evaluate its feasibility for single-view 3D intra-

delivery fiducial tracking.

Methods: A chest phantom comprising a posterior wall, a central lung volume, and an anterior

wall was constructed. Two fiducials were placed along the mediastinal ridge between the lung cav-

ities: a 1.5 mm diameter steel sphere superiorly and a gold cylinder (2.6 mm length� 0.9 mm diam-

eter) inferiorly. The phantom was placed on a linear motion stage that moved sinusoidally. Fiducial

motion was along the source-detector (z) axis of the SBDX system with 610 mm amplitude and a

programmed period of either 3.5 s or 5 s. The SBDX system was operated at 15 frames per second,

100 kVp, providing good apparent conspicuity of the fiducials. With the stage moving, detector

data were acquired and subsequently reconstructed into 15 planes with a 12 mm plane-to-plane

spacing using digital tomosynthesis. A tracking algorithm was applied to the image planes for each

temporal frame to determine the position of each fiducial in (x,y,z)-space versus time. A 3D time-

sinusoidal motion model was fit to the measured 3D coordinates and root mean square (RMS) devi-

ations about the fitted trajectory were calculated.

Results: Tracked motion was sinusoidal and primarily along the source-detector (z) axis. The

RMS deviation of the tracked z-coordinate ranged from 0.53 to 0.71 mm. The motion amplitude

derived from the model fit agreed with the programmed amplitude to within 0.28 mm for the steel

sphere and within �0.77 mm for the gold seed. The model fit periods agreed with the pro-

grammed periods to within 7%.

Conclusions: Three dimensional fiducial tracking with approximately 1 mm or better accuracy

and precision appears to be feasible with SBDX, supporting its use to guide radiotherapy. VC 2012
American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.3697529]

I. INTRODUCTION

The curative potential of external beam radiotherapy is crit-

ically dependent on having the ability to accurately aim radia-

tion beams at intended targets while sparing surrounding

healthy tissues. This requirement is particularly challenging

for abdominal and thoracic tumors, because of random or qua-

siperiodic motion occurring during beam delivery. Such

motion exhibits high level of spatial and temporal complexity

with significant interpatient as well as inter- and intrafraction

variability in magnitude and patterns.1–3 For instance, a study

of 70 218 respiratory cycles for 143 treatment fractions in 42

stereotactic body radiotherapy patients reported that while

inferior-superior displacements constituted a significant com-

ponent of respiratory-induced motion, in 40% of these frac-

tions, motion was predominantly in anterior-posterior or left-

right direction.3 Furthermore, even though the trajectories

were predominantly linear, large variations in magnitude,

direction, and linearity were observed from patient to patient,

fraction to fraction, and, importantly, cycle to cycle.3 Thus, a

capability for real-time three-dimensional (3D) target local-

ization concurrent with beam delivery would be ideal in mon-

itoring and managing random and quasiperiodic motion.

Currently, however, due to concerns with respect to exces-

sive imaging dose, 3D target localization and tracking is

synchronized with an external respiratory signal subsequently

used to guide the delivery. This approach would still benefit

from real-time 3D localization as correlations between exter-

nal surrogates and target positions are nonstationary and can

become poor if not reestablished promptly.4,5 Furthermore,

for certain breathing maneuvers, such correlations appear to

be lacking.6 This is also the case for random physiological

prostate motion, which is mostly influenced by transient

changes in rectal filling rather than breathing. In some clinical
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settings, two x-ray imaging systems mounted in fixed posi-

tions in the treatment room are used for real-time (1–30 sam-

ples/s) stereoscopic three-dimensional localization of

implanted fiducials that serve as target surrogates.7–10 More

recently, electromagnetic localization of implanted trans-

ponders was introduced clinically for prostate treatments.11 A

shortcoming of both approaches is the need for additional

hardware despite the availability of both kilovoltage (kV) and

megavoltage (MV) on-board imaging integrated with the gan-

try of modern C-arm medical linear accelerators.

On the other hand, robust real-time 3D target localization

during beam delivery is challenging with existing on-board

imaging systems. Stereoscopic localization of implanted

fiducials by simultaneous data acquisition with mutually or-

thogonal kV and MV imaging chains is possible12–14 as long

as the fiducials are visible in the MV images. However, dur-

ing the delivery of intensity modulated beams, this may not

always be the case as fiducials are often hidden behind the

leaves of multileaf collimators in the beam’s eye view. Fur-

thermore, depending on the imaging view and patient build,

small fiducials may not be discernible in MV images at all.15

On its own, single view (monoscopic) kV x-ray imaging

along an axis orthogonal to the treatment beam is insufficient

for 3D fiducial localization as fiducial displacements along

the rays from the x-ray source to the detector cannot be accu-

rately determined. More importantly, since the localization

uncertainty is predominantly along a plane orthogonal to the

treatment beam axis, it can be significant in terms of dosi-

metric impact to targets and organs at-risk.16

In order to estimate the undetected components of fiducial

displacements in monoscopic imaging, investigators have pro-

posed to parameterize fiducial coordinates as functions of one

or two independent variables that serve as parameters for

models describing the imaging process.17–22 A model fit to

data extracted from monoscopic image(s) results in parameter

estimates, which are subsequently transformed to actual fidu-

cial coordinates. These approaches rely heavily on model va-

lidity during the imaging process, and thus they are prone to

potentially significant errors with physiologically induced

changes in putative correlations between fiducial coordinates.

Thus, it would be preferable to directly measure 3D fiducial

coordinates in real-time with an on-board imaging system. In

this paper, we propose a novel on-board imaging concept for

single-view, real-time 3D tracking concurrent with external

beam radiation therapy (EBRT) delivery based on Scanning-

Beam Digital X-ray (SBDX, NovaRay Medical, Inc.) technol-

ogy (Fig. 1). The feasibility of tracking implanted fiducials is

investigated in a phantom using an SBDX prototype system.

II. METHODS

II.A. Imaging system and tracking algorithm

SBDX is an inverse geometry x-ray fluoroscopy technol-

ogy with high dose efficiency and real-time tomosynthesis

capability.23,24 The x-ray source has a focal spot that is raster-

scanned over an array of positions on a transmission-style tar-

get [Fig. 1(a)]. A multihole collimator positioned beyond the

target surface defines a series of narrow overlapping x-ray

beams, each of which is directed toward a small, high speed,

photon-counting detector array. The prototype system used in

this study had 100� 100 focal spot positions on a 2.3 mm

pitch, and a 5.5� 5.5 cm detector with 48� 48 elements

FIG. 1. (a) The SBDX system uses a raster scanned focal spot, transmission target, multihole collimator, high speed detector, and hardware image reconstruc-

tor. The 3D localization algorithm (dashed boxes) utilizes the multiple image planes reconstructed for each temporal frame. (b) SBDX prototype system on C-

arm. (c) Concept drawing of an on-board SBDX system integrated with a Linac.
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positioned 150 cm from the target plane. A detector image is

acquired from a new focal spot position every 1.28 ls. An

area up to 16 cm wide at isocenter can be scanned at up to 30

frame/s, depending on the number of focal spot positions

employed. As scanning proceeds, the detector images are

transmitted to a set of digital tomosynthesis reconstruction

channels operating in parallel (up to 16), each of which gener-

ates a full field-of-view image in real time at the rate of scan-

ning (e.g., 30 frame/s). The image planes are oriented

perpendicular to the source-detector (z) axis and typically pro-

grammed with 12 mm plane-to-plane spacing. As one views

each image plane in turn, an object will appear blurred for

planes distal to the z-position of the object, appear sharp at

the plane nearest to the object in z, and then appear blurred

again for proximal planes. The effect is entirely like the

depth-of-field effect in a conventional visible-light camera.

The tomosynthesis capability of SBDX offers the possibil-

ity of resolving the three-dimensional location of fiducials in

view, as opposed to the two-dimensional localization avail-

able with conventional projection x-ray fluoroscopy. A tech-

nique for extracting the 3D positions of small, high contrast

objects from the image planes reconstructed for each frame

period has been developed and evaluated in phantoms.25 The

method localizes objects along the source-detector axis by

treating object sharpness versus plane position as a distribu-

tion function whose center-of-mass represents the true object

position. Thus, z-coordinates can be calculated with higher

precision than the plane-to-plane spacing. The essential

aspects of the technique are summarized below.

First, image planes are reconstructed at fixed positions

surrounding the object(s) of interest using the shift-and-add

tomosynthesis method employed in the SBDX hardware.23

Next, a rectangular 2D filtering kernel (K1) is applied for

noise suppression, and gradient filtering is applied to each

image plane to determine the degree of local sharpness and

contrast in the images. These gradient-filtered images,

termed a score stack, are scaled in units of contrast (0% to

100%). To assist in the subsequent segmentation of the stack

into object regions, another rectangular 2D filter kernel (K2)

is applied to each plane to spread edge gradients over the

object area. The score stack provides a measure of object

focus versus z-plane position at each (x,y) position in the

field-of-view.

Last, the score stack is segmented into distinct object

regions, and a 3D coordinate is calculated for each region. A

maximum intensity projection (MIP) of the score stack along

the z-direction is generated. Object regions are detected by

applying a specified contrast threshold (T1) to this MIP. The

z-coordinate of an object is determined by extracting the

scores versus z-plane within the object region, subtracting a

specified baseline contrast (T2), and then calculating the cen-

ter-of-mass of the baseline-subtracted z-distribution. The

(x,y) coordinates are derived from the center-of-mass of the

object region in the two-dimensional score MIP. The end

result is a set of (x,y,z) coordinates corresponding to objects

detected in the frame period. Further detail with regard to

the image analysis technique can be found in Ref. 25. Selec-

tion of filter kernels and thresholds is described in Sec. II C.

II.B. Experimental setup

An IMRT Dose Verification Phantom (Acrylic IMRT

Dose Verification Phantom, Standard Imaging, Inc., Middle-

ton, WI) was assembled from six 3-cm thick slab compo-

nents. The phantom comprised two solid acrylic slabs in

each of the lowest and highest (posterior and anterior) posi-

tions and two lung slabs between the solid slabs. As shown

in Fig. 2, each lung slab had two cavities separated by an

acrylic mediastinal ridge along the midline. In one such slab,

two fiducials were placed on the right side of this ridge. The

superior fiducial was a steel sphere of diameter 1.5 mm. The

inferior fiducial was a gold cylinder of length 2.6 mm and di-

ameter 0.9 mm. Lung-equivalent inserts were placed in the

cavities of this slab. The lung space contralateral to the gold

fiducial included a 3.7 cm diameter water-equivalent (1.04

g/cm3) insert.

The phantom assembly was placed on a linear motion stage

and the C-arm of the SBDX system was placed in a lateral

view (Fig. 3). For imaging, the stage was oriented to move in

a patient’s right-left direction in order to produce fiducial

motion primarily along the source-detector axis (z-axis) of the

imaging system, the direction that would be most challenging

to track with conventional monoscopic x-ray imaging. The tra-

jectory was sinusoidal and adjustable for both amplitude and

period. The amplitude was set to 610 mm, and the period was

set at either 5 s or 3.5 s (nominal). The uncertainty of set

nominal values as assessed by independent optical tracking

FIG. 2. Lung phantom slab showing locations of the gold seed fiducial

(right) and steel sphere fiducial (left) on the mediastinal ridge.

FIG. 3. Experimental setup. The imaging orientation was designed to test

the most challenging geometry where phantom and fiducial motion is

aligned with the source-detector (z) axis.
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measurements with the RPM 1.7 system (Varian Medical Sys-

tems, Palo Alto, CA) was 61 mm in amplitude and 60.1–0.2

s in period. The motion stage was operated asynchronously

with respect to the imaging system; there was no explicit re-

spiratory gating.

The SBDX system was operated at 15 frame/s, 100 kVp,

with a fluoroscopic dose rate. A 71� 71 hole scan mode

yielding 11.4 cm field-of-view at isocenter was used. The

images yielded good apparent conspicuity of the fiducials.

Two imaging runs were acquired with the motion period set

to 3.5 and 5 s. A third run was acquired in an electronically

collimated scan mode where the x-ray beam was turned on

for only a circular region (8 hole radius) within the 71� 71

pattern, positioned such that only the gold fiducial and its

immediate surroundings were illuminated.

Raw SBDX detector images generated during each imag-

ing run were recorded to a memory board in the SBDX pro-

totype hardware reconstructor. After the experiment, the

data were transferred to a computer for offline image recon-

struction and fiducial tracking. This method was used

because the tracking algorithm was not part of the real time

hardware reconstructor.

II.C. Image reconstruction and tracking analysis

Tomosynthetic image reconstruction was performed for

each frame period at 15 fixed image planes with 12 mm

plane-to-plane spacing. Figure 4 shows example image

planes from a single frame period. The position of the plane

stack along the source-detector axis was selected so that it

included the entire trajectory of the fiducials. The plane

spacing and number of planes were selected to match typical

values that would be employed for fluoroscopic imaging.

The tracking algorithm was run on the reconstructed

images frame-by-frame yielding the position of each fiducial

as a function of time. The filter kernels (K1, K2) and contrast

thresholds (T1, T2) in the tracking algorithm are adjustable pa-

rameters. The values used for the gold fiducial were

K1¼ 3� 3 pixels (0.5 mm), K2¼ 6� 6 pixels (1.0 mm),

T1¼ 35% contrast, T2¼ 20% contrast. The values for the

steel sphere were K1¼ 5� 5 (0.8 mm), K2¼ 10� 10 (1.6

mm), T1¼ 30%, and T2¼ 20%. Tracking parameters were

determined by testing a range of filter sizes and thresholds

within a manually defined object region and background

region of the first image frame, as described in Ref. 25. The

filter kernel combination yielding the highest peak object

score relative to background score and the widest range of

valid object detection thresholds was selected. For object

detection, the midpoint of the valid threshold range was used.

The measured 3D coordinates of an object versus time

were compared to a model of the programmed motion trajec-

tory, r(t)¼ roþ v sin ((2p/s)(t� to)), where r(t) is the 3D

coordinate at time t, the 3D vector v describes the direction

of motion and maximum object displacement, s is the period

of sinusoidal motion, and ro and to are position and time off-

sets, respectively. The model was fit to the data using a non-

linear least squares method, and then the RMS deviation

(RMSD) between the measured and model positions was cal-

culated in the x, y, and z directions. For model fitting, ro, v,

to, and s were free parameters.

Tracking performance depends on object contrast, object

size, and the photon fluence in the images. Peak object con-

trast was calculated as one minus the ratio of the minimum

image value inside the object divided by the value in the sur-

rounding background, in a plane where the object was in

focus. Background image fluence was calculated as the mean

pixel value within a background region-of-interest divided by

the pixel area, at the same plane. Peak pixel signal-difference-

to-noise-ratio (SDNR) was calculated as the peak signal differ-

ence generated by the object divided by the standard deviation

in the surrounding background pixels. Pixel standard deviation

was measured from adjacent-frame subtraction images and

then divided by H2 to minimize the influence of spatial non-

uniformity over the measurement ROI. All image pixel values

were scaled linearly with respect to photon counts.

III. RESULTS

Figure 5 shows the tracked x, y, and z coordinates of the

gold seed over 120 frames of 15 frame/s imaging, as the

phantom underwent 3.5 s nominal periodic sinusoidal

motion with 610 mm amplitude. Tracked motion was sinu-

soidal and primarily along the source-detector axis (z-axis).

The 3D motion model fit to the tracked 3D coordinates had a

FIG. 4. (a) Example x-y image reconstructed at a z-plane near the gold seed. (b) Gold seed region-of-interest in all 15 z-planes of the same temporal frame,

demonstrating depth resolution. (c) A y-z image generated from a single image column passing through the gold seed in part b. The calculated z-coordinate is

the center-of-mass of the distribution of object scores versus z-plane (shown with bars) after thresholding. (d) Example image plane acquired with electronic

scan collimation around the gold seed.
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3.47 s period and 69.28 mm amplitude (coefficient of deter-

mination R2¼ 0.95). The RMSD between the tracked

z-coordinate and the model fit z-coordinate was 0.56 mm.

RMSD in the x and y directions was 0.04 mm.

Figure 6 shows the tracked z-coordinate of the steel

sphere in the same imaging run. For this fiducial, the motion

model fit had a 3.46 s period and 610.28 mm amplitude

(R2¼ 0.96). The z-coordinate RMSD was 0.53 mm. For both

fiducials, the difference between the programmed amplitude

and the model fit amplitude was similar to the z-coordinate

RMS deviations about the model fit trajectory.

Similar 3D tracking results were obtained in the second

imaging run, using 5 s nominal periodic motion, and in the

third imaging run, which used electronic collimation around

the gold seed [see Fig. 4(d)] and a 3.5 s period. Table I lists

model fit parameters, z-coordinate RMSD, and SDNR meas-

urements for all cases examined. The difference between the

programmed and model fit parameters ranged from �0.77 to

0.28 mm for motion amplitude (�7.7% to 2.8% difference)

and from �0.33 s to 0.04 s for the motion period (�6.5% to

1.1%). The z-coordinate RMS deviations ranged from 0.53 to

0.71 mm.

Peak pixel SDNR was 21% higher for the steel sphere

compared to the gold seed, due to a combination of higher

local background fluence (5067 versus 4277 photons/mm2 per

frame) and higher peak object contrast (0.94 versus 0.86).

Previous studies have shown that frame-to-frame tracking

precision along the z-axis is improved for higher background

fluence and higher contrast objects.25 Differences in image

fluence, contrast, and object dimensions may be responsible

for the slightly different model fit amplitudes derived for the

two fiducials in this study.

IV. DISCUSSION AND CONCLUSION

This study reports on the feasibility of single-view 3D fidu-

cial tracking during external beam radiation therapy based on

SBDX fluoroscopic imaging capabilities. This technology

performs high speed tomosynthesis at multiple image planes

per frame period. By applying a recently developed 3D track-

ing technique to the data acquired during SBDX imaging, it

was found that small, high contrast fiducials (e.g., a gold

seed) undergoing simulated respiratory motion could be

tracked along the source-detector axis versus time using a sin-

gle gantry view. Tracking accuracy and precision were each

found to be better than 1 mm. These results are similar to

those reported for tracking of cardiac catheters in phantoms.25

A notable feature of the inverse geometry scanning method

employed in SBDX is its capability to provide 3D localization

in a dose efficient manner. Narrow beam scanning drastically

reduces image scatter levels relative to conventional fluoros-

copy, which in turn allows a desired image quality to be

obtained with fewer primary x-rays and lower patient dose.24

Entrance dose is further reduced because x-rays are spread

FIG. 5. Tracked x, y, and z coordinates of the gold seed versus time, with

the phantom undergoing 3.5 s sinusoidal motion (symbols: data; solid line:

model fit).

FIG. 6. Tracked z-coordinate of the steel sphere versus time for 3.5 s sinu-

soidal motion (symbols: data; solid line: model fit).

TABLE I. Programmed motion, motion parameters derived from fits to 3D tracking data, and Z-coordinate deviations.

Image

run Fiducial Field-of-view

Nominal

perioda (s)

Nominal

amplitudea (mm)

Model fit

period (s)

Model fit

amplitude (mm)

Z-coordinate

RMSD (mm)

Peak pixel

SDNR

1 Gold Full 3.5 610 3.47 69.28 0.56 21.3

1 Steel Full 3.5 610 3.46 610.28 0.53 25.7

2 Gold Full 5.0 610 4.67 69.32 0.57 21.3

2 Steel Full 5.0 610 4.68 610.12 0.64 25.8

3 Gold Collimated 3.5 610 3.54 69.23 0.71 19.9

aProgrammed value.
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over a larger area at the patient entrance, compared to conven-

tional cone beam imaging. This study also indicates that sig-

nificant integral dose reduction could be obtained in the case

of single object tracking, by modifying the active portion of

the scan pattern so that only the area around the object is illu-

minated. This electronic collimation technique only requires

that a sufficiently large region of the collimator remain active

(e.g., ten hole diameter for an isocenter object) so that the

object is imaged over the full tomographic angle of the sys-

tem. Further, this technique can be extended to multiple

tracked objects by prescribing individual illumination regions

per object: the x-ray source has the capability of turning on or

off for any or many regions in the field of view. Other existing

strategies for minimizing fluoroscopic dose such as the use of

surrogate signal monitoring combined with “on demand” real-

time imaging can also be used with the SBDX system.

While low-dose radiographic and fluoroscopic imaging

with 3D fiducial localization capability is an attractive fea-

ture of the on-board SBDX concept, in view of potential

implementation its potential for volumetric imaging needs to

be considered. Volumetric inverse-geometry computed to-

mography (IGCT) has been previously demonstrated with

tabletop setups employing the SBDX system.26,27 Schmidt

et al. demonstrated IGCT images with submillimeter in-

plane resolution, which are free from cone-beam artifacts.

Acquisition times with the prototype were on the order of

tens of seconds,26 within the industry-limited maximum

linac gantry rotation speed of 1 revolution per minute. For

IGCT purposes, the field-of-view (FOV) is limited by the

extent of the source array in the transverse (in-plane) direc-

tion and the smaller of the detector and source dimensions in

the axial (cranial-caudal) direction. The SBDX prototype in

this study would provide a 16 cm transverse� 5 cm axial

IGCT FOV using all 100 source columns. More recently, a

5.3� 10.6 cm detector has been constructed that would ena-

ble a 16� 10 cm cone-beam artifact free IGCT FOV. (The

increased tomographic angle afforded by this detector is also

expected to improve z-axis tracking precision.28) The trans-

verse CT FOV can be doubled through full gantry rotation

and a source-detector offset, an approach used with current

on-board systems. This extended FOV is expected to be suit-

able for 3D soft tissue target localization as evidenced by

reports on the clinical use of a relatively small transverse

FOV CBCT for body imaging.29,30 This is done in order to

reduce the integral imaging dose despite the introduction of

image artifacts. Other potential approaches that are being

researched to significantly increase the transverse FOV

include the use of multiple SBDX detectors27 or noncircular

acquisition trajectories.31

In summary, the results of the present study clearly demon-

strate the feasibility of using Scanning-Beam Digital X-ray

imaging for 3D localization and tracking of fiducials. This

capability in combination with real-time implementation of

the tracking and collimation techniques can potentially enable

simple yet robust approach to image-based intrafractional

motion management. This possibility warrants further explo-

rations with regard to the potential of SBDX as an on-board

imaging system for image-guided radiation therapy.
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