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ARTICLE INFO ABSTRACT

Purpose: To quantitatively evaluate and compare the image recognition performance of multiple fiducial mar-
kers available in real-time tumor-tracking radiation therapy (RTRT).

Methods: Clinically available markers including sphere shape, coil shape, cylinder shape, line shape, and ball
shape (folded line shape) were evaluated in liver and lung models of RTRT. Maximum thickness of the poly-
methyl metacrylate (PMMA) phantom that could automatically recognize the marker was determined by tem-
plate-pattern matching. Image registration accuracy of the fiducial marker was determined using liver RTRT
model. Lung RTRT was mimicked with an anthropomorphic chest phantom and a one-dimensional motion stage
in order to simulate marker motion in heterogeneous fluoroscopic images. The success or failure of marker
tracking and image registration accuracy for the lung model were evaluated in the same manner as that for the
liver model.

Results: All fiducial markers except for line shape and coil shape of thinner diameter were recognized by the
PMMA phantom, which is assumed to have the typical thickness of an abdomen, with two-dimensional image
registration accuracy of < 2 pixels. Three-dimensional calculation error with the use of real-time stereoscopic
fluoroscopy in RTRT was thought to be within 1 mm. In the evaluation using the lung model, the fiducial
markers were recognized stably with sufficient accuracy for clinical application. The same was true for the
evaluation using the liver model.

Conclusions: The image recognition performance of fiducial markers was quantified and compared. The results
presented here may be useful for the selection of fiducial markers.
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1. Introduction therapy (RTRT) [10,11]] require quantitative evaluations of the image

recognition performance of fiducial markers. The RTRT system consists

Fiducial markers are utilized for accurate patient setup as well as for
evaluating the range of inter- and intrafractional organ motion in the
context of image-guided radiation therapy [1-4]. Visibility of the fi-
ducial markers that are used in clinical practice has been evaluated
based on visual inspection in the settings of kilovoltage imaging,
megavoltage imaging, computer tomography, and magnetic resonance
imaging [5-9]. Treatments that utilize automatic marker recognition
technique in combination with fiducial markers in sequential images
during radiation therapy [e.g., real-time tumor-tracking radiation

of a linear accelerator and two X-ray fluoroscopy devices. The three-
dimensional position of the inserted fiducial marker is calculated from
the projected position in the pair of fluoroscopic images obtained in two
different directions. Image-processing techniques such as template-
pattern matching are used to locate the projected position of the fidu-
cial marker for automatic image registration [12-14]. Treatment beam
irradiation is enabled only when the calculated three-dimensional po-
sition of the fiducial marker is within a pre-defined region called the
gating window. In this way, gated beam irradiation can be administered
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to mobile targets in the lung or liver.

Image quality of the X-ray images obtained with RTRT is different
from that of images acquired using on-board imaging (OBI). For in-
stance, typical settings for kV image acquisition in OBI for chest and
abdomen are 10 mAs and 32 mAs, respectively [15], whereas the RTRT
system makes use of pulsed fluoroscopy with up to about 0.5 mAs, with
relatively large source-to-image distance (SID) of approximately 4 m.
RTRT requires performance checks with sequential images obtained by
pulsed fluoroscopy in a model clinical situation because image quality
and search images of fiducial markers vary from image to image, ac-
cording to respiratory motion. To date, few reports have quantitatively
evaluated the image recognition performance of multiple fiducial
markers that can be used for RTRT.

The purpose of this study is to quantify the image recognition per-
formance of fiducial markers and to provide reference information for
marker selection. Thus, we evaluated clinically available markers in-
cluding sphere shape, coil shape, cylinder shape, line shape, and ball
shape (folded line shape) using liver and lung RTRT models. Because
the projected pattern of marker and image contrast in two-dimensional
images may be varied according to imaging angle for non-spherical
markers, all evaluations were conducted in three typical imaging di-
rections.

2. Materials and methods
2.1. Fiducial markers evaluated

The characteristics of the fiducial markers evaluated in this study
are summarized in Table 1. Representative fluoroscopic images for each
fiducial marker and each imaging angle are shown in Fig. 1.

Image recognition performance was evaluated for all fiducial mar-
kers using liver and lung RTRT clinical models. In this study, imaging
situation in liver RTRT was mimicked by the polymethyl metacrylate
(PMMA) slab phantom. The maximum thickness of the PMMA slab
phantom for which the marker can be tracked automatically by means
of template-pattern matching was evaluated as one of the indices of
recognition performance. The accuracy of two-dimensional image re-
gistration of each fiducial marker was also evaluated in fluoroscopic
images. Lung RTRT was mimicked using an anthropomorphic chest
phantom (Lungman, Kyoto Kagaku, Japan) and a one-dimensional
motion stage in order to simulate the marker motion in heterogeneous
fluoroscopic images. Actual tumor motion sometimes includes hyster-
esis. It was assumed that marker recognition performance was not af-
fected by hysteresis in this study since the image quality around the
fiducial marker in each image was similar in this experimental setup.
Success or failure of the marker tracking and image registration accu-
racy were evaluated in the same manner as those for the liver model. In
order to confirm dependency on the imaging angle, evaluations were
conducted with three imaging angles for all markers except for the Gold
Marker, iGold, and ball-shaped Gold Anchor. The dependency on the
imaging angle was not evaluated for the spherical shape markers since
the projection image of such markers is almost circular at any imaging

Table 1
Fiducial markers evaluated in this study.
Product name, Manufacture Shape Dimension
Gold Marker”,OLYMPUS sphere diameter: 1.5 mm
iGold®, MEDIKIT sphere diameter: 2.0 mm
VISICOIL, IBA coil length: 10 mm, diameter: 0.35,
0.5, 0.75, and 1.1 mm
Gold Anchor, Naslund Medical line shape  length: 10, 20 mm
Inc. ball shape diameter: approximately 2 mm
ACCULOC, CIVCO cylinder length: 3 mm, diameter: 0.9, 1.2

and 1.6 mm

" Currently distributed only in Japan.
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2.2. Liver model: Maximum recognizable PMMA thickness and registration
accuracy

The experimental setup and geometry are shown in Fig. 2. X-ray
fluoroscopic imaging was performed with an X-ray tube (UD-150-B40/
0.6/1J317C-282, SHIMADZU, Japan) and flat-panel detector (PaxScan
3030, Varian Medical Systems, USA). The fiducial markers were placed
at the isocenter, and thickness of the PMMA plate was varied from
10 cm to 30 cm, in increments of 1 cm. Image recognition performance
would not be varied significantly when the fiducial marker was inside
or outside the PMMA phantom since the effect of scattered radiation
which was one of the main components to degrade the visibility of the
fiducial marker was expected to be similar for each case in this imaging
geometry. For pulsed fluoroscopy, tube voltage and pulse width were
fixed at 110kVp and 4 ms (maximum for the respective experimental
device). In order to evaluate the dependency on imaging dose, eva-
luation was conducted at X-ray tube current values of 50, 80, and
160 mA as low-dose, middle-dose, and high-dose imaging, respectively.
Image acquisition was conducted for all combinations for each fiducial
marker, PMMA thickness, and imaging dose. One hundred images were
acquired for each imaging condition. For each marker, the template
image for template-pattern matching was created from the first
fluoroscopic image obtained without the PMMA phantom. For the
evaluation of image registration accuracy, average position of the re-
cognized marker without using the PMMA phantom was determined as
the reference position. In this study, a function of template-pattern
matching included in the Matrox Imaging Library (Matrox Electronic
Systems Ltd., Canada) was used to locate the position of the marker in
fluoroscopic images. Template-pattern matching is based on normalized
cross correlation. The correlation coefficient is given by
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where N is the pixel number, and I; and M; are the pixel values of the
target image and the template image, respectively. The location that
gives the highest r is considered to be the marker position in the search
area. Image registration accuracy was defined as the root mean square
error (RMSE) of the difference between the recognized two-dimensional
marker position acquired with template-pattern matching and the re-
ference marker position. Since it was difficult to obtain similar image
quality in two orthogonal fluoroscopic images in this experimental
setup, three-dimensional error was estimated from two-dimensional
RMSE. With considering the imaging geometry of RTRT using trian-
gulation method for three-dimensional calculation [10], three-dimen-
sional positional error can be equivalent to two-dimensional image
registration error. Template-pattern matching was conducted image by
image. Image recognition was considered successful when the differ-
ence between the recognized marker position and the reference marker
position was less than the size of the fiducial marker. In cases where the
rate of successful image recognition was > 95% in the evaluation of
100 frames, the fiducial marker was considered to have sufficient ac-
curacy at for tracking at the PMMA thickness examined. In this study, if
a marker could be tracked with a PMMA of thickness =22 cm (typical
abdomen thickness) [16], at any imaging dose, the marker was con-
sidered to be sufficiently accurate for use in liver RTRT. Because pro-
jected pattern changed according to imaging angle, evaluations of non-
spherical markers including the VISICOIL, ACCULOC, and line-shaped
Gold Anchor were conducted with three imaging angles, as shown in
Fig. 2. For evaluation of the VISICOIL and line-shaped Gold Anchor
with imaging angle of 90° and 45°, the tip of the fiducial marker was
tracked. For these line-shaped markers, criteria of successful image
recognition were determined to be the largest dimension, which was
about 2 mm, of the marker in the template image.

r=
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Fig. 1. Representative fluoroscopic images of the fiducial markers acquired with imaging. Window-level settings were the same for all images. For non-spherical

markers, imaging angle is provided.
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Fig. 2. Experimental setup and imaging geometry.

2.3. Lung model: tracking in heterogeneous images and registration
accuracy

Experimental setup and imaging geometry were the same as de-
picted in Fig. 2. A one-dimensional motion stage and an anthro-
pomorphic chest phantom (Lungman, Kyoto Kagaku, Japan) were used.
The fiducial marker was fixed at the isocenter position. By moving the
chest phantom with the motion stage, image variation due to respira-
tion was simulated. The motion stage was moved sinusoidally with a
cycle of 3s and amplitude of 20 mm. Image registration error was
evaluated by comparing recognized fixed marker position and position
of the reference marker, as determined without the chest phantom. For
mimicking lung parameters, image recognition performance was eval-
uated in two scenarios by adjusting the position of the chest phantom.
In one scenario, the marker image was projected in the lung region,
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overlapping with the ribs, in order to mimic background image contrast
with low variation. In the other scenario, the marker image was pro-
jected onto the lung region, overlapping with the vertebrae, to simulate
substantial variation in background image contrast. For each scenario,
marker recognition performance was evaluated with three imaging
doses in order to evaluate the dependency on imaging dose. In lung/rib
scenario, tube voltage and pulse width were fixed to 80 kVp and 4 ms,
respectively. Tube current was set to 25, 50, and 80 mA. In the lung/
vertebrae scenario, tube voltage and pulse width were fixed to 100 kVp
and 4 ms, respectively; tube current settings were 25, 50, and 80 mA.
The success or failure of marker tracking and image registration accu-
racy were evaluated in the same manner as that described for the liver
model.
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Fig. 3. Representative fluoroscopic images of fiducial markers with or without PMMA phantom.

3. Results

3.1. Liver model: maximum recognizable PMMA thickness and registration
accuracy

Representative fluoroscopic images of fiducial markers obtained
with and without the use of a PMMA phantom (22-cm thickness) are
shown in Fig. 3. Compared with other markers, the thinner-diameter
VISICOIL and the line-shaped Gold Anchor showed decreasing visibility
as PMMA thickness increased. Maximum PMMA thickness for which the
fiducial marker could be tracked at each imaging dose is shown in
Fig. 4. Because image quality improved by high-dose imaging, the

(a)

ACCULOC (1.6 mm diameter)
iGold (2.0 mm sphere)
ACCULOC (1.2 mm diameter)

Gold Marker (1.5 mm sphere)
ACCULOC (0.9 mm diameter)
Gold Anchor (20 mm ball shape)
VISICOIL (1.1 mm diameter)

Gold Anchor (10 mm ball shape) e ——

Fiducial marker
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VISICOIL (0.35 mm diamter) Mmoo

Gold Anchor (20 mm line shape) T

10 15 20 25
PMMA thickness [cm]
Middle dose

W High dose M Low dose

maximum thickness in high-dose imaging was greater than that in low-
dose imaging for all markers. Maximum PMMA thickness for which the
fiducial marker could be tracked at each imaging angle is shown in
Fig. 4. Less dependency on imaging angle was found for ACCULOC and
VISICOIL of =0.75mm diameter. The data revealed substantial de-
pendency on imaging angle for the line-shaped Gold Anchor and VIS-
ICOIL of <0.5 mm diameter. With use of these markers, image contrast
sufficient for template-pattern matching could not be obtained for fi-
ducial markers because of small X-ray attenuation at certain imaging
angles. For these reasons, the fiducial markers listed above are not re-
commended for use in RTRT because stable automatic image recogni-
tion is difficult.

(b)
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Fig. 4. (a) Maximum PMMA thickness for each fiducial marker in each imaging condition (90° imaging angle). (b) Maximum PMMA thickness for each marker at

each imaging angle.
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Fig. 5. RMSE of image recognition for each fiducial marker, PMMA thickness, and imaging dose. (a) Gold Marker, (b) iGold, (c) ball-shaped Gold Marker (20-mm
length), (d) VISICOIL of 0.75-mm diameter, (e) VISICOIL of 1.1-mm diameter, (f) ACCULOC of 0.9-mm diameter.

The image registration accuracy of fiducial markers at each imaging
dose is presented in representative images in Fig. 5. For all markers,
image registration accuracy decreased with increasing PMMA thickness
because of decreased image quality. RMSE for two-dimensional image
registration with successful tracking was < 2 pixels, which corre-
sponded to approximately 0.2 mm. These fiducial markers are expected
to track stably in liver models.

In RTRT, the three-dimensional position of a fiducial marker is
evaluated from two projected positions, which are determined by
template-pattern matching for each image. The calculated three-di-
mensional position may therefore be over- or underestimated if there is
a discrepancy between the three-dimensional representative point and
its projected position on the image. In the case of spherical markers, the
projected images are always circular, and it is easy to determine the
projected centroid position by using a template image that has been
prepared in advance. As a result, three-dimensional centroid position
can be accurately derived. For non-spherical markers such as VISICOIL,
the template image should be created separately for each treatment,
with consideration to the correspondence of three-dimensional position
and projected position, because the projected image may differ among
treatments. Three-dimensional imaging coordinate calculations may
also carry calibration error. Assuming the imaging geometry of
SyncTraX (SHIMADZU, Japan), which can be combined with general
linac to conduct RTRT, the total accuracy of three-dimensional calcu-
lation is expected to be within 1 mm. Note that the evaluated perfor-
mance of fiducial markers may depend on imaging geometry, char-
acteristics of imaging device and X-ray technique (e.g., tube energy,
current, pulse width).

3.2. Lung model: tracking in heterogeneous images and registration
accuracy

Representative heterogeneous fluoroscopic images for fiducial
markers under conditions mimicking lung RTRT are shown in Fig. 6.
Image recognition by template-pattern matching was difficult with
VISICOIL of <0.5 mm diameter and with the line-shaped Gold Anchor,
because the distinction between marker and background image was
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difficult due to low contrast. These markers could be tracked at limited
imaging angles under high-dose imaging conditions. These fiducial
markers are not recommended for use in RTRT because stable auto-
matic image recognition is difficult. Other fiducial markers that were
successfully recognized in heterogeneous images that varied frame by
frame may be used for lung RTRT.

Image registration accuracy for representative fiducial markers, as
evaluated in two lung scenarios, is presented in Fig. 7. In cases where
the marker image overlapped with lung and vertebrae, as opposed to
lung and ribs, image recognition accuracy was slightly decreased due to
the high variation in image contrast. In the case of successful tracking,
RMSE for two-dimensional image registration was < 1 pixel for all fi-
ducial markers, and three-dimensional calculation error was expected
to be within 1 mm.

4. Discussion

In RTRT, irradiation is administered only when the calculated three-
dimensional position of the fiducial marker is within the allowed re-
gion, called the “gating window”. Under typical conditions, the gating
window is determined as the cubic region, the center of which corre-
sponds to the representative point of the fiducial marker in CT images
obtained preoperatively. The discrepancy between the center of the
gating window as the representative point of the fiducial marker which
is to be tracked and the actual tracked position will lead to systematic
error in the beam irradiation administered. With spherical markers,
high consistency can be between the center of the gating window and
the tracking position may be achieved because the center of the marker
can be easily identified in CT images. With non-spherical markers, the
identification of the representative marker point in the CT images could
be difficult because the marker shape and metal artifact depend on the
marker angle and folding condition. Assuming the worst-case scenario,
a few millimeters of systematic error of the beam irradiation may occur
if the center of gravity of the marker is defined as the center of the
gating window in CT images and the tip of the marker is tracked during
treatment. The evaluation of any possible discrepancy should be per-
formed according to the way in which the fiducial marker is used. In
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Fig. 6. Representative fluoroscopic images of markers with use of the chest phantom.
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Fig. 7. RMSE of image recognition for each fiducial markers in two lung sce-
narios (lung/ribs and lung/vertebrae).

clinical use, possible error should be assessed and compensated for with
the appropriate margins during treatment planning.

Marker selection should be performed with consideration to the
dosimetric distortion caused by internal fiducial markers. Fiducial
markers containing large or high-Z material will show high image re-
cognition performance as shown in our results. However, dose pertur-
bation increases with use of these markers [17]. Uncertainty in dose
calculation will be increased because the metal artifact in the CT image
will become larger. Studies of internal fiducial markers in proton
therapy have shown that irradiation from multiple angles can com-
pensate for dosimetric perturbation [18]. Dosimetric perturbation is
also observed in photon therapy [19].

In addition to considerations of image recognition performance and
dosimetric effect, the marker should be selected after attention is given
to the invasiveness of marker insertion and positional stability after
insertion. For instance, assuming that invasiveness may be defined as
the size of the insertion needle, Gold Anchor might be considered as
minimally invasive, because it can be implanted percutaneously using a
25-gauge needle. However, application of the Gold Anchor may be
limited to patients of standard or thin physical constitution. The image
recognition performance of Gold Anchor will be lower than that of the
spherical markers and ACCULOC. There is a possibility that percuta-
neous insertion may induce pneumothorax [20,21]. There is no risk of
pneumothorax in the case of bronchoscopic insertion. It is necessary to
check the position of all fiducial markers before irradiation because
fiducial markers may migrate or fall [22-25].
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This study was performed with the assumption of SyncTraX imaging
geometry. The markers could be identified in thicker PMMA phantoms
through use of a higher-energy X-ray irradiation and short SID.
However, the order of the image recognition performance will be
maintained. Recently developed polymer and liquid markers may be
difficult to use for RTRT, because their image contrast is lower than that
of metal markers. Image-processing technique may be applied to detect
such markers [26-28]. That will be addressed in future works.

In this study, template pattern matching was used for marker de-
tection. The results may be varied according to the algorithm of marker
detection, however comparison with other algorithm was not subject in
this study. We have simulated one of the typical situations in the ex-
periment. Actual clinical image will be varied for each treatment. For
instance, the visibility of the marker in the liver could be decreased due
to ribs and other bones in actual clinical situation.

5. Conclusion

This study was performed to quantitatively evaluate the image re-
cognition performance of fiducial markers available for use in RTRT.
Gold Marker, iGold, ACCULOC, ball-shaped Gold Anchor, and VISICOIL
(0.75-mm and 1.0-mm diameter) were expected to be useful for liver
and lung RTRT. Spherical markers and ACCULOC may be used for pa-
tients with more robust physical constitution. For two-dimensional
images, image registration accuracy was < 2 pixels. Three-dimensional
calculation error was thought to be < 1 mm for all fiducial markers.
The results in this study may be useful for the selection of fiducial
markers.
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