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abstract

Purpose

To quantify the variations in the length and position of 
fiducial markers induced by motion in axial (ACT), helical 
(HCT) and cone-beam CT (CBCT) imaging and associated 
uncertainty in image-guided radiotherapy (IGRT) by 
measurement and modeling.

Methods

A mobile thorax phantom containing markers of various 
lengths was imaged using ACT, HCT and CBCT imaging. 
The phantom was imaged while stationary and moving 
where it was moved sinusoidally with different motion 
amplitudes and frequency. An analytical motion model 
was developed that predicts the localization accuracy of 
IGRT based on fiducial markers in mobile phantom with 
ACT, HCT and CBCT. 

results

The apparent lengths of the markers varied with the 
different motion patterns and CT imaging modalities. 
In CBCT, the apparent length of the markers increased 
linearly with the motion amplitude for both half-fan and 
full-fan modes. In HCT and ACT, the apparent length of 

the markers increased or decreased non-linearly with 
motion parameters and speed of the imaging couch. When 
the marker moved opposed to couch motion the apparent 
lengths decreased, while they increased when the 
phantom moved along the direction of the imaging couch 
as predicted by the motion model. The position of marker 
centers did not shift and distance between makers did not 
change in CBCT images. However, in HCT and ACT, the 
position of marker center and distance between markers 
varied depending on motion parameters during imaging. 
The marker center could move superiorly or inferiorly and 
the distance between markers could increase or decrease 
depending on the phase of motion as predicted by the 
motion model. 

Conclusions

The variations of marker length and position due to 
phantom motion were quantified by measurement and 
modeling. These variations may lead to large positioning 
uncertainties in patient setup and tumor localization 
based on IGRT with fiducial marker registration. 
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introduction
In recent years, technological advancements in 

radiation therapy have led to more complex treatment 
planning and dose delivery techniques. These techniques 
allow the delivery of intensity-modulated radiation 
therapy (IMRT)(1) or volumetric-modulated arc therapy 
(VMAT) (2, 3) which conform doses more tightly to the 
planning target volumes. This has resulted in stringent 
requirement for more accurate target localization and 
patient setup techniques. The use of image guided 

radiation therapy (IGRT) has also become more popular 
in recent years (4, 5). Utilizing fiducial marker is a common 
clinical practice in IGRT where markers are implanted 
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within or in the vicinity of tumors in prostate (6-8), liver (9) 
and lung (10). A typical IGRT procedure includes acquisition 
of orthogonal radiographic pair or CT images of the 
patient prior to dose delivery that are compared with 
two-dimensional (2D) reference digitally-reconstructed 
radiographs (DRR) or three-dimensional (3D) simulation 
CT images, respectively. In IGRT with fiducial markers, 
the markers between the two sets of images are aligned, 
and the shifts of the treatment couch are determined and 
carried out prior to dose delivery. (11)

In IGRT, it is important that the fiducial markers do not 
shift or migrate after the treatment planning CT scan. This 
allows accurate patient setup using localization with the 
markers at each treatment prior to dose delivery. Marker 
migration has been evaluated by various works (10, 12, 13), 
and it is generally accepted that the likelihood of individual 
seed migration is low, especially if the treatment planning 
CT scan is not performed on the same day as the marker 
placement (14-16). Several works have demonstrated that 
image artifacts related to CT slice thickness (17), volume 
averaging (18), missing tissue effects (19) and patient motion 
(20, 21) may lead to uncertainties in tumor localization and 
patient setup for treatment. Patient motion induces image 
artifacts in CT imaging (21-23) which may affect specifically 
the accuracy of IGRT with fiducial markers. These artifacts 
involve variations in the apparent lengths of the markers 
and displacements of the markers in CT imaging. However, 
the uncertainties associated with the variations in marker 
length and position induced by patient motion on the 
localization accuracy of fiducial marker and variability 
between different CT imaging techniques that are used in 
IGRT have not been studied extensively. 

In this work, the variations in the length of the markers, 
position of the marker center and distance between the 
markers were investigated quantitatively using three 
imaging modes ACT, HCT and CBCT. The variations in 
length and positon of different markers that were inserted 
in a mobile thorax phantom were measured quantitatively. 
A motion model was developed that predicts the 

variations in marker position, distance between markers 
and apparent lengths and its dependence on motion 
parameters in the different CT imaging techniques.

Materials and Methods

A. Phantom Setup and Imaging

The localization of fiducial markers was studied using 
both stationary and mobile thorax phantom (Standard 
Imaging, Inc., Middleton, WI) shown in Fig. 1a. The 
phantom consists of solid water phantom slabs in the 
shape of a thorax. Styrofoam is used to emulate low-
density tissue such as the lungs. Several fiducial markers 
with different lengths were embedded in the phantom 
along the Y-axis and scanned with different CT imaging 
techniques as shown in Fig. 1b. The fiducial markers were 
made from a Teflon wire with 2 mm diameter that provides 
high contrast without introducing large image artifacts in 
CT images. The markers #1 (42 mm), #2 (22 mm), #3 
(12 mm), #4 (8 mm) and #5 (45 mm) as indicated in Fig. 
1b were selected for data analysis because their lengths 
represent a wide range of clinical markers implanted in 
patients and used for setup with IGRT (6).

Figure 1: (a) Thorax phantom with fiducial markers and 
mobile platform, (b) Markers (1-5) with different lengths and 
the imaging reference frame with motion along Y-axis.

ACT and HCT images were acquired using a CT 
simulator (LightSpeed-RT-16, General Electric 
Healthcare, Milwaukee, WI). The images were acquired 
using a thorax protocol with a thin slice thickness of 2.5 
mm as shown in Figs.2 for HCT and ACT, respectively. 
CBCT images were acquired with a kV on-board imager 
mounted on a Varian Truebeam™ linear accelerator 
(Varian Medical Systems, Inc., Palo Alto, CA) as shown in 
Fig.2. CT images were acquired also with the phantom 
moving using ACT, HCT and CBCT scans. The phantom 
was moved sinusoidally with different motion amplitudes 
(0-20 mm), periods (2-6 sec) and frequencies (0.1-0.5 
Hz).

(a) (b)

figure 1: (a) thorax phantom with fiducial markers and mobile platform, (b) Markers (1-5) with different lengths and the 
imaging reference frame with motion along y-axis.
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B. Marker Length and Position Measurements

All imaging studies were imported into the Eclipse 
(Varian Medical Systems, Inc., Palo Alto, CA) treatment 
planning software. Three marker parameters were 
measured that include: (a) apparent length of the 
markers, (b) position of the center of each marker and 
(c) the distance between markers. The apparent length of 
each fiducial marker (#1, #2, #3, and #4) was measured 
in the CT images by considering the distance between 
the visible edges of each marker. Similarly, the position of 
the center of each marker was calculated by locating the 
ends of each marker using coronal and axial image views 
using the distance and position measurement tools in 
the Eclipse treatment planning system. The window and 
level of CT values of the markers was set appropriately 
to consider blurring and spread out of CT values induced 
by motion artifacts. The distance between markers was 
measured by considering the distance between the 
centers of two markers.

C. Motion Model

The localization accuracy of IGRT with fiducial 
markers is affected by several factors that include: (a) 
displacement of the center of a maker, (b) variations in 
the distance between markers and (c) variations in the 
length of a marker induced by motion in CBCT, ACT and 
HCT imaging. The following represents a mathematical 
formulation of these factors.

C.1 CBCT Marker Localization Model

Considering a phantom that includes several markers 
and moves sinusoidally with an amplitude, A, and a 
frequency, f , in the superior-inferior direction (Y-axis) 
during imaging, the position of the center of marker   
varies with time, , as given by the following equation: 

where     is position of the center of marker i in the 
stationary phantom,         is angular frequency and  
Q  represents the phase angle. The second term in 
equation (1) represents the displacement of the center of 
marker   due to phantom motion. The difference in the 
distance between the second and first marker centers in 
the stationary phantom is given by the following: 

(2)

The difference in the distance between the centers of 
the first and second markers in the mobile phantom is 
given by the following: 

 (3)

The second term in equation (3) represents the 
difference of the distance between the centers of the 

two markers due to phantom motion which could lead to 
uncertainty in the localization of the markers relative to 
each other. 

Assuming the points at the superior and inferior ends 
of a marker move with the same speed and phase and 
using equation (1), the maximal length of marker   in CBCT 
is obtained by the following equation: 

 (4)

where     is the actual length of the marker in stationary 
phantom. The second term represents marker elongation 
in CBCT images which could lead to positioning uncertainty 
of the marker using image registration with the reference 
image.   

C.2 HCT and ACT Marker Localization Model

In ACT and HCT, the imaging couch move in steps or 
continuously in contrast with the couch in CBCT from on-
board imager which remains stationary during scanning. 
The imaging couch moves with a constant speed,   , 
during scanning and the phantom moves with      along the 
Y-axis. Although the couch motion in ACT is indexed, it is 
considered here continuous to simplify the mathematical 
modeling. If marker i is stationary then the length of the 
marker is given by:   

Where      is the time that the marker stays in the 
imaging view. If the marker is moving with     a long Y-axis, 
then the speed of the mobile marker in the imaging frame 
is given by the following: 

(6)

Thus the net speed of the marker increases in the 
imaging frame, if the marker moves along the direction of 
motion of the imaging couch. While the net speed of the 
marker moving opposite to the couch motion decreases. 
Considering sinusoidal marker motion,      can be obtained 
by taking the first derivative of equation (1) that gives the 
position of the first marker as follows:  

The apparent marker length in the imaging frame,     , 
is obtained by integrating equation (6) and using variable 
speed of the marker as given in equation (7).    is given by 
the following: 

(8)

where      is the time that the marker stays in the 
imaging view starting from     and exiting at   . This time 
depends on the relative speed between the couch and 

(1)

(4)

(5)

(6)

(7)

(8)

(2)

(3)
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mobile marker. If the marker is moving opposite to the 
couch then it stays long time in the imaging view. The 
marker can stay forever hypothetically if it has equal 
and opposite speed to the couch speed. If the marker is 
moving in the same direction where the couch is moving, 
then the marker remains shorter time in the imaging view. 

In order to simplify the above formulation, assume 
that the marker is moving with a constant or an average 
speed which can be used to simplify equation (8). The 
use of constant or average speed is valid considering that 
the mobile phantom or patient speed is nearly constant 
within certain respiratory phase. For example, the speed 
of the mobile phantom does not vary much and can be 
approximated to be constant taking narrow respiratory 
phases such as start, middle and end of inhale or exhale. 
Considering a marker i with a length of   along the 
Y-direction moving with a constant speed,   , then the 

time,      , that the marker remains in the imaging view, is 
obtained by the following: 

(9)

Using equation (9) and assuming the points at the 
superior and inferior ends of a marker move with the 
same constant speed and phase, the apparent length 
of marker   during scanning with HCT and ACT can be 
obtained by the following equation: 

(10)

The apparent length of a mobile marker depends on 
motion parameters according to above equation which 
could increase or decrease depending on the phase 

figure 2: the first row shows coronal views from HCt images with a motion period of 4 seconds and different motion 
amplitudes: (a) represents 0 mm, (b) represents 5 mm, (c) represents 10 mm, and (d) represents 20 mm. the second row 
shows coronal views from aCt images where (e) represents 2.5 mm amplitude and 6 sec period, (f) represents 10 mm 
amplitude and 6 sec period, (g) represents 20 mm amplitude and 6 sec period, and (h) represents 20 mm amplitude and 2 
sec period. the third row shows coronal views from CBCt images where (i-l) represent 2.5 mm, 7.5 mm, 15 mm, and 20 
mm amplitudes, respectively. 

(9)

(10)
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during ACT or HCT imaging. The term with dependence on 
the velocity of phantom and couch may cause uncertainty 
in marker localization due to motion. 

The difference in the displacement of the centers of 
second and first markers is given by the following:   

 (11)

where     and    are the actual lengths of first and 
second markers, respectively. The second term represents 
the difference in the displacement between centers of the 
second and first markers due to phantom motion which 
may lead to errors in positioning of the markers relative 
to each other. 

results

A. Marker Displacement

The marker centers did not shift from their initial 
position in CBCT (Figs. 3a-b). This can be explained by 
equation (1) for a phantom moving with cyclic motion, 
where it moves back and forth around the initial position 
for a long time that includes several motion cycles during 
CBCT imaging. While the marker elongates along the 
direction of motion, the average position of the marker 
center remains at the same place. However, in HCT 

and ACT images, the centers of some markers were 
displaced from initial position in the stationary images 
as shown in Fig.3 (c-f). The displacement of marker’s 
center exceeded sometimes the motion amplitude of the 
phantom. This is in agreement with the predictions of 
the motion model in equation (7), where the position of 
the marker center depends nonlinearly on the phantom 
speed. For a sinusoidal motion, the phantom speed in its 
turn depends on the motion amplitude, frequency and 
phase as shown in equation (8). Figure 3c-f show the 
variations of the position of the center of markers 1-4 
with motion amplitude and frequency as indicated for 
helical and axial CT. The position of marker center varied 
with the imaging modality. The marker center can shift 
superiorly or inferiorly depending on the motion phase 
during imaging as predicted by equation (7).   

For example, in Fig. 3c, the center of marker #1 shifted 
nearly 9 mm inferior to its initial position at 15 mm motion 
amplitude and by about 3 mm superior to its initial position 
at 5 mm motion amplitude using HCT. Figure 3f shows 
that the center of the same marker #1 shifted superiorly 
by 7.5 mm at A = 20 mm and inferiorly by 1.3 mm at A 
= 5 mm using ACT. The accuracy of distance or length 
measurements is determined by half a slice thickness (  
mm for HCT and ACT and  mm for CBCT). 

 figure 3 (a-b) variations in the position of the marker center with motion amplitude in CBCt for the different frequencies 
as indicated. variations in the position of the center of marker #1-4 with actual lengths of 42, 22, 12 and 8 mm, respectively, 
inserted in the mobile phantom as a function of motion amplitude and periods in HCt in (c-e) and axial Ct in (f) as 
indicated. 

(11)
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B. Distance between Markers

In the mobile phantom, the distance between the 
centers of the markers did not change in CBCT imaging 
(Figs. 4a-b). As predicted by the model according to 
equation (3), the position of the centers of markers have 
the same phase during imaging considering rigid motion 
of the phantom and thus the distance between the centers 
would not change in CBCT. However, in ACT and HCT, the 
distance between the centers of the markers decreased or 
increased where the second term in equation (9) accounts 
for the variations in the distance between two markers 
and its dependence on the phantom motion parameters 
(amplitude, frequency and phase). For example, the 
distance between markers #1 and #5 increased by nearly 
24 mm at motion amplitude of 15 mm and period of 4 
sec and decreased by 6.7 mm at motion amplitude of 20 
mm and period of 4 sec as show in Fig. 4c for HCT. In 
ACT, the distance decreased by 9.3 mm and 14.1 mm at 
amplitudes of 10 and 20 mm, respectively, for a motion 
period of 2 sec. as shown in Fig. 4f.  

C. Variations of Marker Length

Figure 5 shows the variations in the measured 
apparent length of markers 1-4 with motion amplitude 
and frequency for CBCT, HCT and ACT. In the case of 
CBCT, the measured apparent length of the markers 
increased linearly with motion amplitude as shown in 

Fig. 5a-b as predicted by equation (4). In HCT and ACT, 
the measured marker lengths varied non-linearly with 
motion parameters as predicted by equation (10). For 
example, the measured apparent length of marker #1 
(initial length of 42 mm) decreased to nearly 25 mm at 
motion amplitude of 10 mm and period of 4 sec, while its 
length increased to 56.3 mm at motion amplitude of 20 
mm using HCT as shown in Fig. 5c. The apparent length 
of the same marker increased to 65 mm and 72 mm at 
motion amplitudes of 10 mm and 20 mm, respectively, 
with a period of 6 sec for ACT as shown in Fig. 5f. 

D. Simulation of Apparent Target Length 

Figure 6a shows a simulation of the apparent length 
of markers 1-4 with lengths of 42, 22, 12 and 8 mm, 
respectively, along Y-axis which increases linearly with 
the motion amplitude of the phantom using CBCT imaging 
according to equation (4). Figure 6b shows the variations 
in the length of the different markers as a function of the 
phantom speed along and opposed to the imaging couch 
motion in HCT or ACT as predicted by equation (10). The 
imaging couch speed was considered to move with a 
constant speed of 10 mm/sec along the superior-inferior 
direction. When the phantom moves in the same direction 
as the couch, the lengths of the different markers shrink 
with increasing phantom speed as shown in Fig. 6b. While 
the markers elongated as the phantom speed increased 
in the opposite direction approaching the speed of the 

figure 4: variation of the distance between the marker centers (1-4) relative to 5 for different motion amplitudes and 
periods in CBCt (a-b), HCt (c-e) and aCt (f). 
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imaging couch (VC = 10 mm/sec). The motion model 
predicted that as the phantom speed approaches a speed 
that is nearly equal and opposed to the imaging couch 
speed, then the marker length increases significantly 
because the marker stays for a long time in the imaging 
view. At            , the apparent length of the marker will 
be infinite because the marker stays all the time in front 
of the imaging detectors. When the phantom is moving 
with a speed larger than the couch speed in the opposite 

direction, then the marker remains long times in the 
imaging view and thus the marker will be elongated. As 
the phantom speed increases in the opposite direction 
to couch motion (< -2VC ), the marker length decreases. 
At large phantom speeds opposed to couch motion, the 
marker length approaches zero where it moves quickly out 
of the HCT or ACT imaging view. Considering a constant 
or average speed for the mobile marker is valid in two 
situations. First, short mobile markers imaged with a fast 
scanner where the markers moving with a sinusoidal 

figure 5: apparent marker length variations with motion amplitude and periods for different markers (1,2,3,4) with actual 
lengths (42 mm, 22 mm, 12 mm, 8 mm), respectively, for CBCt (a-b), HCt (c-e) and aCt (f). 

figure 6: (a) apparent marker length as a function of phantom motion amplitude using CBCt imaging. (b) apparent marker 
length variations as a function of phantom speed considering along and opposed phantom motion relative to the imaging 
couch motion using HCt and aCt imaging for the indicated markers. Couch speed was considered to be equal to 10 mm/
sec. 
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motion pattern have nearly constant speed for a short time 
in the imaging view. It is also valid considering imaging of 
the mobile marker within a certain respiratory phase for a 
short period of time. The speed of a mobile marker does 
not change much and can be approximated by a constant 
within the time window of narrow respiratory phases such 
as start, middle and end of inhale or exhale using four-
dimensional CT (4D-CT) imaging.

discussion  
The marker length, shape, position and number are 

important parameters that determine the accuracy of 
patient setup and tumor localization using IGRT based 
on implanted fiducial marker image registration as 
reported in previous studies (6-11, 24). Both length and 
position of the markers have to be reproducible between 
reference CT images or DRR’s created in the treatment 
planning system and CBCT images or radiographic 
projections acquired from the kV on-board imager for 
patient setup. Motion affects the apparent length, position 
of the marker center, and distance between markers in 
different ways in CBCT, ACT and HCT. For example, the 
markers elongate in CBCT because of motion artifacts, 
while the marker center position and distance between 
the markers remain the same and they are not affected. 
Large errors can be introduced in patient setup that 
uses fiducial marker matching due to elongation of the 
markers which increased linearly with the phantom 
motion amplitude in CBCT as predicted by equation (4). 
In HCT and ACT, the apparent lengths varied non-linearly 
with time the mobile marker remains in the imaging view 
where they can increase or decrease depending on the 
motion parameters such as amplitude, frequency and 
phase as predicted by the motion model in equation (8). 
The position of the marker centers imaged in CBCT did 
not change despite of marker elongation along the motion 
direction and thus the distance between the markers did 
not change in contrast to HCT and ACT. 

Instead of using CBCT images which are acquired 
over long time nearly one minute with significant motion 
artifacts, 2D-radiographic images that are matched with 
DRR’s can be used for IGRT with marker matching. The 
effects of marker elongation induced by motion can be 
eliminated because the radiographs from the kV on-
board imager are acquired as snapshots in a very short 
time. However, the position of a marker will be displaced 
in the radiographs that are captured at a certain time 
during patient motion which will limit the accuracy of 2D 
image registration. Furthermore, both marker elongation 
and center displacement effects persist in DRR’s obtained 
from simulation ACT or HCT images in radiotherapy. 
When the markers are close to each other, then they 

are acquired nearly at one motion phase and thus the 
lengths and distances between the markers does not 
change significantly as shown by the model in equation 
(9) considering a sinusoidal motion. If the markers used 
in IGRT are far away from each other, then they will be 
acquired at different motion phases in the same CT 
imaging set and thus the distance between the markers 
will vary in the same imaging study as well as in the setup 
and reference images. 

Conclusion
In this work, the localization uncertainty of fiducial 

markers in a mobile phantom have been evaluated 
quantitatively both by measurement and modeling. A 
motion model was developed in this work that predicts 
the displacement of the center of the markers, variation 
in the distance between markers and elongation of 
markers induced by motion in CBCT, ACT and HCT 
imaging techniques. The predictions of the model were 
tested by measurement of these three parameters for 
markers that were inserted in stationary and mobile 
phantoms and imaged with different CT techniques. In 
mobile phantoms, the position of the marker center and 
distance between markers did not change in CBCT, while 
larger and irregular displacements of the marker center 
were measured in ACT and HCT. The marker’s elongation 
was proportional to the motion amplitude in CBCT, while 
it varied non-linearly in ACT and HCT and depended on 
motion amplitude, frequency and phase. The variations 
in apparent lengths and position of the markers in CT 
images affect the accuracy of patient setup and tumor 
localization and have to be considered in IGRT based on 
fiducial makers. 
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