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THE CORRELATION BETWEEN INTERNAL AND EXTERNAL MARKERS
FOR ABDOMINAL TUMORS: IMPLICATIONS FOR RESPIRATORY GATING
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Purpose: The correlation of the respiratory motion of external patient markers and abdominal tumors was
examined. Data of this type are important for image-guided therapy techniques, such as respiratory gating, that
monitor the movement of external fiducials.
Methods and Materials: Fluoroscopy sessions for 4 patients with internal, radiopaque tumor fiducial clips were
analyzed by computer vision techniques. The motion of the internal clips and the external markers placed on the
patient’s abdominal skin surface were quantified and correlated.
Results: In general, the motion of the tumor and external markers were well correlated. The maximum amount
of peak-to-peak craniocaudal tumor motion was 2.5 cm. The ratio of tumor motion to external-marker motion
ranged from 0.85 to 7.1. The variation in tumor position for a given external-marker position ranged from 2 to
9 mm. The period of the breathing cycle ranged from 2.7 to 4.5 seconds, and the frequency patterns for both the
tumor and the external markers were similar.
Conclusions: Although tumor motion generally correlated well with external fiducial marker motion, relatively large
underlying tumor motion can occur compared with external-marker motion and variations in the tumor position for
a given marker position. Treatment margins should be determined on the basis of a detailed understanding of tumor
motion, as opposed to relying only on external-marker information. © 2005 Elsevier Inc.
Image-guided therapy, Gating, Fluoroscope, Abdomen, Tracking.
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INTRODUCTION

he delivery of highly conformal radiation therapy may be
roblematic in the presence of respiratory organ motion. For
arge amounts of respiratory motion, a large planning target
olume (PTV) may be required to ensure the delivery of
dequate dose to the target. The use of large margins,
owever, may limit dose delivery because of excessive dose
o normal structures. Additionally, for treatment modalities
uch as intensity-modulated radiation therapy (IMRT),
hich use a dynamic multileaf collimator (MLC), the mo-

ion interplay effect between the MLC motion and the
espiratory organ motion may further degrade the tumor
ose.
The treatment site of interest for this study is the abdo-
en. The magnitude of respiration-induced target motion

or abdominal tumors may be as large as 2 to 3 cm, peak-
o-peak (1–4). The low dose tolerances for normal struc-
ures in the abdomen, such as the kidney and liver, however,
ay limit the use of large treatment margins. For these

ases, motion mitigation or compensation techniques may

Reprint requests to: David P. Gierga, Ph.D., Massachusetts General
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nable smaller treatment margins to be used, which leads to
more conformal treatment and reduces the probability of a
eographic miss.
One method that has been proposed to limit the amount of

arget motion during radiotherapy is respiratory gating
5–11). For implementation of respiratory gating, the mo-
ion of an external patient marker is monitored, typically by
se of a reflective marker and an infrared camera system.
he external marker is used as a surrogate for the tumor
otion. One the basis of the motion of the external marker,
gating window can be defined either in terms of the

mplitude or in terms of phase. The linear accelerator is then
ated off when the external marker moves outside the
redetermined window. Respiratory gating relies on the
ssumption that the motion of the external marker is repre-
entative of the motion of the actual tumor motion.

Vedam (12) and Mageras (6) have investigated the cor-
elation between external-marker motion and the dia-
hragm, a potential surrogate for lung-tumor motion. Their
esults indicate a generally strong correlation between the
iaphragm and external-marker motion. The direct correla-

or Therapeutic Radiology and Oncology, October 19–23, 2003,
alt Lake City, UT.
Received June 2, 2003 and in revised form Nov 19, 2004.
ccepted for publication Dec 3, 2004.
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ion between external markers and tumor motion, however,
as not been fully studied. Ozhasoglu (13) has published
ata that show a good correlation of an external marker and
tumor marker for a single pancreas tumor patient, as

etermined by the Cyberknife tracking system. Our present
ork aims to more fully quantify the correlation between

xternal respiratory signals and abdominal-tumor motion.

METHODS AND MATERIALS

This study follows the previous work reported by Gierga (14), in
hich the motion of abdominal tumors (liver and pancreas) was

ssessed, and the effect of this motion on IMRT treatment plans
as estimated. For the current study, data were collected for 4
atients, each with a liver tumor. All of these patients had ra-
iopaque clips placed in the tumor volume for improved localiza-
ion as part of their normal course of therapy. The number of clips
or each patient ranged from 2 to 4. Clips of various sizes were
sed; clip diameter ranged from 1 to 2 mm and clip length ranged
rom 4 to 8 mm. Patients were treated with either standard 3D-
RT, IMRT, or proton therapy.
The location of the tumors varied. Patient 1 had a 4-cm mass

djacent to the porta hepatis, approximately 6-cm inferior of the
ome of the liver. Patient 2 had a tumor that measured approxi-
ately 5 � 3 cm, near the dome of the liver. Patient 3 had a 5-cm

umor in segment VIII of the liver. The tumor for Patient 4 was a
-cm mass in segment IV of the liver, approximately 4 cm inferior
f the dome of the liver.
Motion data were gathered by fluoroscopy during isocenter

erification sessions on a conventional simulator. External ra-

ig. 1. Lateral fluoroscopic image for Patient 2 at inhale, showing
umor clips (1 to 3) and external markers (4 to 6).

Table 1. Summary o

Patient 1

aximum craniocaudal tumor motion (cm) 1.3
aximum anteroposterior tumor motion (cm) �0.5
atio of tumor to external marker motion
(craniocaudal direction)

4.1–5.0

ange of tumor position for a fixed marker
position (cm)

0.3–0.6
reathing period (s) 4.5
iopaque markers were placed on the patient’s skin at midline
rom the xyphoid process to the umbilicus. The fluoroscopic video
ignal was recorded for about 30 seconds, at a frame rate of 30
rames per second, on a standard video recorder interfaced with the
uoroscopic monitor. Data were taken from the lateral view to
llow for simultaneous visualization of both the tumor clips and
he external markers. The right-to-left motion of the tumor could
e observed from the anterior fluoroscopic view and was typically
to 2 mm or less. Any motion in the right-to-left direction (in or

ut of plane in the lateral view) was neglected when data were
ollected from the lateral view. Data were gathered under normal,
ree breathing conditions without any breath control, coaching, or
atient instruction. For 1 patient, an abdominal girdle wrap was
sed to restrict the extent of respiratory motion.
The analog videotapes were converted to a digital video format

nd then analyzed by computer vision software developed at
oston University (15). The use of this software algorithm to track

he motion of tumors is described in greater detail in Gierga (14).
he tracking software determines the coordinates of the tumor
arkers and the external patient markers as a function of time.
umor-clip motion was tracked in both the craniocaudal and the
nteroposterior directions; the magnitude of motion is typically the
argest in the craniocaudal direction. The external markers, used to
isualize the patient’s skin surface, typically move only in the
nteroposterior direction. An example screen capture of a lateral
uoroscopic image that shows the tracked tumor clips and external
arkers is given in Fig. 1. The spatial correlation between the

umor motion and patient’s surface-marker motion was then quan-
ified. The frequency characteristics of the data were also exam-
ned by using Fourier analysis to transform the data from the time
omain to the frequency domain.

RESULTS

The results for the 4 patients are summarized in Table 1.
igure 2 shows the results for Patient 1. Figure 2a shows the
raniocaudal motion of 1 clip (i.e., the tumor fiducial
arker) and the anteroposterior motion of the external
arkers as a function of time. The peak-to-peak motion of

he clip varied from 0.7 to 1.3 cm, and the external markers
oved approximately 3 mm. Marker 1 was most inferior on

he patient, and Marker 3 was most superior. Each marker
as separated by 18 mm on the patient surface. The antero-
osterior motion of the tumor clip for this patient was less
han 5 mm (data not shown). Figure 2b shows the correla-
ion between the clip and the 3 external markers. A linear
east-squares fit was performed, and the R2 values ranged
rom 0.85 to 0.94, depending on marker position. For a

lts for four patients

Patient 2 Patient 3 Patient 4

1.2 2.5 1.3
1.0 1.2 1.0

1.5–2.4 2.5–7.1 0.85–1.2

0.2–0.3 0.2–0.4 (2 of 3 markers)
0.9 (1 of 3 markers)

0.2
f resu
3.1 4.5 2.7
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iven external-marker position, the range of tumor positions
s 3 to 6 mm. The slope values shown in Fig. 2b relate the
mount of tumor motion to the amount of external-marker

ig. 2. Patient 1: (a) Craniocaudal tumor clip motion and antero-
osterior external-marker motion as a function of time. The abso-
ute values of the motion traces have been modified for display
urposes. (b) Craniocaudal tumor clip position as a function of
nteroposterior external-marker position. (c) Power spectrum of
umor clip and external-marker motion.
otion. For this patient, the slope values range from a factor m
f 4 to 5. Figure 2c shows the power series for the clip and
he 3 external markers. Each of the fiducials has similar
requency values. A peak frequency of 0.22 cycles per
econd corresponding to a period of 4.5 seconds.

The motion data for Patient 2 are shown in Fig. 3. A
creen capture of a fluoroscopic image at the inhale phase
or Patient 2 was shown in Fig. 1. Figure 3a shows the
raniocaudal motion of 3 tumor clips and the anteroposte-
ior motion of 3 external markers. Figure 3c shows the
orresponding correlation of the position of Clip 3 as a
unction of external-marker position. The peak-to-peak ex-
ent of the craniocaudal tumor motion was 1.0 to 1.2 cm,
nd the period of motion was 3.1 seconds. Note the region
f irregular breathing between 20 and 25 seconds is evident
n both the clip and the external-marker motion and does not
egrade the correlation shown in Fig. 3c. Figure 3b illus-
rates the anteroposterior motion of the tumor and external
arkers, and Fig. 3d shows the correlation between these 2

ets of motion data. For this patient, the anteroposterior
umor motion was about 0.8 to 1.0 cm, nearly as large as the
raniocaudal motion. For both directions of tumor motion,
he correlation with external marker motion was quite good.
igure 3c and 3d show that the ratio of tumor motion to
xternal-marker motion ranged from 1.6 to 2.4 for the
raniocaudal tumor motion and ranged from 1.1 to 1.5 for
nteroposterior tumor motion. For Clips 1 and 2 (data not
hown), the ratio of tumor motion to external-marker mo-
ion ranged from 1.4 to 2.2 for the craniocaudal tumor
otion and ranged from 1.0 to 1.7 for anteroposterior tumor
otion The tumor position in the craniocaudal direction

aried by 2 to 3 mm for a given external-marker position.
Figure 4 shows the motion data for Patient 3. This patient

xhibited a large amount of tumor motion, with peak-to-
eak motion of 2 to 2.5 cm and 0.8 to 1.2 cm in the
raniocaudal and anteroposterior directions, respectively.
hese large amounts of motion were seen despite the use of
n abdominal girdle wrap to restrict the extent of respiratory
otion. The breathing period of this patient was 4.5 sec-

nds. Figure 4c and 4d show the motion data for Clip 2
orrelated to the external-marker motion. The motion of the
umor was well correlated with the motion of the external
arkers, but the ratio of craniocaudal tumor motion to

xternal-marker motion ranged from 2.8 to 7.1. For Marker
, the tumor position in the craniocaudal direction varied by
s much as 9 mm for a given marker position. For Marker
, which had a much lower ratio of craniocaudal tumor
otion to external-marker motion, the range of tumor po-

itions for a given marker position was nominally 2 to
mm. The external-marker motion was also correlated with

he tumor motion from Clip 1 (data not shown). The ratio of
raniocaudal tumor motion to external-marker motion for
lip 1 ranged from 2.5 to 6.4. Figure 5 shows the relation-

hip between the craniocaudal and the anteroposterior clip
otion for Patient 3. The data are fairly linear, which

mplies that the craniocaudal and anteroposterior tumor

otion are in phase with each other.
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The motion data for Patient 4 is shown in Fig. 6. Figure
a shows both the craniocaudal and anteroposterior motion
or tumor Clip 1, as well as the anteroposterior motion of 4
xternal markers. The peak-to-peak tumor-clip motion was
bout 1.3 cm in the craniocaudal direction and about 1 cm
n the anteroposterior direction. The breathing period of the
atient was 2.7 second. The tumor clip and external markers
re well correlated (shown in Fig. 6b and 6c). The average
atio of tumor-clip motion to external-marker motion was
.0 for craniocaudal tumor motion and 0.7 for anteroposte-
ior tumor motion. For each external marker, the tumor
ositions varied by about 2 mm for a given marker position
n the breathing cycle.

For patients with multiple clips, the deformation of the
umor can be examined by plotting the difference in clip
ositions over time. For rigid-body motion in the lateral

Fig. 3. Patient 2: (a) Craniocaudal tumor-clip motion and
(b) Anteroposterior tumor clip motion and anteroposter
caudal tumor-clip position (Clip 3) as a function of a
tumor-clip position (Clip 3) as a function of anteroposteri
of the motion traces have been modified for display pur
lane, the relative spacing of the individual tumor clips d
ould be constant if rotations were neglected. Note that
ecause orthogonal images are not obtained simultaneously,
true 3D model of clip motion cannot be determined.

igure 7 shows the difference in clip positions (i.e., the clip
pacing) over time for Patients 2 and 3. The data for Patient
, who had 3 tracked clips, are shown in Fig. 7a. The
ifference in clip positions for Clips 2 and 3, relative to
lip 1, are shown for both the craniocaudal and anteropos-

erior directions. The range in the difference between Clip 1
nd Clip 2 is nearly 5 mm, in both directions. The standard
eviation of the difference in clip positions, normalized by
se of the maximum peak-to-peak amplitude, is 5.5% in the
raniocaudal direction and 6% in the anteroposterior direc-
ions. The range in the difference of clip positions for Clips

and 3 is much smaller, roughly 3 mm. The standard
eviation of the clip spacing is less than 2% for both motion

rposterior external-marker motion as a function of time.
ernal-marker motion as a function of time. (c) Cranio-
osterior external-marker position. (d) Anteroposterior
rnal-marker position. For (a) and (b), the absolute values
anterio
ior ext
nterop

or exte
irections.



c
w
o
t
p
i
q
a
f
e
w

w
t
m
2
a
o
m
d
t
m
a
i

poses.

1555Internal and External Marker Correlation ● D. P. GIERGA et al.
DISCUSSION

For the 4 patients examined in this study, both cranio-
audal and anteroposterior tumor motion correlated well
ith external-marker motion. For these patients, the amount
f peak-to-peak craniocaudal tumor motion ranged from 1.2
o 2.5 cm, much larger than the observed amount of antero-
osterior tumor motion (see Table 1). The period of breath-
ng motion ranged from 2.7 to 4.5 seconds, and the fre-
uency of motion for the external and internal markers also
greed well, as shown in Fig. 1 for Patient 1 and in Fig. 8
or the remaining 3 patients. Although the motion of the
xternal markers and tumor markers correlated reasonably

Fig. 4. Patient 3: (a) Craniocaudal tumor-clip motion and
(b) Anteroposterior tumor clip motion and anteroposter
caudal tumor clip position (Clip 2) as a function of
tumor-clip position (Clip 2) as a function of anteroposteri
of the motion traces have been modified for display pur
ell, several issues were noted that should be considered t
hen relying solely on external markers as surrogates for
umor motion. Variability in the tumor position, for a given
arker position in the respiratory trace, was observed. For
patients (Patients 2 and 4), the range in tumor positions for
given marker position was small, about 2 to 3 mm. For the
ther 2 patients, however, the tumor positions varied by as
uch as 6 mm (Patient 1) or 9 mm (Patient 3). These results

epended on which external marker was observed; that is,
he position of the external marker on the patient surface
ay impact the underlying variation in tumor position rel-

tive to the external marker. Also, although data are limited
n this study, the markers that moved much less than the

posterior external-marker motion as a function of time.
ernal-marker motion as a function of time. (c) Cranio-
osterior external-marker position. (d) Anteroposterior
rnal-marker position. For (a) and (b), the absolute values
antero
ior ext
anterop
or exte
umor tended to have a larger variation in tumor position for
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fixed marker position. For example, the ratio of tumor
otion to external-marker motion was a factor of 7 for
atient 3, and the tumor position varied by as much as 9 mm
or a given external-marker position. The potential range of
umor positions for a given marker position is important for
espiratory gating because the linear accelerator is gated on
r off on the basis of the external-marker position. Any
ariations in underlying tumor motion not accounted for
hen designing the gating window could impact the dose

overage of the tumor.
Phase shifts between abdominal tumors and external
arkers placed on the abdomen were not observed in this

tudy. Ozhasoglu (13) observed phase differences between
he chest wall and abdomen surface, as well as between
hest displacement and lung tidal volumes, but does not
ention phase differences between the abdominal surface

nd a pancreas tumor. Phase differences have also been
hown to vary on the basis of the position of the external
arker (7). Furthermore, some patients may breathe with

arge chest excursions, whereas others may be predomi-
antly abdominal breathers. The anatomic relationship be-
ween lung/chest motion and abdominal-surface motion is
otentially much more complex than local motion in the
bdomen, where the tissue is more continuous and the two
bserved quantities are closer to each other. Furthermore,
he data from Fig. 5 show that the craniocaudal and antero-
osterior clip positions are in phase with each other for
atient 3, who had the greatest extent of tumor motion. Any
ating window designed to minimize tumor motion in one
irection would, therefore, also minimize tumor motion in
he other direction.

These results indicate that the location of the external
arker is important, as it may affect the variability of tumor

osition relative to the external marker, as well as impacting
he ratio of tumor-to-marker motion. In gathering motion
ata for gating studies, monitoring the position of multiple

ig. 5. Craniocaudal (CC) tumor motion vs. anteroposterior (AP)
umor motion for Patient 3.
xternal markers relative to the tumor may be useful. Once a
n optimal marker position on the patient is chosen, it
hould be used throughout the treatment for the best con-
istency in the gating window. The data in this study were

ig. 6. Patient 4: (a) Craniocaudal and anteroposterior tumor-clip
otion and anteroposterior external-marker motion as a function

f time. (b) Craniocaudal tumor-clip position as a function of
nteroposterior external-marker position. (c) Anteroposterior tu-
or-clip position as a function of anteroposterior external-marker

osition. For (a) and (b), the absolute values of the motion traces
ave been modified for display purposes.
ccumulated only for a single day; the daily variation in the
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1557Internal and External Marker Correlation ● D. P. GIERGA et al.
orrelation between internal and external motion is cur-
ently being studied.

The deformation of the tumor was examined very simply
y quantifying the change in the relative spacing of the
umor markers for 2 patients with multiple markers. The
elative spacing of the tumor clips varied by as much as
mm, and varied according to the position in the breathing

ycle with a standard deviation of about 6%, as normalized
y the maximum peak-to-peak motion. Although some de-
ree of deformation is certainly observed, the amount of
eformation is difficult to fully understand by use of this
etric.
This study utilized fluoroscopy to visualize tumor fidu-

ials, which allowed motion data to be gathered continu-
usly over many breathing cycles. Fluoroscopy could also
e used in conjunction with four-dimensional CT (4D CT),
hich can provide detailed motion and anatomic informa-

Fig. 7. Difference in clip positions for (a) Patient 2 and (b) Patient 3.
ion averaged over 1 breathing cycle. Reitzel (16) has shown a
easonable agreement between 4D CT and fluoroscopic
nalysis of tumor motion.

CONCLUSIONS

This study suggests, on the basis of a limited set of

ig. 8. Power spectrum of tumor clips and external markers for (a)
atient 2, (b) Patient 3, and (c) Patient 4.
bdominal tumor patients, that tumor motion generally cor-
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elates well with external fiducial markers. Potential exists
or variations in tumor position for given marker positions,

hich may degrade the accuracy of the gating window. r
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