Liver motion during cone beam computed tomography guided stereotactic
body radiation therapy
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Purpose: Understanding motion characteristics of liver such as, interfractional and intrafrac-
tional motion variability, difference in motion within different locations in the organ, and their
complex relationship with the breathing cycles are particularly important for image-guided liver
SBRT. The purpose of this study was to investigate such motion characteristics based on fidu-
cial markers tracked with the x-ray projections of the CBCT scans, taken immediately prior to the
treatments.

Methods: Twenty liver SBRT patients were analyzed. Each patient had three fiducial markers
(2 x 5-mm gold) percutaneously implanted around the gross tumor. The prescription ranged from 2 to
8 fractions per patient. The CBCT projections data for each fraction (~650 projections/scan), for each
patient, were analyzed and the 2D positions of the markers were extracted using an in-house algo-
rithm. In total, >55 000 x-ray projections were analyzed from 85 CBCT scans. From the 2D extracted
positions, a 3D motion trajectory of the markers was constructed, from each CBCT scans, resulting in
left-right (LR), anterior-posterior (AP), and cranio-caudal (CC) location information of the markers
with >55 000 data points. The authors then analyzed the interfraction and intrafraction liver motion
variability, within different locations in the organ, and as a function of the breathing cycle. The au-
thors also compared the motion characteristics against the planning 4DCT and the RPM™ (Varian
Medical Systems, Palo Alto, CA) breathing traces. Variations in the appropriate gating window (de-
fined as the percent of the maximum range at which 50% of the marker positions are contained),
between fractions were calculated as well.

Results: The range of motion for the 20 patients were 3.0 &+ 2.0 mm, 5.1 + 3.1 mm, and 17.9
£ 5.1 mm in the planning 4DCT, and 2.8 £ 1.6 mm, 5.3 & 3.1 mm, and 16.5 £ 5.7 mm in the
treatment CBCT, for LR, AP, and CC directions, respectively. The range of respiratory period was
3.9+0.7and 4.2 £ 0.8 s during the 4DCT simulation and the CBCT scans, respectively. The authors
found that breathing-induced AP and CC motions are highly correlated. That is, all markers moved
cranially also moved posteriorly and vice versa, irrespective of the location. The LR motion had a
more variable relationship with the AP/CC motions, and appeared random with respect to the location.
That is, when the markers moved toward cranial-posterior direction, 58% of the markers moved to the
patient-right, 22% of the markers moved to the patient-left, and 20% of the markers had minimal/none
motion. The absolute difference in the motion magnitude between the markers, in different locations
within the liver, had a positive correlation with the absolute distance between the markers (R? =0.69,
linear-fit). The interfractional gating window varied significantly for some patients, with the largest
having 29.4%-56.4% range between fractions.

Conclusions: This study analyzed the liver motion characteristics of 20 patients undergoing SBRT. A
large variation in motion was observed, interfractionally and intrafractionally, and that as the distance
between the markers increased, the difference in the absolute range of motion also increased. This
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suggests that marker(s) in closest proximity to the target be used. © 2012 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4754658]
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I. INTRODUCTION

Stereotactic body radiation therapy (SBRT) of liver cancer
is technically challenging.! Similar to lung cancer, there’s a
significant interfractional and intrafractional organ motion in-
duced by respiration’™ and that radiation tolerance of normal
liver is very low.5® The former necessitates a use of larger
margin, while the latter discourages it. To make the matter
worse, the tumor itself is typically not very distinguishable
against the normal liver in in-room cone beam computed to-
mography (CBCT) imaging, leading to uncertainties in image
registration and setup.’~'?

Since dose-response relationship exists in both primary
and metastatic liver cancer, with higher dose resulting in im-
proved outcome,'®!* the narrowest possible safety margin
is prerequisite in maximizing the therapeutic ratio. Conse-
quently, the most accurate and precise target localization tech-
nique(s), which minimizes margin size, is essential in liver
SBRT. To this end, the use of stereotactic body frame (SBF)
and abdominal compression (AC) plate have been popular, in
limiting most diaphragm motion to <10 mm.!>° Even with
reduced motion, however, the problem with image registration
uncertainty still remains. An effective solution to this lack of
soft tissue contrast is the use of percutaneously inserted fidu-
cial markers as a surrogate.?'>° This approach is quite effec-
tive because the metal markers are radio-opaque and hence are
readily visible in x-ray projections. Therefore, using markers
to characterize the daily liver motion and subsequently adjust-
ing the treatment setup is an effective strategy in increasing
the treatment accuracy.

Having said that, a relatively little is known about the mo-
tion variations in the liver, especially within different regions
in the organ. In our previous report, we have presented an
effective, template-based technique in automatically extract-
ing 2D marker positions from the x-ray projections.” In this
study, we have used this technique to analyze the motion char-
acteristics of liver. Using 2D positional information at each
angular projection as input, we employed a robust 3D mo-
tion estimation algorithm to construct the motion traces. From
such, we analyzed interfractional and intrafractional motion
correlation, correlation with that of the motion acquired dur-
ing 4DCT simulation, marker-to-marker motion variations
within the liver, and variations in the gating window between
fractions. With the massive motion information gathered, we
systematically deduced useful information that could poten-
tially aid in increasing the overall treatment accuracy of liver
SBRT.

Il. MATERIALS AND METHODS
ILA. Patient data
Twenty liver SBRT patients with hepatocellular carcinoma

or metastases at Asan Medical Center (AMC) in Seoul,Korea,
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were analyzed. Varian Trilogy linear accelerator (Varian Med-
ical Systems, Palo Alto, CA) with the On-Board Imager
(OBI™) was used to acquire CBCT x-ray projections of the
patients undergoing 2—8 fractions per course. Images were ac-
quired using the half-fan scan mode, where ~650 projections
were acquired over the 360° gantry rotation using either the
pelvis mode (125 kVp, 80 mA, 13 ms/frame) or the low-dose
thorax mode (110 kVp, 20 mA, 20 ms/frame). The half-fan
mode is designed to obtain a larger field of view (FOV) of up
to 50 cm diameter in axial dimension. In this mode, the detec-
tor is shifted laterally and acquires approximately half of the
FOV at any projection angle.?’ Each patient had three fidu-
cial markers (2 x 5-mm gold) implanted around the tumor
for image guidance. In total, 85 fractions with >55 000 x-ray
projections were acquired.

Table I provides the technical details of the patient data.
Two to eight fractions were prescribed with three to four be-
ing the most popular (accounting for 12/20 cases). One to
three markers were embedded in the liver, per patient, with
an average of 2.45 markers, with total of 49 markers. The
mean marker-to-marker distance was 36.2 mm (range: 1.9-
107.5 mm). In terms of CBCT scans, 5/20 patients were im-
aged with the high-dose pelvis mode and 15/20 patients were
imaged with the low-dose thorax mode.

II.B. Marker extraction algorithm

We recently proposed a novel template-based marker ex-
traction algorithm.?’ The algorithm is robust against any
shape, size, orientation, and the number-of-seeds in an x-
ray projection image. Briefly, the algorithm consists of:
(1) subsample a small region of interest (ROI) containing all
of the markers in the projection image, (2) apply edge en-
hancement filter using spatial derivatives to highlight the
marker features, (3) calculate fast Fourier transform (FTT),
enhance the marker-related signals via multiplication with
FFT of an ideal marker image, and apply inverse FFT,
(4) apply universal threshold to extract the shadow of the
marker, and finally, (5) calculate the center-of-mass (COM)
position of the shadow.

For this study, we have modified our algorithm signifi-
cantly. In the original implementation, we would choose a
single ROI that encompasses all of the markers. After that,
the algorithm would extract all maker positions inside the
ROI, simultaneously. This procedure was efficient when all
markers are closely positioned with each other such that the
ROI dimension did not exceed about 200 x 200 pixels (77.6
x 77.6mm), and that patients are scanned with a high qual-
ity pelvis mode where the markers are clearly distinguish-
able from the similarly high-attenuating bones and the couch
structures, at all scan angles. However, the accuracy of the al-
gorithm fell significantly beyond the ROI dimension of 200
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TABLE I. Patient characteristics data. S1-S8 represent the standard liver anatomy segments.

Intermarker dist. (mm)

Fractions Observable Marker Imaging

Patient no. treated marker(s) (1,2) (1, 3) 2,3) location protocol

1 5 3 2 30 29 S8 Pelvis mode

2 2 3 2 23 22 S4 Pelvis mode

3 7 3 48 30 19 S4, 87 Pelvis mode

4 2 3 27 53 26 S1 Pelvis mode

5 4 3 23 32 22 S8 Pelvis mode

6 8 3 30 95 79 S2 Low-dose thorax

7 3 2 43 - - S6, S2 Low-dose thorax

8 3 2 25 - - S4 Low-dose thorax

9 8 2 108 - - S3, S8 Low-dose thorax
10 3 2 5 - - S6 Low-dose thorax
11 4 3 19 27 16 S6, S7 Low-dose thorax
12 3 1 - - - S8 Low-dose thorax
13 4 1 - - - S1 Low-dose thorax
14 4 3 24 40 37 S5 Low-dose thorax
15 4 2 44 - - S4, S8 Low-dose thorax
16 5 2 31 - - S4, S8 Low-dose thorax
17 3 3 26 24 30 S4 Low-dose thorax
18 6 3 52 33 48 S7 Low-dose thorax
19 3 2 37 - - S4 Low-dose thorax
20 4 3 75 91 24 S4 Low-dose thorax

x 200 pixels, as well as when patients were imaged with the
low-dose thorax mode, where the image noise was higher.
To overcome this, we have modified our algorithm/process
in that instead of calculating multiple marker positions simul-
taneously, each marker was calculated separately through as-
signing a multiple, and much smaller ROIs (30 x 30 pixels,
11.64 x 11.64 mm). The overall workflow of the marker ex-
traction and the subsequent respiratory signal generation pro-
cedures are illustrated in Fig. 1. It is a semiautomatic pro-
cess where we start by manually assigning the initial position
of each marker at the first and the last projections. Then, the
marker extraction is performed simultaneously in two oppos-
ing directions until either they meet at the last overlapping
projection or terminate when the markers are absent. The rea-
son for this approach is that, for the half-fan scanning geome-
try, there are usually a range of scan angles that do not contain
the markers due to the off-center position of the detector. This
angular range varies from patient to patient and from fraction
to fraction, as well as from marker to marker. Therefore, it is
efficient to analyze the forward and reverse directions simul-
taneously and is relatively easy to terminate the process when
the markers disappear from the projections. Now, right after
manually assigning the marker positions in the first and last
projections, a ROI mask of size 30 x 30 pixels is centered on
each marker. Then the algorithm determines the COM posi-
tions for each image. As the COM positions are determined,
the ROI mask is recentered on the new position and the search
for the next COM position begins on the subsequent image.
This process assumes that the marker from one projection to
the next would only move within the ROI area defined. With
the typical OBI frame rate of 11-12 frames/s (0.08 s/frame),
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we anticipate that this is a reasonable assumption to make un-
less abnormal abrupt changes occur (e.g., coughing). We have
not seen such abrupt changes in our patient cohort. But in the
case of such, perhaps it would be wise to omit that portion of
the projections in the motion analysis.

Il.C. 3D position estimation algorithm

After identifying the 2D marker positions on all >55 000
X-ray projection images, each marker was back projected, in
the room coordinate system, and the corresponding 3D posi-
tion was estimated. The main assumption behind this estima-
tion is the prior knowledge that the 3D positions are generally
confined within the respiratory/oscillatory trajectory. Assum-
ing that patients are reasonably immobilized during CBCT
acquisition, there would be at least two or more projections
at different angles that are imaged at the same/similar 3D
marker position during the multiple breathing cycles. There-
fore, gathering marker positions at all sampled angles would
generate a distribution of 3D marker positions that coincide.
Since motion is oscillatory, we have assumed that finding the
closest point of marker center at a given angle to the cen-
tral axis of 3D distribution would give a close estimation of
the actual marker position in 3D. Such estimation is valid if
(1) breathing motion is oscillatory, (2) oscillatory motion is
confined to a fixed trajectory, and (3) patient is reasonably
immobilized during a CBCT scan. To do this, basically, we
project each marker onto a priori calculated 3D axial, respi-
ratory motion trajectory, line. And, the 3D axial line is ini-
tially calculated by fitting a line that intersects two points
that correspond to the average positions of the marker in the
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FIG. 1. (a) The overall workflow of the marker extraction process. The extraction is performed simultaneously in the two opposing directions until either they

meet at the last overlapping projection or the markers are absent in the image. (b) The height and width positions extracted as a function of the projection angle.

inhalation and exhalation phases. This approach is similar
to that proposed by Becker et al.’® where they estimate the
3D position by (1) sorting the marker positions into several
phases, (2) each phase is grouped and back projected, (3) an
average 3D point of the most-likely intersection is calculated
for each phase, and (4) each marker position is then repro-
jected and the final 3D position is calculated by determining
an orthonormal point that is closest to the average 3D position
of that phase. Using this approach, the mean root mean square
error was <(0.4 mm on a phantom study. Once the two average
points representing the two phases are calculated, a line vec-
tor intersecting the two points are obtained by the following
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equation (Fig. 2):

Saxial(Maxial) = Pexnat(X, ¥, 2) + Maxial
'(Pinhal(x, y’Z)_P(xv ysz))v (1)

where variables X, ¥, Z’faxialy Pexhala Pinhala and Maxial refer to the
anterior-posterior (AP) plane, left-right (LR) plane, cranial-
caudal (CC) plane, axial line function, average exhalation and
inhalation positions, and a scalar weighting variable, respec-
tively. Once the fyxia 1s derived, the next step is to project each
marker again to calculate the corresponding 3D coordinate
position. Projection of the 2D marker position on the detector
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FIG. 2. Illustration of the process in which a 1D respiratory motion trajectory line is obtained. The projections are sorted into either a high-amplitude or

low-amplitude signals. Then a line is drawn to intersect the two average points.

plane to a 3D position in the room coordinate space can be
first derived by drawing a line vector between the 2D marker
positions to the x-ray point source. Mathematically, this can
be derived by the following equation:

Jia(psa) = Pra(x(0), IDD(8), 2) + fisia - (Perc(0(0),
—SID(9), 2) — Pua(x(0), IDD(0), z)),  (2)

where fiq, Pfid, Psie, IDD, SID, and pugq refer to the pro-
jected line vector, the marker position in the detector plane,
the x-ray source position, the isocenter-to-detector distance,
the x-ray source-to-isocenter distance, and a scalar weighting
variable, respectively. Note here that x, y, z coordinates are
transformed, with respect to the projection angle 6, since the
gantry rotates during the image acquisition. Finally, using the
two line vectors obtained in Egs. (1) and (2), the ultimate 3D
marker position is estimated by calculating an orthonormal
point that lies along Eq. (2) line and is closes to Eq. (1) line
(Fig. 3). Mathematically, this can be solved using the follow-
ing equation:

Fippos(x, ¥, 2) = argmin || fuxial(Haxia) — fra(sa)ll3, (3)

f axial (/lm'ml )

FIG. 3. An illustration of how a 3D marker position is estimated. An or-
thonormal point along the function fiq is calculated that lies closest to the
Saxial line.
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where f3p pos(X, ¥, z) refers to the estimated 3D marker posi-
tion. Equation (3) can be solved by calculating the derivative
with respect to [4yyial, Setting the equation to zero, and solving
for the g4 that satisfies the equality. This calculation was per-
formed on all markers extracted from the >55 000 projection
images.

I.D. Data analysis

To analyze the accuracy of our marker tracking algorithm,
quantitatively, numerical simulations were performed. First,
we analyzed our algorithm using an ideal cosine breathing
pattern with constant amplitudes and periods. According to
the motion range that we observed from our 4DCT data of the
patients, the average amplitude was set to 6, 3, and 16 mm
in the AP, LR, and CC directions, respectively. The breath-
ing period was set to 4 s. In the second experiment, we set
the amplitudes and periods as in the first experiment but ran-
domly varied the amplitude/period in each breathing cycle in
the range of 2—4 mm, 4.5-7.5 mm, and 10-22 mm in AP, LR,
and CC directions, respectively, and 2—6 s, to realistically rep-
resent the possible variations observed in our patient data. To-
tal of 674 projections of digitally reconstructed radiographs
(DRR) were generated per a simulated CBCT scan, in half-
fan geometry.

For the patient data, based on the 3D positions estimated,
we analyzed a number of liver motion characteristics. First,
we evaluated the relative motion tendencies between the three
primary directions: LR, AP, and CC. Second, the average and
standard deviation of the breathing periods during 4DCT sim-
ulation and CBCT scans were calculated. Third, the peak-to-
peak motion amplitudes in the LR, AP, and CC directions
were calculated. These amplitudes were compared with that
of those determined from the maximum intensity projection
(MIP) CT images derived from the 4DCT planning dataset.
Fourth, the appropriate gating window was retrospectively
determined for each fraction. Since the marker motion is
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FIG. 4. Comparison of simulated marker tracking results with the ground truth in the AP (a), LR (b), and CC (c) directions with constant breathing, and the AP
(d), LR (e), and CC (f) directions with random breathing. Note that CC motion in both cases (c, f) appear to be a single line due to an almost exact overlap with

each other.

generally the greatest in the CC direction, a histogram of the
marker positions in the CC direction is calculated, for each
CBCT scan. Then, the (relative) gating window was defined
using the following equation:

Gating window(%)
_ Cumul.Hist.(50%) — Min.CC.
n Max.CC. — Min.CC.

where Min.CC., Max.CC., and Cumul.Hist.(50%), refer to the
most caudal location, the most cranial location, and a median
CC (z) coordinate position where 50% of the marker positions
are below and above. Thus, we define the gating window to
be a fraction of the length between the maximum inhalation
to the maximum exhalation position that contains half of the
marker positions. The algorithms and analysis were imple-
mented on MATLAB (The MathWorks Inc., Natick, MA).

x 100, )

lll. RESULTS
lllLA. Accuracy of the marker tracking algorithm

Figure 4 shows the results of the marker tracking algorithm
accuracy tests where a series of DRRs with moving markers
are extracted and tracked in 3D. It appears that the results of
marker tracking accuracy are dependent on the randomness
of motion. To provide the quantitative accuracy of the results,
we have calculated the average relative error of motion in each
LR, AP, and CC directions as follows:

1 ,'—liz
ﬁZ(pt—z)xloo, (5)

i 1

Relative error(%) =
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where, N, 7, p;, and t; refer to number of simulated DRRs, pro-
jection index number, position of estimated marker position,
and position of true marker position, respectively.

It was found that relative errors in the LR, AP, and CC
directions were 0.6%, 0.4%, and 0.0% for the first experiment,
and 8.0%, 7.1%, and 0.8% for the second experiment. The
maximum errors observed were 0.07 mm (LR), 0.2 mm (AP),
and 0.002 mm (CC) for the first experiment, and 0.9 mm (LR),
1.6 mm (AP), and 0.1 mm (CC) for the second experiment.
The reason that the CC direction results in the smallest errors
is that, irrespective of the gantry angle, it is the only direction
that is always orthogonal to the x-ray projections, and hence,
an accurate position can be obtained always. This is especially
true since the detector resolution is very high at 0.388 mm? for
the OBI™ system.

li.B. Liver motion types

Figure 5 shows the orthogonal projection views of all 49
marker trajectories, overlaid on a representative liver contour.
As expected, the most dominant motion is in the CC direction.
But more interestingly, there is a non-negligible motion in the
AP direction as well, irrespective of their location in the liver.
Also, the motion in the AP and CC directions are highly cor-
related. That is, when the markers move cranially, they tend to
move posteriorly, and vice versa. The LR motion had a more
variable relationship with the AP/CC motions, and appeared
random with respect to the location. That is, when the markers
moved toward cranial-posterior direction, 58% of the mark-
ers moved to the patient-right (Type I motion), 22% of the
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(c)

FIG. 5. Trajectories of all 49 markers reconstructed, during their 1st fraction
CBCT scans, viewed from the (a) anterior, (b) posterior, (c) left, and (d) right
beam’s eye view.

markers moved to the patient-left (Type II motion), and 20%
of the markers had minimal/none motion (Type III motion).
Table II lists the classified motion types for each marker. The
motion types were location dependent. Among the 20 pa-
tients, only 6/20 patients had all the markers show same type
of motion, while 2/20 patients had all markers show differ-
ent type of motion. The rest of 12/20 patients had markers
that were distributed among the three motion classifications.
Figure 6 shows the LR motion trajectory of the three markers
for a patient (#14 in Table II) illustrating all three different
motions.

TABLE II. Three types of motion relationships identified along the LR and
the AP/CC directions, that is, when the marker moves toward the cranial-
posterior direction, it also moves to the: (Type I) patient-right, (Type II)
patient-left, and (Type III) minimal/none motion.

No. of markers in motion

Patient no. Type I Type I Type 11

1 3 - -
2 3 - -
3 1 - 2
4 1 2 -
5 3 -
6 - 1 2
7 - 1 1
8 2 - -
9 _

10 2 - -

11 3 - -

12 - - 1

13 1 - -

14 1 1 1

15 1 - 1

16 1 - 1

17 3 - -

18 1

19 2 -

20 - 3 -

Medical Physics, Vol. 39, No. 10, October 2012
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FIG. 6. An example patient showing the three types of LR motion with the
corresponding three markers implanted.

lll.C. Liver motion variability

Table III lists the comprehensive peak-to-peak amplitude,
across the three dimensions, and the breathing period ob-
served during the 4DCT simulation and the CBCT scans.
Breathing period during the 4DCT scans was recorded by the
RPM™ system (Varian Medical Systems, Palo Alto, CA). As
observed, the CC and LR directions were generally the most
and least dominant motions, respectively, except one patient
(#9, Marker #1) where the LR motion was significantly larger
than the AP motion. The range of motion for the 20 patients
were 3.0 &= 2.0 mm, 5.1 £ 3.1 mm, and 17.9 £ 5.1 mm in
the planning 4DCT, and 2.8 &+ 1.6 mm, 5.3 £ 3.1 mm, and
16.5 & 5.7 mm in the treatment CBCT, for LR, AP, and CC
directions, respectively. The range of respiratory period was
3.9+ 0.7and 4.2 £ 0.8 s during the 4DCT simulation and the
CBCT scans, respectively. Some patients had a considerable
disparity in motion characteristics between the simulation and
treatment. The absolute difference in the motion magnitude
ranged from O to 8.6 mm, 0 to 6.8 mm, and 0.2 to 9.3 mm
across LR, AP, and CC directions, respectively. Correspond-
ingly, the absolute mean difference was 0.9 £ 1.3 mm, 1.0
4 1.1 mm, and 3.4 + 2.6 mm, respectively. It was observed
that 4/20 patients had absolute motion difference in the CC
direction of at least >5 mm for all markers embedded. 8/20
(40%) patients had the mean motion smaller during the CBCT
scans than the 4DCT simulation, while 3/20 (15%) patients
had the mean motion greater by at least 2 mm or larger.
Change in breathing pattern from during the 4DCT simula-
tion to the CBCT scans ranged from —2.0 to 1.0 s, with an
average of —0.2 = 0.8 s.

Figure 7 illustrates interfractional and intrafractional mo-
tion variability, in CC direction, of four representative pa-
tients. As observed, there are considerable variations in the
majority of patients [Fig. 7(a)-7(c)]. Not only is the peak-
to-peak amplitude changing between fractions, the intrafrac-
tional breathing pattern also varies significantly [Fig. 7(c),
Fraction 1]. And, unless the image registration between
the 4DCT (MIP) and CBCT is accurate, sometimes, the
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TABLE III. The comprehensive list of peak-to-peak amplitude, across the three dimensions, and the breathing period observed during the 4DCT simulation and

the CBCT scans. The two cases with the most significant intermarker motion variations are underlined.

Mean amplitude (mm £ SD)

. Marker 1 Marker 2 Marker 3 Breat.hlng
Patient period
no. Modality LR AP cC LR AP CcC LR AP CC (Sec £ SD)

1 MIP 5.4 9.0 275 44 9.9 27.5 2.8 8.1 25.0 5.2(0.5)
OBI 3.1(0.5) 10.3(1.5) 32.4(3.3) 3.1(0.6) 103 (1.6) 324(3.2) 35(0.7) 9.8 (1.3) 30.1 (3.6) 52(0.4)

2 MIP 29 2.8 10.0 2.0 3.7 10.0 1.8 3.8 10.0 4.2 (0.4)
OBI 2.4(0.7) 3.9(0.6) 12.1(1.2)  2.4(0.7) 3.9(0.6) 12.1(1.2) 22(04) 3.8(0.5) 12.3 (1.1) 3.6(0.5)

3 MIP 2.8 5.5 12.5 1.0 3.7 12.5 1.0 3.7 12.5 3.9(0.7)
OBI 2.2(0.5) 3.5(0.6) 9.6 (1.4) 1.3 (0.6) 2.5(0.6) 8.2(1.6) 1.1 (0.6) 3.1(0.5) 9.1(1.3) 3.2(0.6)

4 MIP 2.5 6.7 17.5 1.0 59 17.5 2.5 59 15.0 3.8(0.5)
OBI 1.1 (0.4) 6.4 (0.8) 16.8 (1.4) 1.8 (0.4) 7.0(1.1) 164 (1.3)  3.7(0.7) 7.1(1.5) 13.6 (2.1) 3.9(0.4)

5 MIP 35 3.5 25.0 1.0 35 22.5 1.0 2.6 22.5 4.8 (0.6)
OBI 1.5(0.4) 2.4(0.4) 15.8 (1.0) 1.1 (0.4) 2.3(0.7) 14.8 (1.0) 1.1(0.3) 2.9(0.5) 15.6 (1.1) 3.7(0.4)

6 MIP 1.0 59 17.5 1.0 39 17.5 2.9 39 17.5 4.0 (0.1)
OBI 0.9 (0.3) 6.4 (0.7) 18.6 (1.2) 1.0 (0.3) 6.5 (0.6) 19.1(1.3)  3.4(0.7) 3.1(0.6) 19.0 (1.4) 4.6 (0.4)

7 MIP 24 4.7 25.0 1.0 4.7 225 1.0 5.7 22.5 3.6(0.1)
OBI 2.9(0.3) 5.9(0.4) 18.6 (1.3) 1.1 (0.8) 5.8(0.4) 18.3(0.9) N/A 3.9(0.3)

8 MIP 1.9 1.9 10.0 1.9 2.9 10.0 1.9 6.5 17.5 3.7(0.1)
OBI 2.5(0.4) 2.1(0.6) 11.7(0.7) 4.1(14) 2.7(0.8) 10.6 (0.9) N/A 4.2(0.2)

9 MIP 5.7 1.0 10.0 2.8 1.8 20.0 1.9 4.8 20.0 4.2(0.3)
OBI 5.8 (1.1) 1.2 (0.5) 8.0 (0.8) 1.1 (0.4) 2.1(0.6) 17.2 (1.8) N/A 4.5(0.8)

10 MIP 8.8 133 225 7.1 16.8 25.0 6.2 15.9 25.0 4.6 (0.2)
OBI 6.0 (0.3) 126 (0.8) 21.0(1.3) 7.0(5.6) 16.3(0.8)  23.6(1.7) N/A 4.7 (0.3)

11 MIP 3.8 3.8 20.0 4.7 3.8 17.5 3.8 3.8 17.5 3.9(0.1)
OBI 4.1(0.3) 4.2(0.2) 20.6(0.9) 3.9(05) 3.7(0.8) 17.4(1.1)  3.7(0.3) 3.6(0.4) 16.8 (1.0) 4.3 (0.4)

12 MIP 1.7 5.4 12.5 2.6 3.5 10.0 53 35 12.5 4.1(0.1)
OBI 1.2 (0.7) 5.4(0.7) 10.6 (1.1) N/A N/A 4.2(0.3)

13 MIP 32 52 20.0 8.6 43 22.5 6.9 52 17.5 3.5(0.1)
OBI 3.4(0.5) 5.4(0.7) 17.5 (1.5) N/A N/A 3.5(0.3)

14 MIP 1.9 4.6 17.5 1.0 55 20.0 1.9 5.6 22.5 3.9(0.1)
OBI 2.0(0.4) 3.7(0.5) 155(1.2) 09(04) 3.7(0.8) 149(1.2) 09(0.3) 5.5(L.7) 15.2(1.2) 3.6(0.3)

15 MIP 2.7 1.0 15.0 1.0 2.7 12.5 1.0 2.7 25.0 4.6 (0.3)
OBI 4.2 (0.4) 7.8 (0.8) 23.4(1.3) 2.1(0.6) 5.4(0.3) 21.8 (1.4) N/A 6.0 (0.2)

16 MIP 2.7 6.2 15.0 1.9 9.8 17.5 1.0 8.0 17.5 3.6(0.5)
OBI 2.3(0.4) 8.2(1.0) 16.1 (1.6) 1.4 (0.5) 7.9 (1.0) 15.2 (1.7) N/A 3.3(0.4)

17 MIP 4.3 3.4 15.0 4.3 3.4 15.0 6.3 3.4 15.0 3.1(0.1)
OBI 4.8(1.2) 5.2(0.5) 12.8 (1.0)  4.7(0.9) 4.1(0.8) 14.1(0.9) 5.7(1.1) 3.2(0.4) 13.0(1.4) 5.1(0.6)

18 MIP 1.0 2.5 17.5 5.0 33 22.5 1.0 2.5 17.5 2.1(0.2)
OBI 1.9 (0.5) 2.5(0.6) 124 (2.0) 3.1(0.7) 3.6(0.8) 16.5(3.5) 1.0 (0.4) 2.0 (0.6) 11.8 (1.9) 3.3(0.6)

19 MIP 4.5 4.5 17.5 3.6 45 17.5 3.6 5.4 17.5 42(0.1)
OBI 2.9(0.3) 3.2(0.6) 11.3(1.1)  2.3(0.5) 3.8(0.7) 10.2 (1.2) N/A 3.3(0.2)

20 MIP 1.7 34 15.0 43 6.8 25.0 5.1 85 275 4.5(0.3)
OBI 1.9 (0.5) 4.0 (0.6) 144 (09) 4.5(04) 9.2 (0.6) 23.6(1.3) 5.9(0.5) 10.5(0.7)  24.9 (1.6) 4.5(0.4)

motion magnitude extends out of the margin observed in the
planning MIP CT, for a significant proportion of the time
[Fig. 7(a), Fractions 2-5]. The most extreme case is observed
in Fig. 7(c), Fraction 1, where up to 1 cm (sudden) shift in the
baseline is seen accompanied by a severe irregularity in the
breathing pattern. For this fraction, >7 mm deviation out of
the MIP margin was observed, potentially compromising the
SBRT accuracy significantly.

The variability in the interfractional motion is nicely cap-
tured by the necessary gating window needed for each frac-
tion, as illustrated in Fig. 8. For some patients, the fractional
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change in the gating window was quite significant (>20% for
Patients #3, #5, #13, #14, #15, and #18), with the largest hav-
ing 29.5%-56.4% range between fractions (Patient #14). In
all, the gating window ranged between 16.3% and 56.5%, for
the population.

The marker-to-marker motion variability, within different
locations in the liver, was also significant in some cases. Two
most significant cases are underlined in Table III (Patients
#9 and #20). As can be seen, the difference in the motion
magnitude between the markers is nearly 1 cm, in the CC
direction. Figure 9 shows the Patient #20 motion trajectory
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FIG. 7. Four representative patients illustrating the typical interfractional and intrafractional motion variations: (a) Patient #1, (b) Patient #14, (c) Patient #18,
and (d) Patient #12. Also shown is the “MIP margin” motion range determined by the planning MIP CT.

between the two markers. It is evident that, at all three di-
rections, the motion magnitude differences are great, with the
Marker #3 having a predominantly larger motion. Figure 10
illustrates a clear trend in the absolute difference in the mo-
tion magnitude between the markers as the distance increases

(R* = 0.69, linear-fit). This suggests that marker(s) in closest
proximity to the target should bear more weight when per-
forming image registration for patient setup, which also sug-
gests that the markers should be implanted as close as possible
to the gross tumor.
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F1G. 8. The appropriate % gating window determined based on the marker motion trajectory of each fraction, for each patient.
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FI1G. 9. The intermarker motion variability in the (a) LR, (b) AP, and (c) CC directions, for Patient #20.
IV. DISCUSSION time motion information during treatment, like as in the RTRT

IV.A. 3D motion tracking

In liver SBRT, the fiducial markers are important due to
the fact that (1) the tumor contrast is very low in the CBCT
images, and (2) the motion induced by respiration is signif-
icant. This is why liver motion characterization studies have
been largely performed with the markers in the past,'"!>!7 in-
cluding with the RTRT system in Japan.*-21=25 For the RTRT
system, using fluoroscopic imaging with multiple x-rays, the
precise 3D marker positions can be extracted near real-time
with submillimeter accuracy. Another predominant feature is
that it is able to track/verify such information at all/most time
during treatment. However, of course, the cost of employing
such a design is the added imaging dose.

In this study, we have demonstrated that CBCT x-ray pro-
jection images can also be used to track and verify the 3D
motion trajectories, as has some investigators in the past.3*-3
However, to the best of our knowledge, the use of the pro-
jections to study the motion characteristics of the liver have
not been rigorously studied yet. The main advantages of uti-
lizing the projection images are that, first, it does not require
additional hardware (if you have a CBCT system on your lin-
ear accelerator), and second, that the same projection data can
be used to reconstruct a 3D image volume for image-guided
radiotherapy (IGRT), thus avoiding extra imaging dose to pa-
tients. Although the projection images do not provide real-
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FI1G. 10. Scatter plot showing the absolute intermarker motion magnitude
difference as a function of the marker-to-marker separation.
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or the CyberKnife™ systems (AccuRay, Sunnyvale, CA), the
motion data it does provide, prior to the treatment, is still very
valuable in understanding and guiding the patient set up,3°-3?
for 4DCBCT reconstructions,” and potentially useful in var-
ious adaptive radiotherapy (ART) strategies.

In this study, a sizable portion of the markers could not
be used for analysis (in 9/20 patients, only 1-2 markers
were tracked, see Table I), even though all patients had three
markers implanted each. There were three main reasons for
this. First, in the half-fan scanning geometry, due to the off-
centering of the detector panel, there occasionally exist too
large of scan angles with the markers being outside of the
FOV. Second, some markers were too cranially or caudally
located from the isocenter and thus did not appear in the pro-
jection images. And, finally, since a large portion of the pa-
tients was imaged with the low-dose thorax mode (15/20 pa-
tients), some projection images were just too noisy to allow
visualization of the markers (Fig. 11).

On validating the accuracy of our modified marker tracking
algorithm, we have limited our investigation to a cosine type
breathing pattern. It was found that the relative error in all di-
rections were <1% when amplitude is fixed and <8% when
amplitude is randomly varying. Moreover, the results showed
that the relative motion error in the CC direction (motion per-
pendicular to the projection orientation) was significantly less
than either in the LR or AP directions (motion along the pro-
jection orientation). This has also been observed in an earlier

FIG. 11. Typical projection images taken with the (a) pelvis mode, and the
(b) low-dose thorax mode. The white dotted circles indicate where the mark-
ers should be located.
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work as well.*® Remember that our marker tracking algorithm
is based on the prior knowledge of oscillatory 3D marker posi-
tions calculated from the 2D marker positions at different pro-
jection angles. On running position estimation algorithm, we
have assumed that fiducial marker motion is oscillatory with
confined axis of rotation. Therefore, it is logical that more
consistent and regular the breathing pattern the tracking pro-
cess would be more accurate. If patient breathing pattern is
subjected to abrupt change such as cough, it is expected that
uncertainty of position would also increase. It is shown in this
study that as motion irregularity gets severe, uncertainty of
tracking would also increase due to the fact that the accuracy
of a priori calculated 3D axial line is to large extent dependent
upon regularity of breathing.

In this study, we have limited our investigation to a single
fiducial marker design of cylindrical shape (2 x 5-mm gold).
However, we anticipate that our marker extraction as well as
modified tracking algorithm would work as accurate as for
different shaped or sized markers, as long as the features of
the marker are clearly visible and extractable from the CBCT
projections.?

IV.B. Liver motion

Our results indicate that, in general, the liver motion is
most dominant in the CC direction, followed by the AP di-
rection, and the LR direction. In one exceptional case (Pa-
tient #9, Marker #1), we found that the LR motion magni-
tude was significantly larger than the AP motion magnitude
(5.8 vs 1.2 mm). In addition, the motion in the AP and CC
directions were highly correlated, where, when the markers
moved cranially, they moved posteriorly, and vice versa. The
LR motion, however, had a more variable relationship with
the AP/CC motions, and appeared random with respect to the
location. Thus, since there are some correlations and some
randomness to the liver motion, this suggests that a careful
attention is needed in characterizing the tumor motion during
the planning and the treatment processes.

There was significant motion variability observed between
the 4DCT and the CBCT scans. The absolute difference in
the motion magnitude ranged from O to 8.6 mm, 0 to 6.8 mm,
and 0.2 to 9.3 mm across LR, AP, and CC directions, respec-
tively. It was observed that 4/20 patients had absolute motion
difference in the CC direction of at least >5 mm for all mark-
ers implanted. Changes in breathing period ranged from —2.0
to +1.0 s, with an average of —0.2 £ 0.8 s. This suggests
that, for some patients, the planning 4DCT images do not ac-
curately represent the patient motion characteristics through-
out the treatments. In addition, a recent study by Vergalasova
et al.*>* points out that a free-breathing 3DCBCT is very lim-
ited in capturing the full range of motion, and that the ap-
pearance of the motion-blurred ITV is heavily dependent on
the breathing pattern of the day. With this, and since Fig. 7
has shown the range of possible interfractional and intrafrac-
tional variability that can be observed in the liver motion, this
strongly suggests that free-breathing 3DCBCT scans may not
be accurate enough in guiding the liver SBRT treatments, even
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with the markers implanted. Perhaps the best solution is to
take 4DCBCT scans for all fractions.?’

We also found that the motion pattern and magnitude de-
pends strongly on the location within the liver. As Fig. 10 has
shown, the motion magnitude tends to be different as the dis-
tance between the markers increased. This finding is consis-
tent with the previous works'!*!? where the accuracy of the tu-
mor position prediction decreases with the increasing distance
between the implanted markers and the tumor. Specifically,
from Fig. 10, it can be observed that when marker separation
is about ~5.5 cm or greater, the difference in motion mag-
nitude starts to exceed 5 mm. Thus, although the closer the
better, it is advisable to use markers located closer than about
5 cm to expect deviations <5 mm, while avoiding implanting
directly in the tumor to avoid possible spread of tumor cells.

V. CONCLUSION

This study analyzed the liver motion characteristics of 20
patients undergoing SBRT. A large variation in motion was
observed, interfractionally and intrafractionally, and that as
the distance between the markers increased, the difference in
the absolute range of motion also increased. This suggests that
marker(s) in closest proximity to the target be used.
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