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Purpose: To analyze and evaluate the necessity and use of dynamic gating techniques for compen-
sation of baseline shift during respiratory-gated radiation therapy of lung tumors.
Methods: Motion tracking data from 30 lung tumors over 592 treatment fractions were analyzed
for baseline shift. The finite state model �FSM� was used to identify the end-of-exhale �EOE�
breathing phase throughout each treatment fraction. Using duty cycle as an evaluation metric,
several methods of end-of-exhale dynamic gating were compared: An a posteriori ideal gating
window, a predictive trend-line-based gating window, and a predictive weighted point-based gating
window. These methods were evaluated for each of several gating window types: Superior/inferior
�SI� gating, anterior/posterior beam, lateral beam, and 3D gating.
Results: In the absence of dynamic gating techniques, SI gating gave a 39.6% duty cycle. The ideal
SI gating window yielded a 41.5% duty cycle. The weight-based method of dynamic SI gating
yielded a duty cycle of 36.2%. The trend-line-based method yielded a duty cycle of 34.0%.
Conclusions: Dynamic gating was not broadly beneficial due to a breakdown of the FSM’s ability
to identify the EOE phase. When the EOE phase was well defined, dynamic gating showed an
improvement over static-window gating. © 2011 American Association of Physicists in Medicine.
�DOI: 10.1118/1.3556588�
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I. INTRODUCTION

It has been well documented that respiratory motion creates
an uncertainty in the targeting of radiotherapy for lung
tumors1 and that this motion can be greater than 1–5 cm,2–7

though smaller in medial and apical tumors.8 This uncer-
tainty brings about a need for larger treatment margins in
conventional radiation therapy,6 usually 1–2 cm �Refs. 9 and
10� and as high has 3.1 cm.11 Respiratory gating is an ad-
vanced image guided radiation treatment approach to com-
pensate tumor motion induced by patient respiration. The
beam is on only when the tumor is in a certain predefined
region, i.e., the gating window. Gating has been in use since
the late 1980s.12,13 Its primary application is for lung cancer,
but applications have included liver7 and breast cancer.14

Previous studies have shown that respiratory gating can re-
duce treatment margin up to 36% in the superior/inferior �SI�
direction, giving margins as small as 3 mm.4,11,15–17 How-
ever, respiratory gating increases the total treatment time of a
patient.18

Based on gating window determination, there are two
common gating approaches: Phase-based gating and ampli-
tude gating. In phase-based gating, the gating window is set
to be some percent of the breathing cycle, effectively fixing
the duty cycle.19 In amplitude-based gating, the window is a

fixed width about some window center corresponding to tu-
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mor motion in the SI, lateral �LAT�, and/or anterior/posterior
�AP� directions.18–21 Studies have been done with gating
windows ranging from 2.5 to 12.5 mm wide18 and by defin-
ing the window based on displacement percentiles.21 One
study showed little difference between phase-based and
amplitude-based gating.19 Gating windows are often defined
about the most extreme positions in the breathing cycle:9 The
end-of-exhalation �EOE� and the end-of-inhalation �EOI�.
EOE is chosen more often7,10,15–17,20,22–24 and is more
effective4 because EOE has longer duration and slower tu-
mor motion.8,9,16,25 In addition, the position of the EOE win-
dow is more reproducible.3,19,20,25,26 EOI gating is often used
with a breath-hold technique �deep-inspiration breath-hold�
to increase reproducibility and stability.5,26,27 EOI gating has
the advantage of lower lung toxicity to surrounding normal
tissue than EOE gating;2,8,9,19,25,26 however, EOI gating has
more residual motion than EOE gating.19

One metric for evaluating respiratory gating is the duty
cycle, which is the fraction of total treatment time during
which radiation is being delivered. In fixed-duty cycle ex-
periments, the efficacy of duty cycles ranging from 20% to
50% have been studied.1,9,11,15,21,22,24,26–28 In experiments
with fixed gating windows, duty cycles ranging from 12.2%
to 69% have been seen.4,7,8,17,20 Various studies have sought

to improve the performance of respiratory gating by provid-
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ing audio or visual coaching to patients so as to increase the
reproducibility and stability of their breathing patterns, espe-
cially while the tumor is in the gating window.3,7,9 It has
been found that EOI gating with audio coaching is equivalent
to EOE gating when both techniques have a fixed 30% duty
cycle.19

Respiratory motion is patient-specific and there are
changes over time in motion amplitude, respiratory period,
and baseline location from one breathing cycle to another. In
addition, there is noise signal, including random spike noise
generated from the tracking system and noise from cardiac
motion.29 Figure 1 illustrates the superior-inferior motion
trace of a lung tumor tracked based on an internal implanted
fiducial marker. Phase-based gating is vulnerable to duty
cycle fluctuations and amplitude variation, which will de-
crease the effectiveness of the treatment and potentially in-
crease false beam on time, such as during 135–150 s in Fig.
1. In a phase-based gating scenario, the beam will be on even
though the tumor is not in the gating window. The
amplitude-based gating can detect the motion changes; how-
ever, the gating duty cycle will be low and will result in
much longer treatment time, especially with baseline shift, as
demonstrated in Fig. 1. In addition, noise in the motion sig-
nal can cause frequent beam toggling, especially if the gating
window is not appropriately set, as shown in the latter por-
tion of Fig. 1.

It has been recommended to account for baseline shift
when respiratory gating, i.e., a dynamic window center.14

However, only limited work has been done to improve duty
cycles by adjusting the gating window.20 In this work, we
present several methods of dynamic gating for real-time
baseline shift compensation and an analysis of their efficacy.

II. METHODS AND MATERIALS

II.A. Materials

This study used the 3D motion of implanted gold fiducials
in 30 lung tumors during 592 radiotherapy fractions tracked
using real-time fluoroscopy at a rate of 30 Hz by Hokkaido
University.30 Tumor fiducials were tracked with four or-

FIG. 1. Fixed amplitude-based gating window for tumor motion w
thogonal fluoroscopes during individual treatment fractions,
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generating tuples of the form �t ,x ,y ,z�, where x is LAT po-
sition, y is SI position, and z is AP position. The average
amplitude of tumor motion for each treatment fraction in
three dimensions was 13.9 mm ��=8.2� and the average
baseline drift was 6.6 mm ��=9.2� in the LAT direction, 9.6
mm ��=10.3� in the SI direction, and 9.1 mm ��=11.8� in
the AP direction. The tumors are considered as solid and
nondeformable tumors. If only translational motion is con-
sidered, the motion trajectory represents the motion of each
voxel in the tumor and the GTV motion.

II.B. Methods

II.B.1. Motion data preprocessing

The motion data were classified using the finite state
model �FSM� developed by Wu.31 The FSM is a real-time
algorithm for classifying the breathing state of a motion data
point from a moving lung tumor. In the FSM, a data point is
classified in one of four breathing states: Exhale, EOE, in-
hale, and irregular.

II.B.2. Gating window definition

The size of the gating window can be determined in dif-
ferent ways. A smaller gating window will reduce radiation
dose to surrounding healthy tissue and critical structures, yet
result in lower gating duty cycle, longer treatment duration,
and more beam on/off changes. A larger gating window
would result in higher duty cycle, yet increased treatment
margins. In practice, the gating window size is decided based
on the patient-specific respiratory motion patterns and de-
pends on motion stabilities, amplitude, tumor volume, and
other information. For this study, gating window sizes of 3
and 5 mm are simulated and compared. A fixed gating win-
dow was defined as a 3 or 5 mm spatial window centered on
the average tumor position during one or more complete
EOE phases, as the EOE state has relative small motion.
Four different gating windows were investigated.

• Gating window based on SI position: The gating win-

aseline shift and the corresponding beam on/off signal over time.
dow was a 1.5 or 2.5 mm expansion for the 3 or 5 mm
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gating window, respectively, in each of the superior/
inferior directions about the average position of the tu-
mor in the EOE phase.

• Gating window based on AP beam: The gating window
was a 1.5 or 2.5 mm expansion in each direction per-
pendicular to an AP beam, i.e., superior, inferior, right,
and left.

• Gating window based on LAT beam: The gating win-
dow was a 1.5 or 2.5 mm expansion in each direction
perpendicular to a LAT beam, i.e., superior, inferior,
anterior, and posterior.

• Gating window based on 3D position: The gating win-
dow was a 1.5 or 2.5 mm expansion in each anatomic
direction, i.e., superior, inferior, right, left, anterior, and
posterior.

II.B.3. Gating window position determination

Three different methods were used to determine how to
center the gating window.

• The static gating window center was the average tumor
position during the first three EOE phases of the treat-
ment fraction.

• The ideal gating window had gating windows deter-
mined a posteriori for each EOE phase and placed on
the center of each EOE phase.

• Several types of dynamic gating windows had the cen-
ter of the window changed upon leaving each EOE
phase.

II.B.4. Dynamic gating algorithms

Two methods of changing the gating window center were
evaluated.

• In the weighted-center method, the average tumor posi-
tion for each of the previous three EOE phases was
considered as the vector triples �x1 ,y1 ,z1�, �x2 ,y2 ,z2�,
and �x3 ,y3 ,z3�. The window center was calculated as a
weighted average of the vector triples

w1�x1,y1,z1� + w2�x2,y2,z2� + w3�x3,y3,z3�

where 0�wi�1, w1+w2+w3=1, and w1=n ·0.05,n�Z20.
All combinations of w1, w2, and w3 were considered and

the duty cycle for each combination was calculated for each
treatment fraction. For each fraction, the weighting combina-
tions giving the ten largest duty cycles were recorded. Three-
dimensional histograms were made showing the number of
times each weighting combination was considered favorable
using scatter3 in MATLAB �MATLAB® The MathWorks, Nat-
ick, MA�.

• In the trend-line method, the gating window center was
calculated using the slope of a linear regression line fit to the
average tumor position of each of several previous EOE
phases. This method was evaluated considering the previous
two, three, four, and five EOE phases. The window center

was calculated by extending the trend-line from its calcu-
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lated path. N.B.: The trend-line method for three previous
EOE phases is a special case of the weighted-center method
in which w1=w2=w3.

For each gating window method, the duty cycle was cal-
culated as the fraction of total tracking time that the tumor
was located within the gating window.

III. RESULTS

For a 3 mm gating window size, the static-window gating
method gave an average duty cycle of 39.6% ��=17.6%� for
a SI gate. The ideal-window gating method gave a signifi-
cantly larger average duty cycle of 41.5% ��=16.0%� for a
SI gate �p�0.001�. For the 3D window, the average duty
cycle improvement was 4.3% when comparing the ideal win-
dow to the static window. Similarly, this improvement was
2.6% for the AP beam and 4.0% for the LAT beam. The
analysis was repeated with a 5 mm gating window, the com-
parative results were unchanged, with duty cycles being in-
creased 12%–14% in all cases. The relationships between the
duty cycle and the amplitude �averaged over a treatment
fraction� are compared and illustrated in Fig. 2. The scattered
plots showed that for fractions with small amplitude and/or
low duty cycle, there is more increase of duty cycle from
static gating to dynamic gating. This effect was more pro-
nounced with the 5 mm gating window.

The remaining results are presented based on the 3 mm
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FIG. 2. The relationships of duty cycle and amplitude for each fraction of �a�
static gating and �b� dynamic gating, where the gating window size is 5 mm
gating window. The weight-based method of dynamic gating
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performed best when the most recent EOE phase was given a
weighting of at least 0.85 �see Fig. 3�. Each fraction was
evaluated for all weighting combinations in which w1 was at
least 0.85. The average duty cycle for all fractions shows
little variability over the set of weighting combinations for a
SI window �36.0%, �=0.3%�. It was also determined how
many fractions, at each weighting combination, had duty
cycles greater than the static-window case. For a SI gating
window, these combinations produced a higher duty cycle in
25%–28% of fractions, with the most benefit occurring with
the weighting combination �0.9,0.05,0.05�: 29%–33% of
fractions saw benefits for an AP gating window, with the
most benefit from �0.95,0.05,0�; 34%–39% of fractions saw
benefits for a LAT gating window, with the most benefit from
�0.95,0.05,0�; and 35%–40% of fractions saw benefits for a
3D gating window, with the most benefit from
�0.95,0.05,0�.

The trend-line method of dynamic gating showed increas-
ing duty cycle with more EOE phase averages considered in
the trend-line from two to four �see Fig. 4�. This increase
was significant when comparing four EOE phase averages in
the trend-line compared to only two for all gating window

FIG. 3. Histogram showing favorability of weighting combinations for a
gating window determined only by considering SI position. The size/color
of each marker indicates the favorability of that combination. The histo-
grams for AP, LAT, and 3D beams were similar.
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types �p�0.03�. Including five EOE phases gave slightly
lower duty cycles when compared to four EOE phases; how-
ever, this decline was not significant �p�0.9�.

The results for all methods and window types are summa-
rized in Table I.

IV. DISCUSSION

It was somewhat unexpected that the overall performance
over the 30 patients of the real-time dynamic gating methods
did not outperform a static window. This led to an investiga-
tion of individual tumors and whether a particular gating
method consistently produced an increase in the duty cycle
during the treatment of particular tumors. The investigation
found that tumor motion behavior and motion patterns have
great influence on the gating duty cycle. Not all 30 tumors
exhibited a significant baseline shift over time and as such,
the advantage of dynamic gating did not show. In practice, it
may be beneficial to consider the amplitude of tumor motion
when fixing the width of the gating window.

For some tumors’ motion traces, there are distinctive
changes in behavior between the IN, EX, and EOE states.
The FSM can easily identify the unambiguous EOE phases
as they are distinct from the other breathing phases �Fig. 5�.
Baseline shift in these motion patterns will benefit more from
dynamic gating, as shown in Fig. 6. However, for some tu-
mors, their motion trajectories do not have a prominent EOE
stage, resulting in a motion trace that consists of IN and EX
states, as shown in Fig. 7. Tumors with this type of motion
are not suitable for gated treatment in the first place as it will
lead to low duty cycle. In addition, the EOE state of the FSM

TABLE I. Comparison of duty cycles for each type of gating window and
method of gating. The duty cycles given for the weighted window are those
for the highest performing weighting combination for each window type.

Method
SI DC

�%�
AP DC

�%�
LAT DC

�%�
3D DC

�%�

Static window 39.6 36.0 31.0 29.3
Ideal window 41.5 38.6 35.0 33.6

Weighted window 36.2 33.3 29.4 28.1
Trend-line window �n=4� 34.0 30.1 26.6 25.1
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FIG. 5. Example of breathing pattern with well differentiated FSM

transitions.
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model is highly variable. The gating window position of the
dynamic gating approach is inconsistent for this type motion
and the duty cycle is greatly affected.

Other than the duty cycle, several qualitative benefits
were observed in the use of dynamic gating. In many of the
fractions for which no duty cycle improvement was obtained,
the EOE peak exited the static gating window, whereas with
a dynamic window, the EOE peak was contained in the win-
dow. Two issues are masked by this apparent improvement in
duty cycle. First, with the EOE peak exiting the gating win-
dow, a treatment interruption would be called for. However,
this would likely be less than 2 s in duration, which is not
achievable on most treatment machines. For the patient
shown in Fig. 7, the instances of beam toggling are doubled
for a fixed static window compared to the ideal dynamic
window.

Another advantage of dynamic gating is shown in Fig. 8.
The fixed gating window will require beam toggling nine
times within three breathing cycles. Some of the beam
toggles occur within 100 ms. The corresponding ideal dy-
namic window will only require three instances of beam tog-
gling. For these three breathing cycles, the gating duty cycle
changes from 34.4% to 47.7%.

Due to the noise in the motion signal and irregular breath-
ing patterns, even with the ideal dynamic gating window, the
amount of beam toggling is still substantial. A smoothing
algorithm can be applied to avoid beam toggling caused by

FIG. 6. This figure shows an amplitude-based ideal dynam
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FIG. 7. Example of breathing pattern with poorly differentiated FSM

transitions.
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the noise signal. However, the beam toggling caused by ir-
regular breathing patterns will not be solved by any smooth-
ing algorithm. Additionally, it may be efficacious to recog-
nize the location of the current EOE phase as it begins, rather
than attempt to predict it a priori. The online FSM is able to
do this with very short latency and modification of the online
FSM for dynamic gating is another research direction for the
presented work. At present, this is not feasible due to FSM

ting window being adjusted over the course of treatment.

FIG. 8. Comparison of static and dynamic window showing scenario in
which �a� static gating window requires additional rapid beam toggling and
�b� the dynamic gating window perform better with less beam toggling and

increased duty cycle. The gating window size is 5 mm in these two figures.
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and mechanical system latencies, meaning that by the time
the EOE phase is recognized and adjustments are made, it
may already be over. A compromise could be informing the
predicted location with a temporally closer phase, such as the
immediately prior inhalation or exhalation phase.

Moreover, an interruption of the gating signal in the EOE
phase is opposite the goals of EOE-based gating. The stabil-
ity of the EOE phase is the reason for choosing it as the
gating window and while a larger gating window that in-
cludes parts of the inhalation and exhalation phases might
give a higher duty cycle, as sometimes occurs in the case of
Fig. 7, the tumor would be in continuous motion while oc-
cupying that gating window. This trade-off of increased duty
cycle for an unstable target would be clinically unacceptable.
This suggests that further research is needed in placing the
gating window in relation to the EOE phase and breathing
phase transition points in order to minimize tumor motion
within the gating window.

An additional factor that must be considered with the
implementation of real-time treatment adjustments is how to
redirect the radiation beam. In order to change the location of
the gating window, either the patient must be moved through
a treatment couch adjustment, or the radiation beam must be
adjusted, possibly using a dynamic multileaf collimator. A
side effect of such adjustments could be that while dose to
the tumor is maintained, an increase in dose to surrounding
normal tissue is introduced. Patient-specific limitations and
boundaries would need to be determined a priori to ensure
that the dose to critical structures is acceptable and quantifi-
able. Potential dose to normal tissue could possibly be quan-
tified by overlaying the treatment plan on 4DCT images
showing an anticipated adjusted anatomical state, i.e., tem-
porally near the intended treatment phase. Such research and
development is beyond the scope of this article, which will
be investigated more in our ongoing research.

V. CONCLUSION

This paper proposed a dynamic gating approach to ad-
dress the baseline shift problem caused by patient respiratory
motion. Two methods of determining a dynamic gating win-
dow positions have been presented and analyzed. While dy-
namic gating did not guarantee an increased duty cycle for
every patient, certain tumor locations and breathing motion
patterns can see an increased duty cycle when dynamic gat-
ing is used. With duty cycle being just one factor in evalu-
ating the efficacy of gated treatment, future research into the
dosimetric implications of dynamic gating help determine if
it is an attractive option for increasing the efficiency of
respiratory-gated radiation therapy. Other qualitative consid-
erations such as decreased beam toggling and increase tumor
positional stability enhance the attractiveness of dynamic
gating methods and require more research to quantify.
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