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Determining leaf trajectories for dynamic multileaf collimators with
consideration of marker visibility: an algorithm study
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The purpose of this study was to develop a leaf-setting algorithm for Dynamic Multileaf Collimator—Intensity-
Modulated Radiation Therapy (DMLC-IMRT) for optimal marker visibility. Here, a leaf-setting algorithm
(called a Delta algorithm) was developed with the objective of maximizing marker visibility so as to improve
the tracking effectiveness of fiducial markers during treatment delivery. The initial leaf trajectories were gener-
ated using a typical leaf-setting algorithm, then the leaf trajectories were adjusted by Delta algorithm opera-
tions (analytical computations and a series of matrix calculations) to achieve the optimal solution. The
performance of the Delta algorithm was evaluated with six test fields (with randomly generated intensity pro-
files) and 15 clinical fields from IMRT plans of three prostate cancer patients. Compared with the initial solu-
tion, the Delta algorithm kept the total delivered intensities (TDIs) constant (without increasing the beam
delivery time), but improved marker visibility (the percentage ratio of marker visibility time to beam delivery
time). For the artificial fields (with three markers), marker visibility increased from 68.00-72.00% for a small
field (5§ x5), from 38.46—43.59% for a medium field (10 x 10), and from 28.57-37.14% for a large field
(20 x 20). For the 15 clinical fields, marker visibility increased 6-30% for eight fields and >50% for two
fields but did not change for five fields. A Delta algorithm was proposed to maximize marker visibility for
DMLC-IMRT without increasing beam delivery time, and this will provide theoretical fundamentals for

future studies of 4D DMLC tracking radiotherapy.
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INTRODUCTION

Tumor positions are affected by respiratory motion and
gastrointestinal peristalsis during radiotherapy (RT) treat-
ment delivery (such as for lung cancer and prostate cancer)
[1-3]. This presents a considerable challenge for delivering
precise doses to a tumor via intensity-modulated radiation
therapy (IMRT) [4-6]. Recently, a number of methods have
been developed to take account of the intrafraction tumor
motion problem, such as internal target volume (ITV)
margins, respiration-gated radiotherapy, 4D radiotherapy
(4D RT) and real-time tracking [7-9].

These studies have indicated that 4D RT and real-time track-
ing have significant potential for handling the issue of a

moving target. The principles of 4D RT have been previously
described in other publications [10], and real-time tracking
methods have been investigated in phantom studies for the
linear accelerator (LINAC), including dynamic multileaf colli-
mator (DMLC) tracking and treatment-couch tracking [11-17].
However, 4D RT only considers the target motion before treat-
ment delivery (during CT simulation and treatment planning),
while real-time tracking only considers target motion during
treatment delivery. As a consequence of these limitations, the
characteristics of the target motion (periodic motion and
aperiodic motion) cannot be considered solely by either 4D
RT or by real-time tracking during radiotherapy treatment.

In order to make full use of the target motion information
obtained before and during treatment delivery, a technique
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called 4D DMLC tracking radiotherapy (which combines 4D
RT with real-time tracking) has been proposed by our re-
search group. Here, we have focused on determining leaf tra-
jectories for DMLCs, including determination of marker
visibility, in order to make a theoretical study for the future
development of this technique. DMLC-IMRT delivers leaf
trajectories to generate desired beam intensity profiles by
using a leaf-setting algorithm. A number of leaf-setting algo-
rithms for DMLC-IMRT have been published [18-20].
These algorithms are used to optimize beam delivery time
and total monitor units (MUs), and to eliminate tongue-and-
groove (TG) effects, but not to account for target motion
[18-20]. For the clinical use of 4D DMLC tracking radiother-
apy, fiducial markers need to be implanted into or near to the
patient’s target, so the target can be monitored using imaging
systems mounted on the LINAC, such as an electronic portal
imaging device (EPID) [21-23]. Since fiducial markers may
be blocked by a multileaf collimator (MLC) during DMLC-
IMRT treatment delivery, the tracking effectiveness can be
reduced. As a result, a new leaf-setting algorithm needs to be
developed in order to increase the marker’s visibility time to
the EPID [24, 25]. So as to quantify the tracking effective-
ness, the concept of marker visibility was proposed, that is,
the percentage ratio of the marker visibility time to the beam
delivery time. Based on this concept, the greater the marker
visibility, the more the marker will be detected by the EPID.
So, the marker visibility needs to be increased as much as pos-
sible in order to improve the tracking effectiveness. In this
study, we developed a leaf-setting algorithm (called a Delta
algorithm) with the objective of maximizing marker visibility,
which discourages the blockage of fiducial markers in the
optimized leaf trajectories without increasing beam delivery
time.

This paper reports on the algorithm study, including the
illustrations of the Delta algorithm, the mathematical proofs
of its optimality and the evaluation of its performance with
artificial and clinical fields.

MATERIALS AND METHODS

Basic idea of the proposed Delta algorithm

This study investigates a Delta algorithm that optimizes the
MLC leaf trajectories of a given sliding window IMRT field
by maximizing the time during which at least one fiducial
marker is visible in portal images (i.e. located inside the
MLC aperture). The delta algorithm takes the planned leaf
trajectories from a leaf-setting algorithm as input and investi-
gates the onset time for each individual leaf pair as the only
degree of freedom for the optimization. Each marker has the
same visibility duration for the non-optimized and optimized
leaf trajectories, but in the latter the overlap of the marker
visibility periods is minimized (i.e. the total period in which
at least one marker is visible is maximized). Generally, the
Delta algorithm gives a moderate improvement in marker

visibility duration compared with the initially planned leaf
trajectories.

Leaf trajectory

In general, the leaf trajectory is the description of the leaf
positions that are correlative with the accumulated intensities
(see Fig. 1). When the dose rate keeps constant during the
beam delivery, the intensities can be represented in terms of
time, i.e. the leaf position is correlated with time. In Fig. 1,
the x-axis represents leaf position from the leaf motion start-
ing position (xy) to the leaf motion ending position (xg),
and the y-axis represents the intensity (or the time) delivered
by the radiation beam. Theoretically, x and I were digitized
into discrete leaf positions and intensities, respectively [18].
Then, a leaf-setting algorithm with a sliding-window ap-
proach was developed to find the intensities delivered when
the left leaf and the right leaf pass the leaf position, x, such
that the desired /(x) is identical to fj(x) — I(x).

The leaf trajectory indicated that the open aperture formed
by an MLC leaf pair kept changing during DMLC-IMRT de-
livery. As a result, the implanted fiducial marker could not
always be visible during beam delivery. Here, the concept of
marker visibility V was proposed, that is, the percentage ratio of
the marker visibility time (7},,) and the beam delivery time (7},).
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Fig. 1. 'The leaf trajectory and the corresponding vector T diagram

(x-axis represents the leaf position and y-axis represents the
delivered intensities). When the dose rate keeps constant during the
beam delivery, the intensities can be represented in terms of time.
For the leaf trajectory, /) represents the left leaf trajectory and I,
represents the right leaf trajectory.
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V= Im x 100%. (1)
Ty
For instance, the kth marker was located at x; position (see
Fig. 1). A vertical dashed line at x; was intersected by the
leaf trajectory at two points that denoted the starting point
(1) and the ending point (# ») of the marker visibility inter-
val, i.e. the kth marker could be visible from # ; to . ,, and
the marker visibility time was #;,—# ;. Additionally, the
ending point of the leaf travel interval (¢, 3) and the beam de-
livery time (7},) could be determined directly from the leaf
trajectory. Therefore, the marker visibility of the kth marker
was (tk,2_tk,l)/Tb~
Based on the above illustrations, there were three intervals
of note in Fig. 1: (1) was the marker visibility interval
(tr.1—t.2); (2) was the leaf travel interval (0—z;3); and (3) was
the interval between the endpoint of the leaf travel and the
endpoint of the beam delivery (# 3—7}), denoted as Smax -
The variable & will be described in more detail later in the text.
As indicated in Fig. 1, the leaf trajectory of the kth marker
can be transformed into a simplified diagram. This diagram
is composed of four line segments. The solid line segment
(tx.1—tx ) represents the marker visibility interval, while the
dotted line segments (0t 1, fx>—tx3 and f;3—T}) represent
the intervals in which the marker was invisible. The length
of each line segment indicates the duration from 0-# i,
1=k, tkp—tk3, O l‘k’3—Tb. In particular, the length of the
line segment f; ;—f;» is equivalent to the marker visibility
time (#;»—111). Rather than the leaf trajectory, this simplified
diagram will be used to illustrate the algorithm for the re-
mainder of this paper.

Vector T
Mathematically, the diagram can be defined as vector T, where:

Ti = (1, tk2s t3), k=1, ,p, (2)

where p is the number of fiducial markers; the first and second
elements, f;; and #;,, are the starting and ending points of the
kth marker visibility interval, respectively; and the third
element, #; 3, indicates that the kth MLC leaf pair will finish its
delivery at f; 3.

The whole vectors compose a matrix T (p rows by three
columns), generally:

T, [ty n2 n3]
T=|Ti |=|t1 t2 43|, 3)
T, LIp1 Ip2 Ip3 ]

where each row of the matrix T is a vector T, describing the
time information of the leaf trajectory marker visibility.

0 t, t t,a T,
marker 1 ------e-- - i A L.
.0t t T,
MArkeri --4—€ommmmmmammm- A
. 0 t. .t t5 T,
marker] oo S B 0
t,; t,ot,3 T}
1375 -1 - O -l Lot ol
t, & t.
N
visibility set

Fig. 2. The visible set with p markers.

Visible set

Marker visibility, according to our definition, may depend
on the prescribed fluence map, the implanted marker pos-
ition, the beam delivery time and the leaf trajectory. In this
study, the prescribed fluence map and the implanted marker
position were known conditions, and a new leaf-setting algo-
rithm (called a Delta algorithm) was proposed under the
premise of maintaining the total delivered intensities (TDIs)
as the initial leaf trajectory, that is, the beam delivery time
was required to remain constant. Therefore, the only param-
eter that can be adjusted is the leaf trajectory of each active
MLC leaf pair containing the implanted fiducial marker.

As can be seen in Fig. 2, we superposed all the vector T
diagrams to form a visibility set composed of all the marker
visibility intervals. The starting and ending points of the visi-
bility set were denoted as f, and t., respectively. The total
length of all solid line segments within the visibility set was
the marker visibility time for these p markers. Apparently,
variation in the vector T diagrams could lead to changes in
the visibility set and the marker visibility time. By determin-
ing the variation in each vector T, the Delta algorithm will
achieve the optimal marker visibility time as well as the
optimal marker visibility.

Rearward movement duration

Figure 3 shows the Delta algorithm operation for a vector
T. Since the interval §,,,, » between the endpoint of the leaf
travel and the endpoint of the beam delivery (#,3—7}) exists,
the leaf travel interval can be rearward moved as long as
O (008 ;< dax k) to produce a delayed leaf travel interval
(l‘d,k—l‘/k’g,), where lax= &, and l‘,k’3 =Tl 3t+ &;. The notation, J,
is called the rearward movement duration in this paper, thus
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Fig. 3. The rearward movement duration (8) and the delayed leaf
travel interval.

Omax.k 1s the maximal rearward movement duration of the kth
marker (see Equation 4). As a result, the marker visibility
interval becomes t'; 1—t'y >, where 'y =1;1+6; and t'; =
tio+ ;.

Omaxk = Tp — t3- (4)

Optimization problem

From the above illustration, the optimization problem is
equivalent to finding the optimal value of variable & for each
vector T. It is given by the following:

maxTy = f (81, -+, &, -+, )
S.t. (5)
OSSkSSmax,kakzla"'vp7

where T}, is the optimization objective. This is a constrained
optimization problem (with a function of p variables) that
can be written in vector form (see Equation 6). The con-
straint, O < &y < 8,4« 4 SOught to ensure that the beam delivery
time was kept constant. The challenge was to find an optimal
vector Delta that satisfies this condition, and can be solved
using our developed Delta algorithm with an analytic
method.

A=(517

Illustration of Delta algorithm

As can be seen from Fig. 2 and Fig. 3, determining the value
of &, depends on the previous k— 1 values of & that have been
fixed already. So, the order of determination is important in
finding the optimal value of §. For p active MLC leaf pairs
containing the fiducial marker, there are factorial p (p!) pos-
sible permutations. Each permutation determines an order of
setting values for §. For instance, the ith permutation is
denoted as P; (see Equation 7), and the corresponding & values
defined by the Delta algorithm are given by Equation 8.

Py = (i1, o+, ik, o

91, =0
B = min{|min [t — (fa2 + 8i1,),0]|, (To — t23) }

Sit; = min{ |min [tz1 — (fix—1)2 + dig—1).1), 0] |, (To — tac3) }

Bip = min{ [min [t,1 — (ip-1)2 + Bi(p-1)4): 0] |, (To — 1p3) }
(8)

From Equations 5 and 8, we know that the permutation and
the marker visibility time have a ‘one-to-one’ relationship.
Therefore, the Delta algorithm iterates all possible permuta-
tions so as to find the optimal corresponding marker visibility
time. This is the analytical method of the Delta algorithm.

In order to illustrate this method mathematically, we
defined a matrix Delta of p-rows by p!-columns. Generally,

AZ[AlwwAi,“-,Ap!]
(811 -+ By S ]
I N ©)
_51::,1 5;,1' Opp! |
A= (Bigy oy Bgsy -y Dp) s i=1, -, p! (10)

where A; is the ith vector Delta, and §; ; is the rearward move-
ment duration of the kth marker for the ith permutation
which can be obtained from T and T}, (see Equation 8). The
marker visibility time corresponding to the permutation
(each column of the matrix Delta) composes the vector T,
(see Equation 11), and then the optimal marker visibility
time can be obtained (see Equation 12) so as to derive the
optimal marker visibility (see Equation 13). Finally, the
optimal vector Delta is obtained, including the optimal
values of 3 for these p leaf trajectories (see Equation 14).

T, = (Tm71, . Tm,i, e Tm,p!) (11)
Tmopt = max (Tm1, =+ +5 Tmis =5 Tmpt) (12)
Vopt = T"‘T:Pt x 100% (13)

Aopt = (B10pts * 5 Bkopts 817,0pt)T (14)
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Fig. 4. The flowchart of the Delta algorithm for a given field.

Moreover, we have the optimal matrix T, which is given by:
Top =T + Aope o1 1 1] (15)
or
Topik = (fk,1 + Skopts t2 + dopts k3 + Skopr)-  (16)

In summary, the Delta algorithm is implemented as follows.
(1) Using a typical leaf-setting algorithm, generate the initial
leaf trajectories [18]. (This step requires the intensity matrix.)
(i1) Acquire matrix T and Ty, from the initial leaf trajectories
and the marker positions (see Equation 3). (This step requires
the 3D coordinates of the implanted marker and the gantry
angle.) (iii) Calculate matrix Delta using matrix T and T}
(see Equation 8 and 9). (iv) Find the optimal vector Delta
using an iteration method, and then derive the maximal
marker visibility (see Equation 11-13). (v) Generate the
optimal leaf trajectories from the optimal vector Delta (see
Equation 14-16). The flowchart of the Delta algorithm is
given in Fig. 4 (programmed in MATLAB language).

RESULTS

An example

To explain how the Delta algorithm works, we took the fol-
lowing simple intensity matrix as an example (see Fig. 7).
Five active MLC leaf pairs were used to deliver a 2D
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Fig. 5. The c posterior-marker visible time: (a) the original vector
T diagrams; (b) neither of the two markers was visible behind c;
(c) only one of the markers was visible behind c; (d) both of the two
markers were visible behind c.
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Fig. 6. The front-most marker (the marker f).

Fig. 7. The desired intensity matrix was taken as an example. The
three markers (mA, mB and mC) were represented as squares
located in the MLC leaf pairs A, B and C, respectively.
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intensity profile with a maximal intensity level of 10. Here,
the three markers, denoted mA, mB and mC, were located in
the leaf pairs A, B and C, respectively (the markers were
represented as squares in Fig. 7). We assumed that the leaf
step was 0.5 cm, the dose rate was 1 intensity/s and the leaf
speed was 0.5 cm/s. The implementation of Delta algorithm
for this example is as follows.

(1) The initial leaf trajectories were generated for
the leaf pairs A, B and C (see Fig. 8a, c and e).

(ii) The matrix T was obtained from the initial leaf
trajectories and the marker positions (see
Equation 3). From matrix T, we knew that the
marker visibility intervals were 1.5-5.5, 1.5-8.5
and 1.5-6.5 (with marker visibility times 4, 7
and 5, respectively), and the leaf travel intervals
were 0—14, 0-19 and 0-11 (8.« Was 5, 0 and 8)
for mA, mB and mC, respectively. We also
knew that the beam delivery time T, = 19.

15 55 14
T=|15 85 19]. (17)
15 65 11

(iii) Based on the above T and T;,, we could derive A
(see Equations 8 and 9):

555500
A=|0 0 0 0 0 Of. (18)
0 0 7 8 7 4
(iv) From T and A, we obtained the corresponding
marker visibility time for each permutation (see
Equation 11). Then, we knew that the optimal

marker visibility time T, o= 13 (see Equation
12):
Tn,=(9 9 12 13 12 9). (19)

(v) By finding Ty, op, the optimal A; and T could be
obtained (see also Equations 14—16):

6A.,opt 5
Aopt = 8B,opt =0 (20)
8C,opt 8
6.5 105 19
Tow=|1.5 85 19]. (21)
95 145 19

(vi) Optimal leaf trajectories were generated for leaf
pairs A, B and C (see Fig. 8b, d and f).
Compared with the initial leaf trajectories, the
marker visibility time increased from 7 to 13,
so the marker visibility increased from 36.84 to

68.42% (as indicated by the vector T diagrams
in Fig. 9).

(vii) To verify the correctness of the leaf trajectories
generated here, the fluence maps were recom-
puted for the initial and the optimal leaf trajec-
tories (see Fig. 10). We found that the fluence
map delivered by the optimal leaf trajectories
was the same as the initial one, and they were
identical to the desired intensity matrix. This
confirmed the new leaf-setting algorithm was
correct.

Artificial fields

We evaluated the Delta algorithm performance using six ran-
domly generated artificial fields. The intensity levels within
the fields were randomly set to an integer values between 0
and 10. The characteristics of these fields were as follows:
(a) small field (5 x 5) with single marker; (b) small field (the
same as case (a)) with three markers; (c) medium field
(10 x 10) with single marker; (d) medium field (the same as
case (c)) with three markers; (e) large field (20 x 20) with
single marker; (f) large field (the same as case (e)) with three
markers. The marker positions within the intensity fields
were randomly generated.

Table 1 shows a comparison of the results from the initial
and the optimal DMLC leaf trajectories, and the optimal
SMLC leaf sequences in terms of total delivered intensities
(TDIs) and marker visibility. The table indicates that:
(1) compared with initial results, TDIs were kept constant;
(i1) compared with initial results, for the fields with a single
marker, the marker visibility was unchanged for case (a), (c)
and (e); for the fields with three markers, the marker visibil-
ity improved from 68.00 to 72.00%, from 38.46 to 43.59%
and from 28.57 to 37.14% for case (b), (d) and (f), respec-
tively; (iii) compared with SMLC mode, TDIs with DMLC
mode increase 25.00% for the small field, 34.48% for the
medium field and 40.00% for the large field; (iv) compared
with SMLC mode, marker visibility decreased 20.00%,
28.00%, 25.66%, 47.33%, 28.58% and 33.68 for cases (a—f),
respectively.

Clinical fields
We also evaluated the Delta algorithm performance using 15
clinical fields from 5-field IMRT plans (at angles of 225°,
285°, 0° 75° and 135°) for three prostate cancer patients
with three implanted fiducial markers. The fluence maps of
these fields were exported from the Philips Pinnacle3
treatment-planning system with a beamlet size of 0.5 x 0.5
cm?®. The marker positions were determined from the CT
images obtained from Memorial Sloan Kettering Cancer
Center (MSKCC, New York, USA).

Table 2 shows a comparison of the results from the initial
and the optimal DMLC leaf trajectories with the optimal
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Fig. 8. The initial leaf trajectories generated by a typical leaf-setting algorithm for the MLC leaf pairs A, B and C ((a), (c) and (e)), and the
optimal leaf trajectories generated by the Delta algorithm for the leaf pairs A, B and C ((b), (d) and (f)). The thick lines represent the left leaf
pairs, and the thin lines represent the right leaf pairs (the unit for leaf position is cm).

SMLC leaf sequences, in terms of TDIs and marker visibil- ~ marker visibility improved for 10 fields (increased 6-10%
ity. This table indicates that: (i) compared with initial results, for three fields, 10-20% for four fields, 20-30% for one field
TDIs were kept constant; (ii) compared with initial results, and > 50% for two fields), but was unchanged for the other
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visibility sets.
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(a)

(b)

Fig. 10. The fluence map recomputed for (a) the initial and
(b) the optimal leaf trajectories. Different gray scales represent the
corresponding intensity levels.

five fields; (iii) compared with SMLC mode, TDIs with
DMLC mode increases 123.08-218.18% for the 15 fields;
(iv) compared with SMLC mode, marker visibility with
DMLC mode decreased 18.93—-89.95% for the 15 fields.

DISCUSSION

A number of leaf-setting algorithms have been developed to
deliver arbitrary beam intensity profiles for 3D IMRT. For
future 4D RT planning, the additional dimension ‘time’ has
been considered in several approaches, such as ITV margins,
deformable registration and probability distributions, but
these approaches require knowledge of the target motion in
advance. Although 4D CT is an acceptable solution, real-
time tracking with implanted fiducial markers is preferable
because of discrepancies in the target motion pattern
between CT simulation and treatment delivery. For real-time
tracking radiotherapy, the primary requirement is that the fi-
ducial markers are visible as long as possible on EPID so as
to ensure the tracking effectiveness. In this study, we have
proposed a new leaf-setting algorithm (a Delta algorithm)
that determines marker visibility in order to minimize block-
ing of the fiducial markers by the MLC leaf pairs. This is
unique compared with other leaf-setting algorithms.

By adjusting the initial leaf trajectories, the Delta algo-
rithm can generate the optimal leaf trajectories with maximal
marker visibility while keeping the beam delivery time con-
stant. Its correctness has been verified by an intensity matrix
example. To evaluate the feasibility of the Delta algorithm,
six randomly generated artificial fields and 15 clinical fields
were used. For the artificial fields, marker visibility increased
for cases b, d and f (fields with three markers), while
keeping the TDIs constant. But for fields with a single
marker, marker visibility was unchanged because the marker
visibility time could not be prolonged for a single leaf pair
(the intensity level of the beamlet where the marker location
was fixed). For the clinical fields, marker visibility increased
for 10 fields, but was unchanged for the other five fields. It
should be stressed that the optimization objective of the
Delta algorithm is to maximize marker visibility, but not to
improve it. If the marker visibility of the initial solution has
the same value as the theoretical maximum, the optimal solu-
tion cannot increase the marker visibility.

Based on the definition of marker visibility and the per-
formance evaluation results, the value of marker visibility
appears to depend on the number of fiducial markers, the
field size and the TDIs. Tables 1 and 2 indicate that, general-
ly: (i) the greater the number of markers, the larger the
marker visibility; (ii) the bigger the field size and the greater
the TDISs, the lower the marker visibility; (iii) DMLC-IMRT
needs to deliver much greater intensities than SMLC-IMRT
to obtain the same fluence map. Consequently, marker visi-
bility would be decreased with DMLC mode. It has been
suggested that implanting more fiducial markers might be
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Table 1. Evaluation of Delta algorithm performance for artificial fields
Total delivered intensities Marker visibility (%)
Case  Fieldsize = Number of markers
Initial Optimal Optimal SMLC) Initial Optimal Optimal (SMLC)
a 5x%x5 1 25 25 20 32.00 32.00 40.00
b 5%x5 3 25 25 20 68.00 72.00 100
c 10x 10 1 39 39 29 20.51 20.51 27.59
d 10x 10 3 39 39 29 38.46 43.59 82.76
e 20 %20 1 70 70 50 8.57 8.57 12.00
f 20x20 3 70 70 50 28.57 37.14 56.00
Table 2. Evaluation of Delta algorithm performance for clinical fields
Total delivered intensities Marker visibility (%)
Case Field size
Initial Optimal Optimal (SMLC) Initial Optimal Optimal (SMLC)

Patient 1 Beam 1 22x 19 28 28 10 39.29 39.29 100

Beam 2 22x19 30 30 11 31.33 33.33 100

Beam 3 22x22 39 39 17 28.21 33.33 70.59

Beam 4 22x 18 30 30 12 28.67 28.67 100

Beam 5 22 %20 29 29 10 42.07 45.52 90.00
Patient 2 Beam 1 20x 19 29 29 10 28.97 31.72 60.00

Beam 2 20x 16 29 29 13 26.90 31.72 92.31

Beam 3 2022 38 38 17 26.32 31.58 76.47

Beam 4 20x 16 26 26 10 27.69 35.38 100

Beam 5 20%x 17 26 26 10 49.23 49.23 100
Patient 3 Beam 1 22 %25 35 35 11 22.29 36.57 63.64

Beam 2 21x24 37 37 13 541 5.41 53.85

Beam 3 23x23 38 38 15 25.26 25.26 80.00

Beam 4 22x24 38 38 14 11.58 28.95 35.71

Beam 5 23 x24 43 43 19 25.58 29.77 100

favorable for tracking, but in practice this would increase the
discomfort and side-effects for patients. It has also been sug-
gested that increasing the complexity of the field might lower
the tracking effectiveness.

The computational efficiency was also evaluated by our
study. Obviously, the CPU time depends on the scale of the
optimization problem. For a given field from the artificial and
clinical fields in this paper, it took < 0.1 s for Delta algorithm
optimization (Intel 2.83 GHz Quad CPU, 4 GB memory).
Consequently, the computational efficiency was sufficient to
integrate the Delta algorithm into a 4D treatment-planning
system as a functional module in the future.

Furthermore, in this work, we proposed several concepts
to illustrate the algorithm, such as marker visibility, marker
visibility interval, leaf travel interval and rearward movement

duration (3). These concepts are theoretical fundamentals
on which to base future studies of 4D DMLC tracking
radiotherapy.

However, the proposed algorithm also has scope for im-
provement. The first issue to consider is marker movement
during irradiation. A feasible solution would be to combine
this study with the published DMLC tracking technique [13,
14]. By using the DMLC tracking, the implanted marker is
‘static’ relative to the radiation field. From there, we could
achieve improved marker visibility using the Delta algo-
rithm. The second issue is to determine the marker visibility
contribution for the preset optimization parameters, such as
intensity level, leaf gap, EPID image sets (frame speed) and
so on. Because this paper was a theoretical study, the Delta
algorithm could improve on the ‘theoretical’ marker
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visibility using the computer. Research into improving ‘prac-
tical’ marker visibility now needs to be carried out.

A new leaf-setting algorithm has been developed to gener-
ate leaf trajectories for DMLCs with maximal marker visibil-
ity. In this work, we have described several concepts to
illustrate the algorithm, and these concepts are theoretical
fundamentals on which to base future studies of 4D DMLC
tracking radiotherapy. By determining the value of & for each
MLC leaf pair, the Delta algorithm can yield optimal leaf tra-
jectories with maximal marker visibility while still keeping
the beam delivery time constant. The implementation of the
Delta algorithm has been achieved using analytical methods,
and the optimality has been proven mathematically. The cor-
rectness of the Delta algorithm has been verified using an
example of a 2D intensity profile, and its feasibility has been
evaluated using six randomly generated artificial fields and
15 clinical fields. Evaluation of the results has indicated that
the Delta algorithm can improve marker visibility without in-
creasing TDIs. Furthermore, the computational efficiency is
sufficient for integrating the Delta algorithm into a 4D treat-
ment planning system as a functional module in the future.
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APPENDIX

Mathematical proofs of optimality
Firstly, we introduced some concepts for the following
proofs: 1) feasible vector Delta; 2) eigenvector Delta; 3) ¢
posterior-marker visible time; 4) front-most marker.

Feasible vector Delta: the fact that A= (3, ..., 3,)" is feas-
ible requires: ;20 and §,< Ty,-t;3, i=1, ..., p.

Eigenvector Delta: the eigenvector Ag=(dgy, ..., SEP)T
satisfies that there exists 0g;=0,i=1, ..., p.

¢ posterior-marker visible time: for an arbitrary constant
c¢>0, it is supposed that the marker is not visible when it
appears ahead of ¢, then the marker visible time is called ¢
posterior-marker visible time. If ¢ posterior-marker visible
time is taken as the optimization objective, Delta algorithm
only considers the markers that could be ¢ posterior-visible
(see Fig. 5). For instance, the vector T diagrams of two
markers are shown in Fig. 5(a), there are three cases when
introducing ¢ posterior-marker visible time: 1) neither of the
two markers could be visible behind c (see Fig. 5(b)), that is,

o+ (Tv-t13)<c and t 5+ (Ty-t23) < c; 2) only one of the
markers could be visible behind ¢ (see Fig. 5(c)), that is,
ho+ (Tb-l‘z,g,) >c but ho+ (Tb't]’:;) <c (or Lot (Tb-l‘],g,) >c
but #,, + (Ty-1,3) < c). In this case, the Marker 2 could be
regarded as a new marker with #,;=c and £,,=min
(tao+ (Tp-t23), tr 2+ c-t5 1) for Delta algorithm optimization;
3) both of the two markers could be visible behind ¢ (see
F]g 5(d)), that is, o+ (Tb-ll,g,) > ¢ and o+ (Tb—l2’3) >c. In
this case, both of the markers could be regarded as new
markers with £ =c, 1, =min(t; » + (Tv-t13), ti2+c-11.1),
1’2’1 =c and l"z,z = min(l‘g’z + (Tb-tz,g,), ho+ C—tz,l) for Delta
algorithm optimization.

Front-most marker: the marker satisfies 1; ; + (Ty-1;3) 2 17,
for all i # f, when 8= 0. The example of a front-most marker,
the fth marker, is shown in Fig. 6.

Next, we established theorems to demonstrate the optimal-
ity of Delta algorithm.

Lemma 1. for A=(5,4, ..., SI,)T, the marker visible time is
T, For an arbitrary constant ¢ >0, if ’=A+c=(; ¢, ...,
8,%c)" is feasible, then Ty’ = Tp,.

Proofs.

For A=(3,, ..., SP)T, supposed that the visible set is from
tst0te. For A =Axc=(8, xc,..., §,% c)T, the positions of
ts and ¢, are changed, t,’ =, ¢, t.’ =, + ¢, but the durations
and the relative positions of all visible intervals within the
visible set are not changed. So, we have T, = Ty,,.

Therefore, for an arbitrary constant ¢>0, if
AN=Axc=(%c,...,5,% c)T is feasible, then T,,," = T}y,

Theorem 1: for A= (5, ..., 61,)T, the marker visible time is
T',,. Then there exists an eigenvector Ag, satisfies Ty, g = Try.

Proofs.

For A=(54, ..., SI,)T, if there exists 8, =0, this theorem is
proved. If there does not exist §;=0, then we have 9y, ...,
8,>0, and Jyj=min(8,..., J,). Let Ag=(8g,,...,
85,)" = A-8umin = (81-8mins ---» O,-Omin)'» then we have 3
min = 0. According to lemma 1, we have T, g=T,,, so the
theorem is proved.

Therefore, there exists an eigenvector Apg, satisfies T,
g=To

Theorem 2: for two markers, Delta algorithm is optimal in
terms of marker visible time.

Proofs.

According to Delta algorithm, A; = (9, 1, 82,1)T when the
permutation P; = (1, 2), where 8, ;=0 and §,; = min{Imin
[(t2.1-112), O]l, Tp-t5 3}, the marker visible time is 7,,, ;; when
=2, 1), A =(8;, 52,2)T7 where 8 > = min{lmin[(z, ;-2 ),
0]l, Ty-t,3} and 8,,=0, the marker visible time is 7),,.
Then, for this two markers, the marker visible time obtained
by Delta algorithm is Ty, peita = Max(Tim, 1, Tm2)-

There have 3 cases:

o<t (0t <t )

Obviously, the optimal marker visible time is Ty, ope = (£1 2-
-1, )+ (t2o-15,1). Since 115 <1,;, we have §;;=6,,=0. So,
Tr;l,l =(t1o-11,1) + (t22-121). We also have 8;,20 and
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0,2=0. So, Ti2<(t2-111) + (t22-12,1). Consequently, Ty,
Delta = Max(Tp, 1, Tinp) = (t127t1,1) + (12 2-12,1) = Tin opt-
Therefore, Delta algorithm is optimal in this case.

1<t <tp<tr s (0rty; <t <t <12)

Since ;1 <ty <t12<tr2, we have §; ;=0 and 4, ; =min
(t1,2‘t2,]’ Tb-t2,3). So, Tm,l = (t2’2't1,]) + 82,1. We also have
0,2,=0 and &;,=min(ty5-t11, Tv-t13). S0, Tio=(tr2-
tr1) + max(fy 1-11,1-81 2, 0) + max(ty o + 81 2-122, 0).

If Tm,l 2 Tm,27 then Tm,Delta = (t2,2'tl,]) + 82,] .

Reduction to absurdity:

Supposed that there exists A=(3y, 82)T, satisfies
Tma>Thpeiae Let Ag= (g, dpo)T be its eigenvector.
According to theorem 1, we have T, ag=Tna> T Delta:
There are 2 cases here:

6]51 = 0

Here, Tm,AE = (1‘2’2-1‘1’1) + SEz-maX(l‘z’l + 8E2-l‘1’2, 0). Since
T AE> T pelta; SO We have (f25-111) + 8g2-max(fa,; + Og2-
112, 0)> (tz’g-t],l) + 62’1, that is, &g, > min(tm—tz,], Ty-
t2,3) + maX(SEz-(l‘l’z-l‘z’l), 0). If Ogr> hip-fh1, W€ have
82,1 <0, false! If 8g, < t1 »-15,1, we have 8gp > min(t; »-t2 1, Tp-
t3) and Tyt 3 2 Opy, false! Consequently, there does not
exist A satisfies 7oy o> T peltar that is, Delta algorithm is
optimal in this case.

Og> =0, the theorem can be proved similarly.

If Tin.1 < T2, the theorem can be proved similarly.

1115 and o<t (or hi1<t, and o< l‘g’z)

Since t;;<t; and f,<t;,, we have 8;;=0 and
81 =min(t; o-15,1, To-t23). SO, Tin1 = (t12-t1,1) + max(tp +
82.1-t1 2, 0). We also have 6, =0 and &, » = min(t»-t1 1, Tp-
113)- S0, Tryp = (t12-11,1) + max(fy ; + 812121, 0).

If Trm12Thnp, then T peia=(f12-11,1) + Max(fr + 85 1-
112, 0).

Reduction to absurdity:

Supposed that there exists A=(3, 82)T, satisfies
Tma>Thmpeiae Let Ag= (g1, dk)' be its eigenvector.
According to theorem 1, we have T, ag=Tma> T Delta:
There are 2 cases here:

551 = O

Here, Tmag = (1 2-11 1) + max(ty 5 + Opo-t1 2, 0)-max
(t21 + Opa-t12, 0). Since Ty A > Tinpeitas SO We have (7 -
t1,) +max(tr o + Opa-tr o,  0)-max(ty; +08gr-t12,  0)>(f -
t1,1) + max(t + 0 11 », 0), that is, 6gp > max(Sgx-(f1 2-12,1),
0) + max(min(t; >-t2,1, Tp-12.3), (t12122). If 1157121 > Ty-t2 3,
then Op, > Tb-t2’3, false! If ti ot < Tb't2,3» then dg, > max
(02, 11 2-12.1), false! Consequently, there does not exist A sat-
isfies Ty a> Ty pelras that is, Delta algorithm is optimal in
this case.

Og> =0, the theorem can be proved similarly.

If Tin.1 < T2, the theorem can be proved similarly.

So, Delta algorithm is optimal in this case.

Therefore, for two markers, Delta algorithm is optimal in
terms of marker visible time.

Corollary I: for two markers, Delta algorithm is optimal
in terms of ¢ posterior-marker visible time. According to

theorem 2 and the concept of ¢ posterior-marker visible time,
obviously, the corollary 1 is established.

Theorem 3: for p markers, Delta algorithm is optimal in
terms of marker visible time. Proofs.

Mathematical induction:

When p =1, theorem 3 is proved.

When p =2, according to theorem 2, theorem 3 is proved.

Supposed that theorem 3 is proved when p=3,..., k.
According to corollary 1 and its proofs, we know that, for k
markers, Delta algorithm is optimal in terms of ¢ posterior-
marker visible time. The following is the proofs of theorem 3
whenp=k+ 1.

For an arbitrary Ag = (8gy, ..., 8Ek+1)T, the marker visible
time is Tm,AE~ Let l"f,l =min(t’1,1, ceey l"k_,_]’]), t’ﬁ1= Iry +8Ef.
Then the fth marker is a front-most marker. Let ¢ = ', then,
for the other k£ markers (not including the fth marker), Delta
algorithm is optimal in terms of ¢ posterior-marker visible
time, that is, i peltac post 2 Tm.AE,c post- Let 8,=0, we have
TnDelta,sf = 02 T ag for these k+ 1 markers, that is, we can
find a front-most marker satisfies T, peita,sf = 0 2 Tm,ag for an
arbitrary Ag. Supposed that there are g front-most markers
among these k+ 1 markers. According to the concept of
front-most marker and the above proofs, we have ¢ >1 and
Tm,opt= max(Tm,Delta,ﬁfl =05 -+ > Tm,Delta,&fq = o), that is, Delta
algorithm is optimal when p =k + 1. Consequently, theorem
3isproved whenp=k + 1.

Therefore, for p markers, Delta algorithm is optimal in
terms of marker visible time.
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