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Abstract

Background: In intensity modulated radiotherapy (IMRT), leaf sequencing algorithm is used to control the multileaf collimator
(MLC) to produce beam segments resulting in a beam intensity map for highly conformal dose coverage.

Objectives: A novel leaf sequencing algorithm based on the Langer’s integer programming method is proposed.

Methods: Our algorithm selected the horizontal or orthogonal leaf direction of beam intensity maps as per Xia and Verhey’s algo-
rithm with a new constraint to optimize the MLC leaf travel distance (LTD).

Results: Comparison among the leaf sequencing algorithms from Xia and Verhey, Langer et al. and ours, both Langer’s and our
algorithms have lower monitor units (8 and 10) compared to 15 of Xia’s algorithm. For the number of segment and LTD, our new
algorithm has the smallest number and distance (5 and 7 cm) compared to both the Xia’s and Langer’s algorithm (7 and 24 cm and
6 and 20 cm). This revealed that model modifications could yield better results according to three criteria namely, total number of
monitor unit, number of segment and LTD.

Conclusions: In conclusion of experimental comparison performed, our algorithm can generate photon beam in IMRT dose deliv-
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ery with lower monitor unit, number of segment and LTD compared to the Xia’s and Langer’s algorithm.

1. Background

In intensity modulated radiotherapy (IMRT), photon
beams produced by a medical linear accelerator (LINAC)
are used to irradiate a cancer tumour. The aim of the ra-
diation dose delivery is to achieve adequate dose cover-
age at the target, while sparing the surrounding health tis-
sues. IMRT can significantly improve the outcome of ra-
diotherapy and is being used to treat many different can-
cer sites such as brain, head-and-neck, lung, breast, and
prostate effectively (1). Since IMRT usually uses the mul-
tileaf collimator (MLC) to produce beam intensity mod-
ulation in dose delivery, developing an efficient and pre-
cise leaf sequencing algorithm becomes essential. MLC is
a computer-controlled collimator consists of a set of leaf
pairs in opposition direction with the same sizes. The col-
limator is an intensity modulator converting a given beam
profile into a modulated profile or intensity map needed
in the treatment.

In IMRT, beam intensity modulation can be achieved
by two approaches namely, the static and dynamic MLC (2).
The static MLC approach is realized by sequentially deliver-
ing sequences of beam segments (shapes). When the leaves
move from the setting position for one segment to another

position for the next segment, the beam is switched off.
The LINAC console then verifies if the MLC leaves are cor-
rectly at the new setting positions to switch the beam on
again (step-and-shoot). There are many advantages of the
static MLC approach such as easy verification, precise dose
delivery, and general availability (2). The disadvantages
of static MLC include lower delivered dose resolution and
overshoot effect (3). In dynamic MLC approach, however,
the beam is always on, and the intensity modulation is re-
alized by adjusting the speed of the moving leaves. The ad-
vantage of the dynamic technique is its delivery efficiency,
but more monitor unit is generally required because beam
is on during the radiation delivery (4). Ma et al. (5) devel-
oped an algorithm, which could optimize the total mon-
itor unit for a MLC based on algebraic expression for the
area under the beam profile. However, according to Xia
and Verhey’s analysis, the static MLC approach is superior
to the dynamic MLC in IMRT (6). Therefore, only the static
MLC approach is focused on in this study.

The MLC consists of heavy-metal (tungsten) leaves
which can block the megavoltage radiation beams. For
each row of the intensity matrix/profile, there is a pair of
leaves associated: the left leaf and right leaf that can be
moved in the direction of row. For the required intensity
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maps generated from an inverse treatment planning sys-
tem, leaf sequencing is carried out to produce the corre-
sponding intensity map using the MLC. After discretizing
the irradiated area into bixels, an intensity function can be
considered asan m X n matrix A with nonnegative integer
entries, where entry a;; indicates the desired intensity at
bixel (i, j). From works of Galvin et al. and Bortfeld et al. (7,
8), several algorithms have been developed. The Bortfeld-
Boyer algorithm provided the smallest possible total num-
ber of monitor unit(TNMU) butalarge number of segment
(NS). There are other algorithms aiming at reducing the
NS at the price of an increased TNMU (9). Still, the leaf se-
quencing can be formulated as an integer programming
problem, but the efficiency of MLC movement can further
be improved.

2. Objectives

In this study, we proposed a new leaf sequencing al-
gorithm for IMRT. Our algorithm can maximize the radia-
tion delivery efficiency, reduce patient treatment time (re-
duced monitor unit), increase patient throughput and re-
duce the maintenance cost of the LINAC.

3. Methods

Our leaf sequencing algorithm employed Xia’s method
(10) to initiate the input beam intensity map based on the
model of Langer et al. (11). The total leaf travel distance
(LTD) is used as a key constraint from our model in inten-
sity modulation.

3.1. Intensity Modulation Model

The photon beam intensity modulation can be mod-
elled as a mathematical problem by considering to decom-
pose a given m X n integer matrix into a positive linear
combination of (0, 1) matrices with the strict consecutive
1's property in rows. The integer matrix can be expressed
as (Equation 1):

A= Zleuisi ()

Where Ais the intensity matrix of m row and n column.
Si is the corresponding (0, 1) matrices with the strict con-
secutive1's. u; is the LINAC beam monitor unit in each MLC
aperture. The mathematical problem is to reduce an inten-
sitymatrix A(i, j) into a group of MLC beam segments which
fields can be generated by a MLC. Matrix elements in A(i, j)
are assumed to be nonnegative integers representing the
photon beam intensity level.

For an intensity matrix of irregular subfield, the leaf
movement direction is decided with the MLC set to an an-
gle by which the leaves move (1) along the shorter field size
and (2) along the least intensity gradient direction. How-
ever, in some complicated cases, the least intensity gradi-
entdirection is ambiguous. The MLC therefore has to setat
an angle such that the leaves move along the shorter field
size direction. When the beam intensity matrices have
regular patterns, the least intensity gradient direction be-
comes obvious. However, the shorter field size direction is
perpendicular to the least intensity gradient. In that case,
we suggest the MLC should be set at an angle such that
leaves move along the least intensity gradient direction. It
isbecause such arrangement results in the least number of
beam segments.

During the matrix reduction process, a residual beam
intensity matrix Ag(i, j) defined as the original intensity
matrix, A(i, j) minus all the previous MLC beam segments,
is calculated. The maximum matrix element Ly, in the
A(i, j) is found to determine the intensity level, dy for the
next segment (Equation 2):

m—1
dp, =2 ,m @)

= nint (logy Limaz,k)

Where nint is the nearest integer (10).

3.2. The New Algorithm

Our algorithm used an integer linear program formu-
lation to determine the beam segment with the minimal
NS and TNMU (11). The formulation contains two phases
(12). The first phase involves in minimizing the beam-on
time (Equation 3):

T
minzt :th =7 (3)

Where T is an upper bound of the photon beam mon-
itor unit, which can be calculated using the maximum
number of the summation in each row from the beam in-
tensity matrix A. This upper bound can be written as (Equa-
tion 4):

mazx [mZ?amn} (4)

The second phase involves in minimizing the number
of beam segments (Equation 5):

T
minzt :lgt +1=g" (5)

Where g' =1, if an element switches from covered to un-
covered, and g* = 0, otherwise.
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The value of T is equal to the Z' produced from stage
one in Equation 3. The parameter m in Equation 4 repre-
sents the number of rows, and the parameter n is the num-
ber of columns in the beam intensity matrix A. In reality of
radiation dose delivery, there are many restrictions on the
MLC leaf position such as collision within or between rows,
contiguity, leaf-moving direction, and tongue-and-groove
effects. These MLC constraints can be characterized by the
binary variables namely, |, and . If the beam inten-
sity element in m and n of A is covered by a left/right MLC
leaf, when the t™ monitor unit is delivered, Lmnt/Tmne 1S set
to 1. Otherwise, it is equal to zero. Xpy is a binary vari-
able equal to 1 when a monitor unit is delivered through
the beam intensity elementiand j at period t, and is equal
to 0 when the element is covered by either the left or right
leaf. In addition, combinations of I, and ry, can be
used to reflect different MLC conditions such as leaf colli-
sion within a row, between rows, restriction of contiguity,
tongue-and-groove effects and leaf motion direction (12).

When the MLC leaves change from one beam segment
to the next, all leaves start moving at the same time. How-
ever, due to the different travel distances, the leaves do not
always stop exactly together. For a Topslane Venus M MLC
(11), the leaves are designed to move at the same speed be-
tween 10 and 18 mm s™. The leaf travel time is therefore
determined by the leaf having the longest travel distance
in the segment. Since leaf travel time can be calculated by
finding the maximum leaf travel time from each row, the
travel time for the whole leaf sequence is approximately
proportional to the LTD (Equations 6 - 8)

LTD = max {‘Mmt - Mm,t+1‘7 |Mmt - Nm,t+1|}

= ki, Vm (6)
=1,2,..., Mt
=1,2,...,T—1
N
D, _ylmne = M, ¥m )
=1,2,...,T—1
N
Zn :17"mnt =N — Ny + 17vm (8)
=1,2,...,T—1

Where m is the number rows in A. The two variables
Mm¢ and Ny, represent the left/right leaf edge location. For
minimizing the LTD as shown (Equation 9):

Sk 9)
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Since Equation 6 has absolute values, the related con-
straint will convert into a mixed integer nonlinear pro-
gramming. As it is difficult to determine the global opti-
mum, we alternatively cancel the absolute symbol to con-
sider the positive and negative value simultaneously. Equa-
tion 6 is therefore transferred into a linear form as (Equa-
tions 10

—kt < Mpms — M, 141
< kt,Vm (10)
=1,2,...,T -1

—kt < Nppt — Nm,t+1
< ke, Ym (1)
=1,2,...,T -1

Our improved algorithm can therefore be expressed as
follows (Equation 12):

T—1
minzt ke (12)

4. Results and Discussion

The intensity map in Jing et al. (11) (Figure 1) was used
in algorithm comparison. All calculations were performed
on a PC equipped with an Intel Core 2 i5-4200 CPU of
1.6GHz, 8G RAM by the linear programming tool Lingo 14.0.
Table 1shows the corresponding results of Xiaand Verhey'’s,
Langer’s (unidirectional and bidirectional) and our algo-
rithm. In our algorithm, we determined the leaf direction
according to the principle mentioned in section 3.1.

The three main components in delivery time for the
static MLC mode are the beam-on time, verification and
recording overhead time (V & R overhead time), and leaf
travel time. Beam-on time is the time to irradiate the tu-
mor. V& Roverhead time occurs between every single seg-
ment and the purpose of verification and recording is to
check whether there is any mismatch between the desired
and actual leaf positions. The time leaf moves from one po-
sition to the next is called leaf traveling time. The delivery
time is approximately equal to the sum of the above three
components. Different leaf pairs may have various num-
bers of openings in a delivery process. Since each opening
is exposed for unit intensity, all leaf pairs may finish beam
delivery at different times. For example, since a Varian
MLC requires a minimum separation of 0.2 mm between
opposing leaves and the MLC leaves have round ends, the
leaf pairs finishing earlier cannot be closed in the open-
ing shaped by the collimator jaws. They have to move fur-
ther under the jaws. This means that the leaves have to
travel extra distances. To address this issue, we proposed a
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Table 1. The Number of MU, Segments, and The Distance of Leaf Traveled for Different Algorithms

Xia’s Algorithm Langer’s Algorithm (Unidirectional) Langer’s Algorithm (Bidirectional) Our New Algorithm
Monitor Unit 15 8 8 10
Number of segment 7 6 5 5
Leave travel distance, cm 24 20 29 7

Beam Intengity (arb. Unit)

Figure 1. Plot of the Tested Intensity Matrix in Langer et al. (10)

method for simultaneously minimizing the leaf travel dis-
tance, TNMU and NS (13).

We calculated 2000 random intensity matrixes rang-
ing from 0 to 5 and specified the field size to be 4 cm x 6
cm. We determined the improving rate from Langer’s al-
gorithm (unidirectional and bidirectional) to our new al-
gorithm (Table 2). We adopted to use three criteria to eval-
uate the performance of each algorithm with expected val-
ues equal to the minimum.

Our experimental results showed that our algorithm
has significantly better performance than the Langer’s al-
gorithm. In the comparison, only five intensity levels were
taken in the beam intensity matrix. Although more inten-
sity levels with higher resolution can increase the dose dis-
tribution accuracy, it would at the same time cost more
monitor unit and the delivery time. Therefore, the trade-
off between the delivery time and dose accuracy should be

Table 2. Comparison Between Langer’s and Our New Algorithm Using 2000 Random
Intensity Maps

Average Value Langer’s Langer’s Our New
Algorithm Algorithm Algorithm
(Unidirec- (Bidirectional)
tional)
Monitor Unit 7.55 7.87 6.58
Number of 536 5.44 4.49
segment
Leave travel 1734 12.53 6.97

distance, cm

evaluated in the treatment.

On the other hands, some MLC constraints in this study
may be improved through the advancement of mechanic
technology. For example, the leaf-moving direction con-
straint restricts the MLC leave movement in a single direc-
tion. To date, most MLC support bi-directional leave move-
ment. Therefore, constraints of leaf motion direction men-
tioned in Jing et al. (11) have been ignored in this study. Our
algorithm can be applied directly to the MLC systems with
different mechanical constraints or with constraints freely
be combined.

4.1. Conclusions

In this work, we presented an improved leaf-
sequencing algorithm that determines the optimal
segmentation possible for delivering an intensity map
using the multiple static fields. By comparing with other
algorithms by Xia and Verhey, and Langer et al. our new
algorithm scored the best results. We expected that our
new algorithm can greatly shorten the treatment delivery
time. Moreover, the wear-and-tear of the MLC can be
improved. It results in a greater patient throughput and
a reduction of maintenance cost in the medical linear
accelerator.
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