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Aim: Development of bidirectional non-monotonic segmented leaf sequence (NSLS) MLC delivery tech-
nique compatible with Varian MLC for non-split IMRT fields reducing total monitor units (TotalMU) and
the number of segments (NS) simultaneously and assessment of its efficiency using a plan scoring index
(PSI).

Materials and methods: The optimal fluence of IMRT plans of ten patients of lung carcinoma, calculated
using Eclipse TPS version 11.0 (Varian Medical Systems, Palo Alto, CA, USA), was used to generate the

ﬁesjll_vsvzqu:rithm segmented MLC fields using our newly developed equally spaced (ES) reducing level and NSLS algorithms
MU in MATLAB® version 2011b for 6-10 intensity levels. These MLC fields were imported into the plans
MLC with the same field setup and the final dose was recalculated. The results were compared with those of
NS commercially available multiple static segments (MSS) leaf motion calculation (LMC) algorithm and few
LMC previously published algorithms. Plan scoring index (PSI) and degree of modulation (DoM) was calculated
IMRT to compare the quality of different plans for the same patient.

Results: The average differences in TotalMU and NS with respect to MSS algorithm are —3.80% and —14.28%
for the NSLS algorithm, respectively. The calculated average PSI and DoM is 0.75, 2.51 and 0.91, 2.41 for
the MSS and NSLS algorithms, respectively.
Conclusions: IMRT plans generated using the NSLS algorithm resulted in the best PSI, DoM values among
all the leaf sequencing algorithms. Our proposed NSLS algorithm allows bidirectional delivery in Varian
medical linear accelerator which is not commercially available. NSLS algorithm is efficient in reducing
the TotalMU and NS with equivalent plan quality as that of MSS.

© 2020 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.

1. Background

Accurate dose delivery of intensity modulated radiation ther-
apy (IMRT) depends upon the physical shape, size, and dosimetric
properties of multileaf collimator (MLC) and the algorithm used for
the calculation of leaf motion to realize the optimized fluence for
the desired dose distribution.! Leaf sequencing (LS) algorithms for
IMRT delivery determine the MLC positions of multiple segments
as a function of monitor units (MU) to deliver the optimized fluence
whichis a matrix of m x n elements of non-negative integers. The LS
algorithm plays an important role in the efficient treatment deliv-
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ery of the desired optimized fluence in terms of total number of
monitor units (TotalMU) and number of segments (NS). TotalMU
affects the transmission, leakage radiation dose from collimator
assembly as well as total body scatter dose.? NS affects the complex-
ity of the treatment delivery and hence the wear and tear of MLCs.
The dosimetric accuracy of treatment delivery has been also cor-
related with the complexity of the treatment plan. Various studies
have been conducted to use modulation complexity of the treat-
ment plan as a pre-treatment QA. Many authors suggested various
complex modulation indices but degree of modulation (DoM) has
been used as a measure of modulation complexity owing to its ease
of use in routine clinics.>*

IMRT treatments can be delivered in either step and shoot
(segmental) or dynamic (sliding window) mode.> Various studies
have been published for the scheming of LS algorithms to deliver
dynamic and segmental treatments.®’ Dynamic delivery decreases
the total treatment time at the expense of increased TotalMU. Que

1507-1367/© 2020 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.rpor.2020.07.005
http://www.sciencedirect.com/science/journal/15071367
http://www.elsevier.com/locate/rpor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rpor.2020.07.005&domain=pdf
mailto:asoinam@yahoo.com
https://doi.org/10.1016/j.rpor.2020.07.005

802 R. Kamal et al. / Reports of Practical Oncology and Radiotherapy 25 (2020) 801-807

et al. reported that the sliding window algorithm results in more
tongue-and-groove effect as compared to the reducing level seg-
mental algorithm.® Yu et al. reported that the interplay effect for
sliding window IMRT can result in variations greater than 100%
of the desired intensity and is largely affected by beam width and
speed of collimator motion.” Schaefer et al. also concluded that the
magnitude of the interplay effect for step and shoot IMRT is neg-
ligible for thoracic tumors.'® Verhey and Xia studied the ease of
quality assurance of step and shoot over dynamic delivery.!' The
present study is mainly focused on step and shoot IMRT delivery
technique in view of the aforesaid advantages.

In step and shoot IMRT delivery, MLCs move either unidi-
rectionally in increasing step of positions or the bidirectional
non-monotonic movement of leaf pairs. Siochi proposed a unidi-
rectional leaf motion algorithm using rod pushing and extraction
process on an intensity matrix that minimizes the MLC movement
time for a given set of segments.'> Medical linear accelerators
of Varian Medical Systems of Palo Alto, CA, USA also provide a
monotonically non-decreasing step function for leaf motion (uni-
directional leaf motion) of MLC in both dynamic and step and shoot
IMRT delivery.!3'4 However, the bidirectional motion of leaves
reduces NS as compared to unidirectional segmentation.'”

Bortfeld et al. devised a segmental algorithm that uses the
fewest possible monitor units but is not heuristic for the min-
imization of NS, whereas reducing level algorithm proposed by
Verhey and Xia decreases the number of segments at the cost of an
increased number of monitor units.!!-16 The algorithm for a bidirec-
tional step and shoot IMRT proposed by Engel results in minimum
TotalMU and is heuristic for minimum NS.!” Better performance
of Engel’s algorithm is also quoted over the well-established algo-
rithm of Baatar et al. where both of these algorithms ensure optimal
TotalMU, but Engel’s algorithm results in lesser NS.!8 Still, the effi-
ciency of the Engel leaf sequencing algorithm can be improved by
removing very small segments.

In our study, the concept of minimum segment width was
incorporated as an additional key constraint to the segmental LS
algorithm of Konrad Engel.

2. Aim

The purpose of this study is to design the segmental leaf
sequencing algorithm for non-monotonic MLC movements com-
patible with Varian linear accelerators to reduce TotalMU and NS.
The results of the proposed algorithm are compared with various
published algorithms for lung carcinoma cases.

3. Material and methods

The present study uses the optimal fluence generated in Eclipse
treatment planning system (TPS) version 11.0 of Varian Medical
Systems, Palo Alto, CA, USA for the development of a new LS algo-
rithm. The new IMRT MLC fields are generated which are different
from that of TPS generated MLC fields. The details of the workflow
are given in the subsequent sections.

3.1. Patient selection

Ten patients with non-small cell lung carcinoma (NSCLC) were
selected retrospectively for this study to demonstrate the effi-
ciency of the proposed LS algorithm for non-split IMRT fields. 3D
CT scans were acquired and population-specific ITV, PTV margins
were given. Five field IMRT plans were made in Eclipse TPS using
6 MV beam with nominal dose rate of 300 MU/min for 40Gy in
20 fractions (2 Gy/fraction). Dose volume optimization (DVO) algo-
rithm version 11.0.31 was used for the optimization of IMRT plans

followed by final dose calculation using anisotropic analytical algo-
rithm (AAA) version 11.0.31 dose calculation algorithm. The plans
were optimized with smoothing parameters of 50/30 for X/Y jaws
incorporating inhomogeneity correction on the 2.5 x 2.5 mm? dose
calculation grid size. The plan acceptance criterion for planning tar-
getvolume (PTV) was Vggy > 95% and critical structures viz. bilateral
lungs, heart, and spinal cord were spared according to the dose
constraints recommended in QUANTEC.!?

3.2. Processing of IMRT fluence

IMRT plans were generated using the DVO algorithm with mul-
tiple static segments (MSS) leaf motion calculation (LMC) algorithm
available in Eclipse TPS for trilogy medical accelerator of Var-
ian Medical Systems having millennium MLC (60 leaf pairs). The
generated optimal fluence for each field was exported and pro-
cessed using a new LS algorithm written in MATLAB® software
version R2011b (The MathWorks, Natick, MA) which produces leaf
sequence (.dva) files. The LS algorithm was designed in-house to
minimize the TotalMU and NS simultaneously where the bidirec-
tional movement of leaves for segmental delivery was allowed,
referred to as non-monotonic segmented leaf sequence (NSLS)
in the present study. Further, leaf sequences were also designed
according to the criterion given by Verhey, Engel, Siochi and our
newly developed equally spaced (ES) reducing level algorithms
using a snippet of matRad.?? The results of all the algorithms
were compared with the proposed NSLS algorithm to check their
efficiency. Each mlc (.dva) file generated from the in-house LS algo-
rithm was verified using MLC shaper software (used for simulation
and designing of mlc fields) of Varian Medical Systems and then
imported into the new plan in Eclipse TPS with the same field
parameters. The dose recalculation was performed using the same
parameters as that of the original plan.

3.3. Leaf sequencing algorithms

The ES algorithm was designed using the concept of Verhey
and Xia but the intensity map is divided into multiple segments of
equal delivery intensity unit using a reducing level technique. The
maximum and minimum value in the intensity matrix was used to
determine the delivery intensity unit (dj):

dy = mx T Tmin, (1)

where Imax is the maximum intensity value in fluence map, Iy, is
the minimum intensity value in a fluence map and [ is the number
of intensity levels (IL).

Considering each segment as a vector space (V) that can be
piecewise discontinuous, the algorithm shapes the MLC leaves to a
piecewise continuous area of the non-zero intensity of subspace of
V that corresponds to one segment.

NSLS algorithm was developed using the concept of Engel leaf
sequencing and the steps used to generate the segments for bidi-
rectional NSLS algorithm are given below:

1. TPS generated 2D intensity profile (I of grid size
2.5mm x 2.5mm) was exported and processed using an
in-house MATLAB program.

2. Centering of intensity fluence into 160 x 160 matrix correspond-
ing to maximum field size (40 cm x 40 cm).

3. Generation of segments (D) from 2D fluence using Engel’s algo-
rithm.

4. Each segment of the fluence matrix was rescaled to 60 x 160
according to the physical dimensions of Varian Millennium MLC
configuration such that each row corresponds to one MLC leaf
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pair (40 leaf pairs of 5mm width and 20 leaf pairs of 10 mm
width).

5. A key additional constraint of minimum segment width was
incorporated to select the deliverable aperture segments which
were different from those segments generated by Engel’s algo-
rithm. The algorithm calculates the area of each segment and the
segments with an area greater than the user-defined threshold
value (AA, =0.5cm?) were selected as deliverable segments.
This constraint omits very small segments.

6. An offset was extracted from exported dva files of Eclipse gen-
erated plan and was applied to all the MLC leaf pairs to align the
aperture of MLC field to the target volume.

7. MLC (.dva) file was written for Millennium 60 pair MLC in a
Varian format.

The MLC file was written in Varian .dva file format as multiple
segmented MLC fields, incorporating proper offset to all the MLC
leaf pairs to align the aperture of the MLC field to the target volume.
The cyclic redundancy check (CRC) information for the MLC file was
generated while verifying the generated segmented leaf sequence
with the MLC shaper. The verified MLC file was saved and imported
into the new plan with the same field setup.

3.4. Comparison of treatment plans

Dose volume histograms (DVHs), TotalMU and NS of IMRT plans
were calculated corresponding to 6-10 intensity levels for all the
LMC algorithms as described in earlier sections. The plans were
compared using several methods including slice by slice dose color
wash, DVHs and plan quality metric based evaluation. In plan qual-
ity metrics, the conformity index (CI) and homogeneity index (HI),
OAR doses, normalized TotalMU (MUporm), normalized average
number of segments (NSporm ), and DoM were used as parameters.
A new plan scoring index (PSI) was also proposed to evaluate the
relative plan quality and to compare the different plans generated
for a patient using various algorithms.

DoM which is defined as the ratio of a total number of monitor
units (Total MU) per fraction to dose per fraction in cGy as given in
Eq. (2)*%:

_ TotalMU per fraction
" Dose per fractionin cGy’

DoM

(2)

Cl is defined as the ratio of the square of PTV covered by pre-
scription isodose volume (PIV) to the product of PTV and PIV as
defined in Eq. (3)?':

PTV:
Clp = b (3)

where PTV,, is volume of PTV covered by the prescription refer-
ence isodose curve for an arbitrary plan p, PTV, is planning target
volume and PIV), is prescription isodose volume

Hl is defined as follows?2:

HI, = Doy — D98%7 (4)
Dsoy

where D,y is dose received by 2% volume of PTV, corresponds to
the maximum dose, Dggy is dose received by 98% volume of PTV,
corresponds to the minimum dose and D5y is dose received by 50%
volume of PTV, corresponds to the reference dose.

For any arbitrary treatment plan p, MUporm and NSporm are
obtained after normalizing TotalMU, NSayg to corresponding values
of MSS generated plan and is defined as follows:

MU (TotalMU), 5

norm = 7(TotalMU)M55 s (5)
(NSavg),

NSHOI’m = ms (6)

PsSIy, is defined as follows:

(1—HI), x Clp
MUnorm % NSnorm ’

This plan scoring index can be used as one of the important
parameters for relative comparison of different treatment plans
generated for the same patient. A higher value of PSI indicates a
better overall plan in terms of efficient (MUporm and NSporm) and
qualitative (CI, HI) treatment. The higher the values of MUporm and
NSnorm, the lower is its efficiency and PSI. One way ANOVA analysis
was performed to test the statistical variation of CI, HI, DoM, OAR
and PTV doses between various LS algorithms using SPSS v20.0.

PSI, = (7)

4. Results

Fig. 1a-f represents the integrated fluence reconstructed from
the stacking of multiple segmented MLC field of a typical flu-
ence corresponding to seven intensity levels using ES, Engel, MSS,

Fig. 1. Simulation of optical density profile in the MLC shaper software for a typical fluence (7 IL), of the different IMRT plans based on the (a) ES, (b) Engel, (c) MSS, (d)
Verhey, (e) NSLS and (f) Siochi algorithms. Orig Intensity (g) represents the originally exported fluence.
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Fig. 2. Comparison of MUporm and NSorm of various leaf sequencing algorithms averaged over all cases.
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Fig. 3. Variation of PSI of all ten patients for all algorithms averaged over 6-10 IL.

Verhey, NSLS, and Siochi based leaf sequencing algorithms. The
integrated fluence is simulated in MLC shaper software used for
verification of segments. Fig. 1c and f shows the variation in inte-
grated fluence which can be attributed to the inherent difference in
both of these algorithms. MSS results in a unique solution for min-
imum MU for unidirectional MLC movement as it eliminates zero
gradient points of fluence. This algorithm uses positive and negative
gradient points of fluence and a number of discrete intensity levels
to define the segments, whereas Siochi follows extraction and rod
pushing process which may or may not be close to minimum MU.
For the rest of the bidirectional techniques, the integrated fluence
is comparable (Fig. 1a, b, d, and e). However, a subtle difference can
be seen in the total fluence of ES (Fig. 1a) versus Verhey (Fig. 1d)
which is due to the difference in the selection of delivery units for

reducing the level technique. Fig. 1g represents the exported orig-
inal optimal fluence of a typical field which is used as input data to
generate the MLC fields of different leaf sequencing algorithms.

Fig. 2 represents the comparison of MUporm and NSporm averaged
over all patients and IL (6-10) for each algorithm. As clearly seen,
MUporm and NSporm are the lowest for the NSLS algorithm. The aver-
age change in TotalMU is 17.47%, 2.03%, 39.99%, —3.80%, 20.30% for
ES, Engel, Verhey, NSLS, Siochi, respectively, with respect to the MSS
algorithm, whereas average change in NS is 33.03%, —7.94%, 11.14%,
—14.28%, 30.19% for ES, Engel, Verhey, NSLS, Siochi, respectively,
with respect to the MSS algorithm.

Fig. 3 represents the variation of PSI for all the algorithms aver-
aged over 6-10 ILs and PSI for the NSLS algorithm in each case is
better than other algorithms. Fig. 4 represents the relative varia-
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Fig. 5. Mean and standard deviation of DoM for all algorithms averaged over 6-10 IL of all ten patients.

tion of the factors used in the calculation of PSI. The multiplication
factors affected by the denominator (MUporm, NSnorm ) and numera-
tor (CI, (1-HI)) are plotted for all algorithms for all patients against
PSI. From Fig. 4, it is clear that PSI calculations for all algorithms
are largely affected by the denominator (product of MUporm and
NSporm), as the numerator which is the product of CI and (1 —HI)
has comparable values. The data points corresponding to Verhey
and Xia, Siochi and ES algorithms are clustered toward the lowest
PSI value and correspond to a relatively higher value of denomina-
tor. PSI for MSS and Engel algorithms are clustered in the central
region of the graph, whereas NSLS algorithm resulted in the PSI
values in the range from 0.66 to 1.09 due to relatively lower values
of denominator. Fig. 5 represents the variation of DoM for all the
algorithms averaged over 6-10 ILs. The NSLS algorithm resulted in
treatment plans with the lowest degree of modulation.

Table 1 represents the detailed comparison of critical organs and
PTV doses obtained in treatment planning for 6-10 ILs correspond-
ing to all the algorithms. The doses of these critical organs show
that plans based on different algorithms are equivalent clinically
(p>0.05 using one way ANOVA).

5. Discussion

Few publications are available for the comparison of different
leaf sequencing algorithms for clinical step and shoot IMRT plans.
In this study, different aforementioned LS algorithms were used
to generate the segments from exported fluence corresponding to
6-10 intensity levels. Thus, a total of 1500 multiple segmented
fields are generated. However, there is no restriction in selecting
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Table 1
Variations in PTV and OAR doses corresponding to average of 6-10 IL for various leaf sequencing algorithms.
Case Parameter Heart Lungs Cord PTV
Vscy (%) Dwean (Gy) Vaocy (%) Dwean (Gy) Dmax (Gy) Dwean (Gy)
Patient 1 Range 231 0.20 0.64 0.22 4.63 0.04
Mean 14.31 2.26 11.85 8.05 23.56 39.40
SD 0.50 0.05 0.16 0.06 1.16 0.01
Patient 2 Range 0.17 0.03 1.80 0.11 2.48 0.04
Mean 0.29 0.85 7.51 6.02 9.38 41.16
SD 0.04 0.01 0.42 0.03 0.63 0.01
Patient 3 Range 10.21 0.55 341 0.66 1.89 2.32
Mean 40.65 5.55 11.14 7.72 8.80 41.48
SD 247 0.20 0.80 0.12 0.54 0.43
Patient 4 Range 1.07 0.28 0.82 0.39 4.66 0.04
Mean 11.08 1.41 3.92 3.65 14.70 40.84
SD 0.32 0.08 0.19 0.09 1.14 0.01
Patient 5 Range 0.62 0.30 2.28 0.36 5.66 0.04
Mean 19.40 4.43 11.01 8.44 21.58 40.64
SD 0.17 0.07 0.42 0.09 1.08 0.01
Patient 6 Range 1.83 1.56 291 0.95 3.10 0.06
Mean 53.87 9.03 11.77 8.03 15.96 42.16
SD 0.45 0.28 0.68 0.16 0.75 0.02
Patient 7 Range 0.27 0.06 0.99 0.12 4.90 0.04
Mean 4.82 1.13 11.18 6.96 16.83 40.48
SD 0.08 0.02 0.20 0.03 1.32 0.01
Patient 8 Range 141 0.21 0.99 0.29 3.20 0.04
Mean 13.96 249 11.47 8.27 19.91 40.76
SD 0.30 0.04 0.22 0.07 0.79 0.01
Patient 9 Range 1.87 0.17 0.78 0.48 4.00 0.00
Mean 7.66 1.84 16.78 8.63 27.79 40.00
SD 0.43 0.04 0.19 0.11 0.95 0.00
Patient 10 Range 294 0.59 0.70 0.25 3.40 0.04
Mean 42.29 6.91 17.98 9.89 23.32 40.64
SD 0.62 0.14 0.17 0.08 0.85 0.01

the number of intensity levels whereas increasing the intensity lev-
els to a higher extent may not significantly affect the plan quality
but total treatment time will increase. The CI and HI are statisti-
cally comparable for 6-10 IL (p>0.05 using one way ANOVA) in
this study.

The step and shoot delivery have various advantages over
dynamic delivery. The total treatment time is highly influenced by
the number of segments in step and shoot IMRT. Engel developed
a special algorithm for the minimization of TotalMU and NS simul-
taneously. At each step, an admissible duplet is selected such that
the segments have the maximum potential for minimum MUs and
are heuristic for minimum NS. In our work, an alternate method of
IMRT delivery for non-split fields is proposed that incorporates a
new constraint of minimum segment width of MLC into Engel leaf
sequencing. NSLS is compared with both segmental bidirectional
(Engel, Verhey, ES) and unidirectional algorithms (Siochi, MSS) in
this study. Verhey and Xia proposed the reducing level algorithm
using the concept of large segments opening which starts search-
ing from the highest intensity level. The delivery intensity unit for
each segment is selected in such a way that larger intensity lev-
els are delivered initially and the deliverable units are recalculated
from the residual intensity map to find the maximum intensity level
again. Thus, the intensity values are reduced exponentially in sub-
sequent segments until the lowest level of intensity is delivered and
results in higher resolution of intensity split at the peak of fluence
profile (because of unequal intensity split). Fig. 1a (ES) and d (Ver-
hey) shows a difference in higher intensity areas and is attributed
to the difference in resolution of intensity split at the peak of the
fluence profile. Verhey’s algorithm gives the maximum number of
TotalMU because of small aperture openings corresponding to the
peak of fluence profile.

Our ES algorithm, which is based on the idea of Verhey algorithm
but with equal intensity split resolution over the fluence profile,
results in a somewhat lower TotalMU than Verhey algorithm. The
unequal intensity split (exponential) of Verhey’s algorithm results

in lesser deliverable units in contrast to ES that increases the num-
ber of segments in ES. Siochi’s unidirectional algorithm results
in drastic increase in NS. MSS and Engel give optimal TotalMU
and NS simultaneously. But the NSLS algorithm provides mini-
mum TotalMU and NS in comparison to all other algorithms and is
attributed to the exclusion of tiny segments, which does not affect
the dose distribution but increases TotalMU as well as AverageNS.
The elimination of such small segments will be highly helpful to
reduce dosimetric uncertainties due to motion effects. The calcu-
lated PSI indicates the efficiency of the NSLS algorithm over the
other algorithms studied, with clinically insignificant variation in
OAR and PTV doses (p > 0.05 using one way ANOVA).

The complexity of treatment is quantified using DoM which
is proportional to total MU delivered per unit fractional dose. As
TotalMU is proportional to the number of segments and its area,
DoM also takes into account the effect of segments. DoM was mini-
mum for the NSLS algorithm; however, there was a non-significant
difference against MSS and Engel algorithm (p >0.05). A detailed
study could be performed to evaluate the effectiveness of various
complexity metrics in estimating plan complexity for IMRT. NSLS
algorithm is validated for non-split IMRT fields. The results of this
study have shown that treatment plans generated with the NSLS
algorithm have better efficiency for IMRT treatment plan delivery.

6. Conclusions

NSLS based delivery technique shows a potential for reduction
of the TotalMU and NS. The average differences in TotalMU and
NS with respect to the MSS algorithm are —3.80% and —14.28% for
the NSLS algorithm, respectively. The calculated average PSI and
DoM is 0.75 and 2.51 and 0.91 and 2.41 for the MSS and NSLS algo-
rithms, respectively. Moreover, the NSLS algorithm offers a new
delivery technique that is not available in the LMC algorithm of
Varian Medical Systems. Our NSLS algorithm resulted in a higher
PSI value in comparison to other algorithms proposed by Engel,
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Verhey, Siochi, MSS and our newly developed ES algorithm. MLC
interplay effect will be investigated in future works using the NSLS
algorithm in comparison to commercially available unidirectional
delivery while using 4D motion gated IMRT delivery. Comprehen-
sive site-specific and algorithm-specific planning studies involving
parameters such as various modulation complexity parameters etc.
will be performed before quoting any conclusion regarding the dose
conformality capabilities of the technique with respect to available
delivery methods.
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