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Two intensity modulation radiotherapgyMRT) delivery systems, the “step & shoot” multileaf
collimator (MLC) auto-sequence and the use of an intensity modulator, are compared with empha-
sis on the dose optimization quality and the treatment irradiation time. The intensity modulation
(IM) was created by a dose gradient optimization algorithm which maximizes the target dose
uniformity while maintaining dose to critical structures below a set tolerance defined by the user in
terms of either a single dose value or a dose volume histogram curve for each critical structure. Two
clinical cases were studied with and without dose optimization: a three-field sinus treatment and a
six-field nasopharyngeal treatment. The optimization goal of the latter case included the sparing of
several nearby normal structures in addition to the target dose uniformity. In both cases, the target
dose uniformity initially improved quickly as the IM level increased to 5, then started to approach
saturation when the MLC technique was used. In the absence of the both space and intensity
discreteness intrinsic to the MLC technique, the modulator technique produced greater tumor dose
uniformity and normal structure sparing. The latter showed no systematic improvement with in-
creasing IM level using the MLC technique. For the sinus tumor treatment of 2 Gy the treatment
irradiation time of the modulator technique is no more than that of the conventional treatment. For
the MLC technique the irradiation time increased rapidly from 4.4 min to 12.4 min as the IM level
increased from 2 to 10. Both clinical cases suggested that an IM level of 5 offered a good com-
promise between the dose optimization quality and treatment irradiation time. We showed that a
realistic photon source model is necessary for dose computation accuracy in the MLC-IM treat-
ments. © 2000 American Association of Physicists in Medicir&094-24080)03305-9
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|. INTRODUCTION scanners? and Moire topography*® In recent years more

) ) ) _ sophisticated techniques including the one used in this study
There are several different techniques available for routing g e developed whose objectives were no longer to compen-

clinical treatment delive_ry of intensity modulation. ra}diaFion sate for “missing” tissue but for the missing do¥&2 We
therapy (IMRT) designed by ~dose optimization qe this technique as an alternative to the MLC techniques to

algtc))rlltl?ms. Mlélctj"%af colfhma:pr(l\/llllt_C) tfechn:?ues Ut'“g.e Ideliver intensity modulated treatments designed by a 3D
a burtin or added-on functionality of moderm meadical o ,iman planning system via a dose optimization

‘5 . . . .
acceleratorS:® The MLC techrjlques de'llver an mtgnsﬁy algorithm?2 To mark the distinct difference in objectives be-
modulated photon field by either moving the collimator — . ., L
tween the “missing tissue” type compensators and this in-

leaves during irradiation or by irradiating a sequence ofstati? i dulation techni desianate this techni
MLC ports. The former is often referred to as the “dy- ensily modulation technique we designate this technique as
a modulator IMRT technique. We strongly believe that the

namic” MLC techniqué®® and the latter as the “step & ' '~ _
shoot” MLC auto-sequence techniqlie® A less common objectives of other compensator techniques should no longer
be “skin deep,” rather, they should adapt to a new role as an

method of IMRT treatment delivery is the use of a compen- k :
satorlike intensity modulator. At the University of North 2ltérnative IMRT delivery tool. _
Carolina at Chapel Hill we developed a modulator technique The major advantage of the “step & shoot” MLC deliv-
in early 1993 to deliver IMRT, which has been successfullyery technique over the modulator technique is treatment de-
implemented in routine clinical application since 1996. livery automation. This advantage can become very impor-
Compensators of different types have been used over tH@nt when the number of IM treatment fields is large. The
years to improve dose distributions®? Initially, they were ~ advantages of the modulator technique over the “step &
used to merely compensate for the “missing tissue” in theshoot” MLC technique are much less apparent. A basic dif-
actual patient geometry compared to a rectangular phantorference between the two IM delivery techniques is the reso-
Although these compensators were developed at a time whdution of the intensity modulation delivered. The modulator
3D image-based treatment planning and dose calculatiotechnique generates a continuously varying intensity modu-
were not yet available, they are still used today with the aidation, as it is created by the dose optimization of clinical
of skin contour definition tools such as video systé€T  cases. Characterized by the finite width of the MLC leaf and
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the fact that the treatment is delivered one segment at a timégrget volume. The pencil beam-averaged target dose, de-
the “step & shoot” MLC-IM technique delivers fined as the sum of the target point doses along the pencil
“skyscraper”-like intensity modulation maps that are dis- beam divided by the total number of the points sampled, is
crete in both intensity level and spatial variation within the calculated. Note that the dose at each sampling point is the
IM plane. The actual dose optimization quality delivered istotal dose contributed from all fields, with and without IM.
related to how close the delivered IM map is to the intendedrhe same calculation is performed for every pencil beam and
continuous IM map. This match can be improved by increasfor all IM fields, then the relative intensity of each pencil
ing the number of MLC segments used, which is propor-beam is adjusted to attempt to give equal pencil beam-
tional to the intensity resolution as shown in the Resultsaveraged target dose. Because the dose to a point is contrib-
section of this paper. uted by almost all pencil beams under the influence of tissue
In the following sections of the paper we evaluate bothdensity heterogeneitia modified BATHG’ tissue inhomo-
the “step & shoot” MLC technique and the modulator tech- geneity correction method was used in the dose compujation
nique for IMRT treatments of two clinical cases. The evalu-a full-scale 3D dose computation is performed after each
ation is performed in terms of two clinically relevant factors: iteration. Several iterations are needed for the optimization
dose optimization quality specified by the dose optimizationprocess to converge. When the optimization goal includes
goal used and treatment irradiation time. In addition, wenormal structure dose tolerances the intensity of pencil
present the results of the dependence of the dose optimizeams passing through the structures is limited by the toler-
tion quality and the treatment irradiation time on the numberance dose set by the user.
of MLC segments. Some other issues important to the study Pencil beams used in the calculation had infinitesimal

presented will also be discussed. width. Sixty-four pencil beams were sampled uniformly in
each IM field. The intensities of the pencil beams between
II. METHODS AND MATERIALS the sampled pencil beams were derived via linear interpola-

tion. The iterative process continues until every pencil beam
in the IM fields has the same pencil beam-averaged target
An in-house 3D treatment planning system, PLanUNCdose unless it is limited by the normal structure dose toler-
(PLUNC), with a dose gradient optimization algoritihwas  ance. When this is achieved, the projecti@m the compo-
used for the study. The variables in the dose optimization araend of the average dose gradidiover the treatment target
restricted to the intensity modulation of the fields and theirin the IM plane of each IM field is minimized, i.e., the treat-
beam weightings. The number of fields and the geometry ofment target dose gradient itself is minimized, and the target
each field including its port must be defined by the user priodose uniformity is thus optimized. The optimization process
to dose optimization. There are different treatment optimizanormally converges within 10 iterations in 30 s of time in our
tion goals used in dose optimization algorithms ranging fronclinical application. The convergence can be conveniently
dose optimization goals such as dose uniformity of a groupnonitored by user on computer display of target volume dif-
of points, within a defined 2D plane, or within a volume; to ferential DVH, whose peak height initially grows then cease
dose biological effect goals characterized by tumor controto grow with further iterations. PLUNC is running on a net-
and accepted normal tissue complication probabilfiééas  work of Compaq Professional Workstation XP1000’s
well as hybrids of both dosimetric and dose effect(True64 Uni¥y (Compagq, Inc., Houston, TeXawith an X11
concerng>?|n this study the dose optimization goal was to window system using Open GL extensiqi@licon Graphics
achieve as uniform a target dose distribution as possibl€omputer Systems, Inc., Mountain View, Californidhe
while maintaining the critical structure doses below a setAlpha 21264 processor runs at 500 MHz with 512 MBytes of
tolerance defined by the user in terms of either dose volumaain memory.
histogram curves or specified maximum dose values for each Prior to dose optimization the user is required to set the
structure of interest. initial condition by assigning conventional beam weighting
The original dose gradient optimization algorithm, usedfor each field and by defining which figk} will be intensity
for the first clinical case, is briefly described below. Pencilmodulated. Treatment fields whose intensities are designated
beams of different intensities are used to assemble the intelyy the user not to be modulatéthey still participate in the
sity modulation of a field. When the optimization goal is dose optimization processan be either open or wedged
target dose uniformity, the dose gradi€ot variation in the  fields. The beam weightings are the only optimization vari-
target volumegdue to the otherwise open field irradiatj/de  ables for these fields. The practical benefits of this optimiza-
minimized by adjusting the pencil beam intensities to createion flexibility will be discussed later in the paper.
the opposite dose gradient thus the net dose gradient is mini- Recently we have modified the original dose optimization
mized. Only the component of the dose gradient parallel t@lgorithm and added important versatility in the definition of
the IM plane of the field can be minimized by the intensity the optimization goal. The goal can now be defined in terms
modulation of the field. The dose gradient component pereof either a single dose value or a user-defined dose volume
pendicular to the IM plane can be minimized by varying itshistogram curve for each anatomical structure of interest. An
beam weighting and/or by modulating the intensity fisapf  index-dose concept is used to accomplish the new dose op-
other bearts). Along each pencil beam that passes throughimization utilizing the original dose gradient approach. In
the target volume, the point doses were sampled within thérief an index-dose at a point is a product of the physical

A. Treatment planning and dose optimization
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Fic. 1. A sinus tumor treated with a standard three-field setup. The globes
were blocked via MLC in all three beams. The same beam setup and ports
were used in all IMRT and conventional treatment techniques studied.

dose and a number specific to the location and/or structure
association of the point. The index distribution can be ma-

nipulated in such a way so the optimization of index-dose

gradient throughout the entire treatment volume will gener-

ate a dose distribution approaching to the quality specified in

the dose optimization goal. This index-dose optimization is

used in the second clinical case presented below. Details of
this index-dose approach are beyond the scope of this study
and will be published separately.

B. Clinical case 1: Sinus tumor

A three-field sinus tumor treatment is shown in Fig. 1.
T_he eXtenSNe tumor was primarily Io_cated in the ethm_O'dFle. 2. The intensity modulatiofiM) maps of the three-field sinus tumor
sinus region between the globes, making tumor dose unifofreatment(Fig. 1) generated by the dose gradient optimization algorithm in
mity and dose sparing to the left globe a treatment plannindg’LUNC. The height of the map represents the relative photon fluence inten-
challenge. The critical structuréglobes were blocked in all S Within the field.
three fields. Using the same beam setup, treatment planning

was performed using conventional open/wedged fields, dosg, s \yere intensity modulated in the dose optimization. Fig-

optimization via modulators, and .dose optlmlzatlop V12 re 2 shows the resulting intensity modulation maps for all
“step & shoot” MLC sequences of different IM resolutions. dthree fields

The original dose gradient optimization algorithm was use
for the optimization. The treatment planning goal was the . L

same independent of the treatment technique used: to maf: Clinical case 2: Six-field nasopharynx tumor

mize dose uniformity in the treatment target volume. All treatment

three beam ports were defined by MLC regardless of the Figure 3 shows the six-field nasopharynx tumor treatment.
technique used. This is important for dose volume histogranThere are a number of normal structures in the vicinity of the

analysis, where whether the volume is defined by a continutumor in this case and they require important consideration
ous block or a jagged MLC edge can make a sizable differin addition to the treatment target dose uniformity. The nor-

ence. The part of the tumor between the globes was blockeahal structures are cord, globes, chiasm, and the left and right
in the two lateral fields, therefore it was considerably underparotid glands. The index-dose gradient optimization algo-

dosed using the conventional wedge technique. All threeithm was used for optimization. The dose optimization goal
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/ Chiasm

Fic. 3. A nasopharynx tumor treated with a six-fieldo-plana) setup.

Equal angler separation between adjacent fields was used. The treatment
target volume, cord, and chiasm are illustrated. The normal structures of
concern not shown in the figure are globes and the left and right parotid
glands.

for this case includes the dose uniformify0 Gy) of the
tumor volume and a user-defined dose criterion for each of
the normal structures. The cord and the chiasm were limited
to a maximum dose of 40 Gy and 30 Gy, respectively. The
goal for the globes, left parotid gland, and the right parotid
gland were defined in terms of maximum dose volume his-
tograms(DVHSs). There is no penalty if the resulting normal
structure DVH is better than initially specified. Figure 4 dis-
plays an example of the user-defined DVH cuffar globes

as the dose optimization goal. Also displayed in Fig. 4 is the
DVH of the initial condition prior to dose optimization. All
six fields were intensity-modulated during optimization in
the nasopharynx treatment. Two examples of the resulting
IM maps are shown in Fig. 5. Compared to the sinus tumor
case, where there was less concern of nearby normal tiSS§R. 5. Two example IM maps of the six-field nasopharynx tumor treatment
sparing, the IM maps in this case had a larger intensity variafFig. 3), field RPO(uppe) and field LAO (lower).

tion with higher spatial frequency. When the maximum

range of intensity modulation set in PLUNC is reached one
would see the high intensity in the IM map truncated. The

maximum IM magnitude setting in PLUNC is 1.8% of the

tea 18 open field intensity. The IM range of the modulator tech-
0 Globes u nique is discussed in the section below.
80 12
y
? 70 \ 1 D. Modulator-IM technique
60 9
. 50 8 (ee) The modulator-IM technique can deliver the IM treatment
® 0 5 the way it was originally designed by the dose optimization
2 ,\ \ algorithm. After the dose optimization is completed a modu-
30 opk 6; \ \ S lator file for each IM map is created. The photon fluence
20 . % N 3 attenuation through the modulator is calculated in PLUNC
10 \\ 2 using the exponential equatior, #!, wheret is the path
0 0 length of the pencil beam in the modulator. The linear at-
0

-
0 1000 2000 3000133220@583)0 6000 7000 800 tenuation coefficienu was determined from the measured

data in the following manner. Wedgelike modulat¢eerre-
Fic. 4. Dose optimization goal specification in terms of the desired DVH sponding to 30°—60° wedgewere made and the beam pro-

curve (chiasm for the nasopharynx case. The dots are created by mous
clicking on the DVH curve and used to manipulate the desired DVH shape files in the water phantom were measured. We used a path

The DVH calculated from the initial condition prior to dose optimization is length-dependeni value to reflect the beam hardening ef-
also shown. fect, u(t)=puo+ct. The constantsug (0.217 for 6 MV,
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0.175 for 15 MV} andc (—0.005 for 6 MV; —0.003 for 15

MV), are selected so that the calculated modulator profiles
match the corresponding measurement for a variety of the
field sizes, depths, and the wedge angles. The increased scat-
ter dose from this medium-density modulator was not ob-
served in percentage depth dose measurements. The study by
Changet al?® on contralateral breast dose from different tan-
gential breast irradiation techniques including the
modulator-IM and the MLC-IM techniques showed that the
modulator techniques generated slightly less scatter dose to
the contralateral breast than the conventional wedge tech-
nigues. The same study also showed that the MLC-IM tech-
nigue together with the virtual wedge technique produced the
least scatter dose to the contralateral breast.

The modulator file [specifically designed for the
computer-controlled milling machingPar Scientific, Model
ACD-3, Odense, Denmayk and the accelerator typéSi-
emens Medical Systems, Inc., Concord, Californimas
downloaded from PLUNC to the PC computer that operates
the milling machine. The milled styrofoam mold was visu- Fic. 6. Discrete IM map$(a)—(e)] converted from the smooth IM mé(p)
ally verified for its pattern, dimension, and orientation with originally generated by the dose optimization algorithm for the left lateral

. . . field of the three-field sinus treatment. The intensity modulation resolution
respect to the printout of the IM map. A thin p|aStIC Sheetof each map is represented by an IM level, which is the number of intensity

was used to cover the opening of the mold with a help Ofievels(after common background subtractiarsed to construct the IM map.
double-sided tape. Through a small filling hole the mold wasThe IM levels used in the maps we@ 2, (b) 3, (c) 5, (d) 7, and(e) 10 as

then tightly packed with small tin granules to a consistentshown.
density with the help of an electric massager. The finished tin
granule modulator was labeled and placed into a sturd
acrylic box, which can withstand daily clinical handling, and
can be easily and correctly inserted into the wedge slot o
the accelerator. The styrofoam mold is precisely sized t
snugly fit the modulator box, which in turn fits into the
wedge slot in the accelerator head as the wedge does. Th
misalignment of a modulator during treatment is unlikely.

¥osimetric verification processes for all clinical modulators.
A summary of the QA results of the clinical IMRT modula-
fors for the past several years, together with the dose optimi-
Zation results, is currently being prepared for publication.
The lowest photon intensity achieved by the current tin gran-
Ye type of modulator is 38.3% and 44.9% of the open field

. for 6 MV and 15 MV beam, respectively. However, this
The QA procedure for the modulator-IM treatments in- range can be easily increased by replacing the tin granules

cludes bea”_“ profile and patient VIvO do;e measurement with a material of higher effective density and/or by increas-
and comparison. Two IM beam profiles, inplane and cross:

. . ing the maximum thickness of the modulat@urrently 5
plane with user.—(_jeﬁned offsets, were calculated at the meac—m) without further modification of the technique.
surement condition and compared to the measurement for
each modulator prior to the first treatment. The Profiler de-_ . .
tector systeniSunNuclear Corporation, Melbourne, Florida E. "Step & shoot” MLC technique
a PC computer-controlled beam profile measurement system To deliver the IM fields via the MLC technique, each of
equipped with a linear array of diode detectors separated bihe original IM maps(Figs. 2 and b generated by the dose
5 mm, was used for the measurement and its real time conoptimization was converted into the corresponding
parison to the calculation. The calculated beam profiles weréskyscraper’-like discrete map. The discrete IM map is cre-
downloaded to the Profiler computer prior to the measureated from the original map using a user defined level of
ment. Using the “overlay” display feature, the comparison discreteness, i.e., IM level. If an IM level of 5 is used, the
between the calculated and measured beam profile is accororiginal map is divided into 5 levels of intensity after the
plished in real time during the irradiation. We find this real common background subtraction. Figure 6 shows a set of
time comparison to be a very valuable feature for routinediscrete IM maps converted from the original IM map of the
clinical modulator application where timely and informative left lateral field in the sinus tumor case. Each of the discrete
QA procedures are much needed. IM maps has a different intensity resolution represented by

A patient skin dose measurement using MOSFET detecthe number of IM levels used in constructing the IM map.
tors (Thomson & Nielsen Electronics Ltd., Ontario, Canada Once the dose optimization was performed and the “step &
is also performed and compared to the dose calculated bghoot” MLC technique was chosen, PLUNC converted the
PLUNC within the first 10 Gy of dose delivery. The mea- original IM maps to their corresponding discrete maps with a
sured dose is compared with the calculated dose at the measer-defined number of IM levels.
surement location. The IMRT modulator QA proceddfes  The discrete IM maps were then input to a stand-alone
were carefully followed in each step of the fabrication andMLC sequence optimization software system IMFAESI-
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Fic. 7. The MLC segment&) of the left lateral field of the sinus treatment [
for the “step & shoot” MLC-IM treatment where 5 IM levels were used.

The segment with the largest area, or the base segment, shows the treatment
portal.

20

Profile Intensity (%)

O L ‘1 L el Ak o
-12 -8 -4 0 4 8 12
Distance (cm)

emens Medical S_yStemS' Inc., Concord, Californiahich Fic. 8. Comparison of calculated beam profiles by two different photon
generated an optimal sequence of MLC segments and th@urce modelgused in the treatment planning sysieand the measurement
corresponding monitor unit$MU) for a given fractional ©n a test MLC pattern. The realistic photon source model, composed of a

. - dual Gaussian-distribution source, produced a calculated dose isuofiie
treatment dose. IMFAST takes into account the mechanic ine) very similar to the measuremeftircles. The calculated dose from a

constraints of the MLC leaf positioning, the “tongue & source model having a single small Gaussian distribution teghed ling
groove” effect®® a simple photon source model fitted to the generated a considerable discrepancy with the measurement under this test

accelerator beam data, and other relevant parameters in thC configuration.
MLC sequence optimization. There are several different se-

guence optimization methods available in IMFAST all of of 1 cm gaps on one side of the central axis and 2 cm gaps on
which minimize the number of MLC segments, the treatmenEhe other wih a 3 cm gapcentered on the central axis. A 6
delivery time, and to deliver the IM field as close to the input '

discrete IM map as possible. Siothhas reported the details detector system were used for data measurendbpt, per-

of t:e ";/_”‘C sc;qu:nmnghop'\t)lrlinczatlon method used éotr) tr::apendicular to the MLC leaf travel directipriFigure 8 clearly
study. Figure 7 shows the sequence generated by My qirates the importance of utilizing realistic photon source

FAST for the left lateral field of the sinus tumor case using 3modeling in the MLC segment dose/monitor unit calculation.
5 IM level discrete IM map. The MLC-IM treatment is de-

livered on a Siemens digital Mevatron accelerator retrofitIII RESULTS

with MLC using Primeview(Siemens Medical Systems, Inc.,

Concord, California a treatment delivery automation,  Treatment plans were made for each clinical case with
record, and verify system when used together with Lanti¢nd without dose optimization via intensity modulation.
Record & Verify system(Siemens Medical Systems, Inc., IMRT delivery techniques used here are “step & shoot”
Concord, California All segments of the same IM field can MLC-IM and modulator-IM.

be grouped together and delivered automatically with a keya M resolution versus MLC segments

board operation similar to the delivery of a single field. .

Using the same MLC segment optimization method, We found that f.or thg MLC-IM treatment technique there
PLUNC independently generated a set of MLC segmentsS @ linear proportionality between the number.of IM levels
which were identical to the one by IMFAST but which had a used and the number of MLC segments required as calcu-
slight difference in monitor units for segments which werelated by IMFAST as shown in Fig. 9. The proportionality is
very narrow in one dimension. This is primarily due to the Petween 1 to 2 segments per IM level per field for both the
difference in photon source distribution modeling betweerthree-field sinus tumor treatmefieft Y-axis) with relatively
PLUNC and IMFAST. PLUNC uses a two-source mddét simple IM patterns and the six-field nasopharynx tumor
which each source has a Gaussian intensity distributiorfréatmentright Y-axis) with more complex IM patterns. The
whereas IMFAST assumes the source intensity distribution i€elationship of IM resolution, dose optimization quality, and
exponential. Realistic photon source modeling plays an imtreatment irradiation time are presented in the following sec-
portant role in the accuracy of dose/MU computation when &/0Ns.
portion of the field is very narrow, a situation uncommonly
seen in conventional treatment fields but frequently encounB. Dose optimization quality

tered in the “step & shoot” MLC technique. We adjusted  The dose optimization quality of each treatment technique

the parameters in the two-source modsdlative strength, \yas judged by how well the defined optimization goal was
relative location, and the size of each sourestil the cal-  eached for each case.

culated dose distribution was in good agreement with mea- .

surement under several irregular MLC segment configural- SInus wmor case

tions. Figure 8 shows a beam profile comparison between The dose optimization goal for the sinus tumor treatment

measurement and calculation for a test MLC field composedvas dose uniformity in the target volume. The quality of

MV photon field of 40 cm length and a Profiler diode array

Medical Physics, Vol. 27, No. 5, May 2000



954 Chang, Cullip, and Deschesne: Intensity modulation delivery techniques 954

'-: 60 T v L] L} M T v L M T
_ = | Target Volume
x 40 100 X ——  MLC-10iM Level
- g ~ oF —e— MLC3MLevel |7
® 5 S —o—  MLC-5IMLevel
c £ —— Smooth IM
o 1.2 seg/IM level/td a0 § ok gl ]eeeeea Conventional J
o 301 - - fal
: = 3
- 8 30 1
P - 60 ."?" E
S 20 R = £ 2 F J
-4 L 40 'g o
- 1.45 seg./IM level/fd 5
H z 10} .
E 101 -
> F20 G _ "
(/2] = 0 . loSeot raa OV WCECE W,
= 3 85.0 90.0 95.0 100.0 105.0 110.0 115.0
B * (a) Dose (%)
h 0 T M 1 M ] M T v T v L] v o -—
0 2 4 6 8 10 12 &
) 100
IM level -
Modulator/Smooth IM -
Fic. 9. The total number of MLC segments required vs the IM level used in 90 + >
the “step & shoot” MLC-IM treatment technique for the three-field sinus —_ —
(left Y-axis) and the six-field nasopharyrikight Y-axis) treatment. The data |>_< =
show that 1.2 and 1.45 MLC segments per field are required for each IM @ 90 2
level used for the treatments, respectively. 2 g
£ 80 o
w o
- 2
critical structure(globe sparing was not considered in the @ z
comparison becausg) globes were outside the treatment =2 50 re0 %
ports and(2) each treatment port was defined by the same = =
MLC leaf configurations for all techniques. For this case we 5
defined the dose optimization quality as Uniform Dose Vol- =
ume (UDV) alone. Derived from the differential dose vol- P N — N 7
ume histogram of the target volume, shown on Figall€or 0 2 4 6 8 10

the nasopharynx case, UDV is the percentage of the treat- ()
ment target volume that receives withirb% of the nominal
dose. The dependence of UDV on the intensity resolution ofic. 10. (a) Differential DVH of nasopharynx target volume; the peak
the IM map is displayed in Fig. 10) (left Y-axis). The solid  height is related to UDV value(b) Uniform Dose Volume(UDV) as a
horizontal line in Fig. 1(b) represents the UDV value of the function of IM level for the three-field sinus tumdleft Y-axis) and the
. : . (iix-field nasopharynx tumdright Y-axis) treatment. UDV represents tumor

rr_]Odmator technique. The data show that for th_e three-fiel ose uniformity and is defined as the percentage of the tumor volume re-
sinus treatment at least 3 IM levels were required for the&eiving 5% of the nominal dose. The same solid horizontal line in Fig.
MLC-IM treatment to achieve better dose uniformity com- 10(b) represents the UDV values of the modulator/smooth IM technique for
pared to the conventional treatment technique (UDVb.Oth clinical cases._The smqoth _IM can be achieved using a mo_dulator
P . . L . similar to the one discussed in this paper. The treatment ports defined by
=75 /0) The UDV quickly |mpr0Ved_ with increasing IM ¢ are identical for all IM delivery techniques.
level initially then approached saturation at an IM level of 5.
The UDV only improved from 82% to 83% as the IM level . . _ .
changed from 5 to 10. The gap between the UDV values ofigure 1@b) (right Y-axis) shows one aspect of this multi-
the modulator-IM (87%) and the 10 IM level MLC-IM factored dose optimization quality, the UDV, as a function of
(83%) is one-third of the total difference between the con-IM level for the MLC technique together with the data from
ventional treatment75.5%9 and the optimized treatment the modulator-IM technique. One sees a similar trend in the
with no limit in IM resolution (87%). dependence of UDV on the IM levels for both clinical cases
presented: improvement in UDV slows down after the IM
level reaches 5. The gap in UDV value between the

The dose optimization quality of this nasopharynx tumormodulator-IM technique (93.1% and the 10 IM
treatment is judged by how well all the prerequisites specifevelMLC-IM technique(90.4% is smaller than that of the
fied in the dose optimization goal have been reached. Theginus tumor case. We want to clarify that the IM magnitudes
include target volume dose uniformity and a set of specifiecf some of the fields in this case exceed the limit of the
DVH curves or single dose values for the nearby normakurrent tin granule modulator. The label “modulator-IM” in
structures of interest in addition to tumor dose uniformity.Figs. 10 and 11 is replaced by “smooth IM” to reflect this

IM level

2. Nasopharynx tumor case
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fact. As we mentioned earlier, this IM limitation can be sig-
nificantly improved by using a higher effective density
modulator material than tin granules.

Manual treatment planning using the conventional treat-
ment techniquéwedges and open fieldsvas extremely dif-
ficult and planner-dependent in this six-field case with a
complex dose optimization goal. It was relatively easy to
manually achieve tumor dose uniformity but not while si-
multaneously sparing the normal structures as specified in
the dose optimization goal. For this reason this planner de-
pendence of the conventional treatment plan should be noted
if the plan is used for a reference of comparison.

In terms of the other aspect of the dose optimization qual-
ity, the normal structure sparing, the evaluation method used
is much less systematic and quantitative but informative.
Figure 11 shows the degradation in the dose sparing of the
MLC-IM technique with different IM resolutions for some of
the normal structure®ord, chiasm, and left parodich terms
of DVH. Similar results are also seen in DVHs of other
normal structures not shown here. The data from the corre-
sponding conventional and the modulator-IM techniques are
also displayed in Fig. 11. It is interesting to see that the
differences in DVHs between the modulator-IM technique
and the MLC-IM techniques are not closely related to the IM
level used. This phenomenon strongly suggests that the spa-
tial resolution of the MLC-IM technique (1 cklcm),
which is unchanged as the IM level increases, is responsible
for the difference in the nearby normal structure sparing be-
tween the modulator-IM and the MLC-IM techniques.

C. Treatment irradiation time

The treatment irradiation time is defined as the time
elapsed between the initiation of the treatment on the accel-
erator console by pushing the “rad on” button to the
completion of the irradiation. Besides the treatment irradia-
tion time defined above, the conventional and the
modulator-IM techniques require additional time for thera-
pists to enter the treatment room to exchange the modulator
or wedge between treatment fields. This beam modifier ex-
change time is generally no more than 45 s in our clinic. We
defined equivalent treatment irradiation timas the treat-
ment irradiation time plus the beam modifier exchange time
when applicable for a meaningful inter-comparison of treat-
ment irradiation time among the MLC-IM technique, the
modulator-IM technique, and the conventional technique.
The treatment irradiation times were measured using a stop-
watch for a treatment dose of 2 Gy. Figure 12 displays the
dependence of thequivalent treatment irradiation timen

the IM resolution or the IM level for the three-field sinus Fis. 11. DVHSs of the normal structures from conventional and different IM
tumor treatment. The modulator-IM and the conventionaldelivery techniques for the nasopharynx casg:chiasm,(b) cord, and(c)
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Figure 12 reveals that thequivalent treatment irradiation
time increased quickly from 5.6 to 13.8 min as IM levels

increased from 2 to 10. The modulator-IM and the conven-D' Comparison of the IM delivery techniques

tional treatment techniques required substantially less treat- The inter-dependence between the dose optimization
quality and the treatment irradiation time for the MLC-IM

ment irradiation timg3.2 min).
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Fic. 12. The Equivalent Treatment Irradiation Time as a function of the IM
level for the three-field sinus tumor treatment. In addition to the irradiation 0 2
time itself, the equivalent treatment irradiation time includes the extra time -10 -5 0 5 10
required(45 s per exchangéor a therapist to enter the treatment room and Distance(cm)
to manually exchange the wedge/modulator between treatments of different
fields when applicable. The data of the conventional wedge technique and 120 — —_
the modulator-IM technique were also included in the graph for the sake of L ' ' ) ]
comparison. i —— MC3IMtevd | ]
i ——  MLC-5IMLevel ]
100 | —+— MLC-10IMLevel | A
technique in the sinus tumor treatment is shown jointly by Optimization
Figs. 1@b) and 12. The former required more IM levels for 2 8o}
better dose optimization quality which in turn demanded 2
more treatment irradiation time. The dose optimization qual- 5‘:—" 60
ity represented by UDV approached saturation at an IM level "~ !
. .. . . . ()]
of 5 whereas the treatment irradiation time increased briskly =
with increasing IM levels. An IM level of 5 seemed to be a 6_0' 40
good compromise between the dose optimization quality and
the treatment irradiation time for the MLC-IM technique. ool
Even though the optimization goal included both normal .
structure sparing and treatment volume dose uniformity for
the nasopharynx tumor case, the IM level effect of the 0! ‘ ——it
MLC-IM technique manifested itself primarily in the target -10 -5 0 5 10
dose uniformity, as evidenced by Figs. 10 and 11. Distance (cm)

We have demonstrated that the modulator technique es- ) . -
blished the upper limit for the quality of dose optimization F|G._ 1_3. I_Droflle comparison of the original IM map generated_ by the dos_e
ta pp ) q - y : p » optimization algorithm and the actual measured IM maps delivered by dif-
whereas the conventional technique via open and wedge@rent IM treatment delivery techniquésiodulator technique and “step &
beams established the baseline for the treatment irradiatiotoot” MLC-IM techniques of different IM levél (a) Right lateral field of
time. It is apparent from Fig. 1@hree-field sinus treatment the sinus treatment case, afli RAO field of the nasopharynx treatment
that the modulator technique required no additional time in
treatment delivery compared to the conventional technique
while the MLC-IM techniques required considerably longerfield. The measured “error map” is the difference between
time (100%-400%to deliver the treatment. The total patient the discrete intensity map calculated by PLUNC and the
treatment time, which includes but is not limited to the irra- measurement from the MLC-IM field delivery. The average

diation time described thus far, will be discussed later. deviation between the predictéoy IMFAST) and measured
“error map” in the measurement region was less than 2%;
E. IMFAST verification results in other regions of the IM map were similar.

An “error map” is defined in IMFAST as the difference
between the input(skyscraper intensity map and the
IMFAST-produced “step & shoot” MLC-IM intensity map. Figure 13 shows the profile comparison between the origi-
This “error map” is a quick yet informative presentation of nal IM map generated by the dose optimization algorithm
the quality of the MLC segment sequence optimization toand the actual IM maps delivered by the modulator and the
users. We independently verified an “error map” along theMLC techniques for the sinus cag& and the nasopharynx
inplane direction on the central axis for the left lateral sinuscase(b). The Profiler array detector system was used for

F. IM quality evaluation
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measurement and comparison. The measurement setup wadered as a variable in the MLC-IM treatment delivery op-
80 cm SSD, depths of 2 cm and 4 cm for 6 MV and 15 MV timization process. We are currently in the process of
photon beams, respectively. The quality of IM of each tech4incorporating such a concept into PLUNC for the MLC-IM
nigue reflected in the beam profile comparison appears to bieeatment delivery technique.

consistent with the dose optimization quality shown in Figs.

10-11 previously. C. Treatment automation and treatment time

Gantry and couch movements of newer digital accelera-
IV. DISCUSSION tors, which are often equipped with MLC functionality, can
A. Fractional monitor unit  (MU) also be controlled remotely from the accelerator console.

._These functions, coupled with Primeview or other advanced

ifiheiotal r_1umber of segments per MI_‘C'lM treatment is 4o atment automation and record and verify systems, can re-
large due to either a large number of IM fields gnd/or a Iarge5ult in substantial timesaving in total patient treatment deliv-
number of IM levels, many segments might deliver only Veryery. However, this was not included in our treatment irradia-

small MUs. When the accelergtor .cannot deliver fra(.:t'onaltion time analysis because these timesavings are not unique
MUs the dose round-off error in this case could be sizable o the “step & shoot” MLC-IM technique—they apply to all
For ;helsgr:uMsltumloliAEacl:slel\,Athe Tlmmurr; ;eézjment fMUtyvas éreatment techniques studied which were delivered from the
Iortth_e t:‘ve d i o trea r?en:ho y per rtac 0N same accelerator. The combined potential timesaving due to
n this case the round-oft error 1or these Segments Was agq neyer generation of digital accelerators and record and
high as 25%. The cumulative round-off error over the ennreverify systems plus the “step & shoot” MLC-IM technique

treatment, however, was significa_mtly S"?“a"ef' and this Stself is highly clinically relevant and deserves separate
supported by the study of IM profile of different IM levels

shown in Fig. 12. However, eliminating those MLC seg-

ments which have only a few MUs has become an acceptable _ ] )

and common practice in “step & shoot” MLC-IMRT. One D- Time required other than treatment delivery

should realize that doing so further deteriorates the resolu- Although we intended to focus on the dose optimization
tion of the IM delivered and therefore widens the differencequality and the treatment irradiation time in this study, the
between the original IM and the actual IM delivered. Thiscomparison between the two IMRT delivery techniques
fractional MU issue is irrelevant to the calculated results prewould be incomplete without mentioning the efforts required
sented in this paper because PLUNC considers fractionautside treatment irradiation. This includes the work and
MU in its dose computation. The MU truncation is per- time involved in IM treatment preparation and QA proce-
formed when the treatment setup data are downloaded fromures. In our clinic it normally takes a trained medical phys-

PLUNC to Lantis treatment record and verify system. ics technician, who is also responsible for block fabrication,
an average of 20 min to complete one modulator. This also
B. The UDV saturation behavior includes the time to perform the appropriate QA checks dur-

] . o ing the fabrication process. Obviously, the MLC-IM tech-

~ The UDV saturation behavior seen in Fig.(0can be  piques eliminate this time consuming IM preparation pro-
interpreted as the upper limit of the IM level effect on the cags. However, once the modulator is made, there is virtually
target dose uniformity for the MLC-IM technique. An IM 4 gifference between IMRT via modulator and a conven-
treatment delivered by the modulator technique can bggna) treatment in terms of treatment delivery, record keep-
viewed as a high resolution MLC-IM treatment with hun- ing, QA via port film and chart check procedures. As de-
dreds of IM levels and hundreds of MLC leaves. The gapscribed earlier, the dosimetric QA procedure for the
between the saturation UDV value of the MLC-IM technique o qyator-IM technique included) the IM profile measure-
and that of the modulator-IM technique is related to the finite,ent and its comparison to the calculation &8din vivo

spatial resolution1 cm) of the MLC technique, which is  aiient dose measurement and its comparison to calculation.

kept the same for all IM levels used. The UDV saturationThe amount of time for clinical physicists to conduct these
behavior of the MLC technique is suspected to be related t@gA procedures is on average 30 min per case.

the closeness of the collimator angle used to the optimal

collimator angle. The collimator angle, or the orientation ofE Optimizati ith d wedaed b

the MLC leaves, can have significant influence on the dis-~ ptimization with open and wedged beams
crepancy between the discrete “sky-scraper” IM map cre- Independent of the treatment delivery technique chosen,
ated for(and delivered bythe MLC technique and its cor- the workload required to accomplish an IMRT treatment can
responding original smooth map. The effect of the collimatorbe significant. The workload is directly proportional to the
angle is similar to that in conforming a MLC opening to a number of intensity modulated fields used. For this reason
given treatment portal defined by a block. An optimal colli- we have purposely been minimizing the number of intensity-
mator angle can minimize the field edge jaggedness; an opnodulated fields in the dose optimization. Because the dose
timal collimator angle can also reduce the difference betweenptimization algorithm is based on dose gradient rather than
the discrete IM map and its original smooth map. The oriendose itself there are a number of approaches possible to mini-
tation of MLC leaves(the collimator angleshould be con- mize the existing dose gradient. It gives the user the flexibil-
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