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Purpose: We propose a novel compensator-based IMRT system designed to provide a simple, reli-

able, and cost-effective adjunct technology, with the goal of expanding global access to advanced

radiotherapy techniques. The system would employ easily reusable tungsten bead compensators that

operate independent of a gantry (e.g., mounted in a ring around the patient). Thereby the system can

be retrofitted to existing linac and cobalt teletherapy units. This study explores the quality of treat-

ment plans from the proposed system and the dependence on associated design parameters.

Methods: We considered 60Co-based plans as the most challenging scenario for dosimetry and

benchmarked them against clinical MLC-based plans delivered on a linac. Treatment planning was

performed in the Pinnacle treatment planning system with commissioning based on Monte Carlo sim-

ulations of compensated beams. 60Co-compensator IMRT plans were generated for five patients with

head-and-neck cancer and five with gynecological cancer and compared to respective IMRT plans

using a 6 MV linac beam with an MLC. The dependence of dosimetric endpoints on compensator

resolution, thickness, position, and number of beams was assessed. Dosimetric accuracy was vali-

dated by Monte Carlo simulations of dose distribution in a water phantom from beams with the

IMRT plan compensators.

Results: The 60Co-compensator plans had on average equivalent PTV coverage and somewhat infe-

rior OAR sparing compared to the 6 MV-MLC plans, but the differences in dosimetric endpoints

were clinically acceptable. Calculated treatment times for head-and-neck plans were 7.6 � 2.0 min

vs 3.9 � 0.8 min (6 MV-MLC vs 60Co-compensator) and for gynecological plans were

8.7 � 3.1 min vs 4.3 � 0.4 min. Plan quality was insensitive to most design parameters over much

of the ranges studied, with no degradation found when the compensator resolution was finer than

6 mm, maximum thickness at least 2 tenth-value-layers, and more than five beams were used.

Source-to-compensator distances of 53 and 63 cm resulted in very similar plan quality. Monte Carlo

simulations suggest no increase in surface dose for the geometries considered here. Simulated dosi-

metric validation tests had median gamma pass rates of 97.6% for criteria of 3% (global)/3 mm with

a 10% threshold.

Conclusions: The novel ring-compensator IMRT system can produce plans of comparable quality to

standard 6 MV-MLC systems. Even when 60Co beams are used the plan quality is acceptable and

treatment times are substantially reduced. 60Co-compensator IMRT plans are adequately modeled in
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an existing commercial treatment planning system. These results motivate further development of this

low-cost adaptable technology with translation through clinical trials and deployment to expand the

reach of IMRT in low- and middle-income countries. © 2018 American Association of Physicists in

Medicine [https://doi.org/10.1002/mp.12985]
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1. INTRODUCTION

Cancer is a major healthcare concern worldwide with 14.1

million cases in 20121 and 20 million new cases per year

expected by 2025.2 Recent reports have suggested 5 of the 7

million cancer deaths yearly occur in low- and middle-income

countries (LMICs)3 and this number is expected to grow in

part because of insufficient access to care.

One essential tool for managing cancer is radiation ther-

apy (RT). RT is estimated to be indicated for 50% of cancer

patients, either for curative or palliative purposes.4 A report

from the International Atomic Energy Agency suggested that

60% of patients in the LMIC setting will require RT.5 In

some disease sites which are over-represented in LMICs,

such as head-and-neck cancers, the ideal RT utilization rate

may be nearly 80% of patients.4

The Global Task Force on Radiotherapy for Cancer Con-

trol has reported that in addition to the health benefits there

are important economic benefits from RT in LMICs

because of its cost-effectiveness6 and its reduced risk of mor-

bidity and mortality compared with available surgical and

chemotherapy alternatives. Because of the challenges in

managing such treatment toxicities in the LMIC setting, the

impact of state-of-the art RT is expected to be high. These

benefits have driven an urgent need for the availability of

state-of-art IMRT capable radiotherapy technologies in

LMICs.7

Achieving these health and economic benefits depends on

the ability to limit the toxicities in normal tissues when deliv-

ering RT. A key to this is delivering highly conformal radia-

tion dose distributions to the targets while simultaneously

sparing normal tissues. The dose distributions enabled by

IMRT can increase the quality of life of cancer patients by

sparing more normal tissue and reduce costs associated with

managing toxicities8. In head-and-neck cancer treatments, for

example, IMRT can deliver high doses to the target region

while protecting the parotid glands thus limiting the serious

and costly toxicity of xerostomia (dry mouth) and dental car-

ies.9

While IMRT is available in essentially every radiotherapy

clinic in high-income countries,10 such capabilities are largely

absent due to the lacking technology in vast regions of

LMICs. The current most widely used technology relies on

multi-leaf collimators (MLCs) composed of hundreds of

moving parts, which need to be maintained to stringent

mechanical tolerances. Such systems are often difficult to

acquire and maintain in the LMIC environment. There can be

substantial losses in efficiency especially when underlying

infrastructure is not reliable.11

Here, we present a design for a novel IMRT system

which obviates many of these problems and can be

adapted to the RT delivery units already available in

LMICs. The system relies on physical compensators in the

beam path to modulate the intensity of the radiation beams

instead of moving machine-inherent MLCs. Compensators

offer the following advantages: increased reliability, less

downtime and repair, reduced requirements of quality

assurance (QA) procedures, shorter treatment times com-

pared to step-and-shoot IMRT, and less influence of

patient motion during treatment. While physical compen-

sators for IMRT are not new,12–14 the system proposed

here has several novel features: (a) Patient-specific com-

pensators are not required to be manually exchanged

between beams because unlike traditional compensators

which are mounted sequentially on the treatment head,

these are simultaneously mounted before treatment such as

on a ring structure around the patient. This minimizes

treatment time. (b) A ring may also be retrofitted to exist-

ing isocentric teletherapy units, allowing the addition of

IMRT to a clinic without having to purchase a new treat-

ment unit. (c) The compensators are plastic molds which

are filled with metal before each treatment. This allows for

the re-use of attenuating material, reduces the cost and

complexity of production, and enables local or regional

production of molds.

The goal of this study is to assess the feasibility of the pro-

posed device by studying the quality of radiation therapy

plans and delivery times. We benchmark the device by com-

paring plan quality against existing MLC-based devices. We

also explore several key design parameters and their potential

impact on plan quality. This serves as support for further

development and for a future clinical trial to investigate the

safety and efficacy of this compensator-based IMRT system.

2. MATERIALS AND METHODS

2.A. Description of proposed system

An illustration of the ring concept is shown in Fig. 1.

Compensators are mounted around the patient on a ring

structure which is independent of the gantry. They are placed

at evenly spaced beam angles, which are common among all

patients. The gantry will move from compensator to compen-

sator and deliver its rectangular fields through them. Design

alternatives to the ring concept which accomplish the same

objectives may be possible.

The compensators are plastic molds filled with attenuating

material, nominally tungsten bead. A mold could be made
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from rectangular plastic sheets with the interior deformed

into a concavity that is the shape of the desired compensator,

which can then be filled level with attenuator. The plastic

molds can be formed locally or at a regional site and trans-

ported to individual clinics. Production and transportation are

simplified because the molds are lightweight plastic. A plas-

tic mold filled with attenuator would constitute the compen-

sator, mounted as a unit. After each treatment the attenuator

could be emptied from the molds and re-used from patient to

patient. Reusing attenuator limits the required amount of

compensator material on hand, which can be bulky and

expensive. Solid brass or other metals would be much more

expensive to machine and transport than plastic molds. Low-

melting-point alloys are not being considered as an attenuator

because of the time required to re-melt and to form compen-

sators between patients. The exact method of forming the

molds is under development, and the maximum thickness of

compensators is a matter of optimization discussed in Sec-

tion 3.A.3.

The simulations and plans discussed here are for 60Co

teletherapy beams used in combination with the compensator

system. Beams from 60Co were selected because they are in

wide use in LMICs and are expected to be the most challeng-

ing application for IMRT due to their unfavorable depth-dose

characteristics and large source sizes (~2 cm), which produce

broad penumbras. If a 60Co-compensator system is feasible

then a linac-compensator system is expected to provide

IMRT of comparable or better quality.

2.B. Monte Carlo design study

A Monte Carlo study was performed to understand limita-

tions and design tradeoffs. Once design parameters were set,

these simulations produced commissioning data for the treat-

ment planning study discussed in Section 2.C. Simulations

were performed with the EGSnrc software package using the

BEAMnrc and DOSXYZnrc user codes.15,16 The Theratron-

ics 780-C was selected as a representative cobalt teletherapy

machine, and a BEAMnrc model of it was adapted from the

work of Dhanesar.17 The unit has a steel-clad 60Co source of

diameter 2 cm and height 2.8 cm. The source shielding and

primary collimator are composed of tungsten and four sets

lead trimmers extend down to 28 cm below the lower face of

the source. These trimmers were set to a 35 9 35 cm field

projected at 80 cm SAD, and phase space files were created

from events collected on a scoring plane 30 cm below the

source for use in later simulations.

2.B.1. Compensator penumbra

The compensators modulate the beam fluence in lieu of an

MLC, and so define the penumbra most relevant to this sys-

tem. Penumbra width is a critical performance consideration

as it limits the dose gradients that are achievable with IMRT.

Placing the compensator closer to the patient results in a shar-

per penumbra and thus more-sharply modulated beams.

To study performance, a half-beam-block tungsten com-

pensator 2.14 cm thick (one tenth-value-layer (TVL) for the

primary beam) was placed in the beam path and its vertical

position relative to a water phantom varied over multiple suc-

cessive runs. Profiles were extracted at the level of isocenter

10 cm deep in water. The profiles and 80–20% penumbra

widths are shown in Fig. 2. The 80–20% penumbra widths

were extracted from a fit to an empirical model with constant,

linear, and sigmoidal components.

While the widths exceed 1 cm for the compensators

placed farthest from the patient, compensators placed close to

the patient produce penumbras comparable to 6 MV linacs

with MLCs.18 A geometric limitation is the “bore size” dic-

tated by the source to compensator distance (SCD), that is,

the distance from the source to the proximal surface of the

compensator. A 50 cm SCD leaves the bore at approximately

52 cm diameter for an 80 cm SAD machine or approximately

92 cm for a 100 cm SAD machine assuming compensators

that are 2 TVL thick. This should accommodate most

patients.

2.B.2. Surface dose

One concern about compensator-based treatment is the

potential increase in skin dose due to scattered photons and

secondary electrons. To study the effect for this system, the

35 9 35 cm 60Co beam was projected through a uniform 1

TVL tungsten plate onto water at 70 cm SSD. In a series of

simulations, the proximal surface of the plate was placed 10,

FILLED 

COMPENSATOR 

MOLDS

PATIENT

RADIATION BEAMS

(60Co or Linear Accelerator)

Approx. 70cm

MOUNTING RING

FIG. 1. A ring-based design of the proposed compensator system. Here nine

compensators are placed in a ring 35 cm from the isocenter, for example.

The gantry rotates around the ring and delivers each of the nine beams

successively. [Color figure can be viewed at wileyonlinelibrary.com]
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20, 30, and 40 cm above the water surface, and an additional

run was made without the plate for comparison.

With no compensator plate, the surface dose averaged over

the top 2 mm was 76% of the dose at a depth of maximum.

With compensators, the doses were 60%, 66%, 74%, and

90% for SCDs of 40, 50, 60, and 70 cm, respectively (i.e.,

40, 30, 20, and 10 cm from the patient surface). The last

geometry (10 cm from patient surface) is not likely to be used

in this device. The lack of increase relative to open beam is

attributed to source and collimator scatter which reach the

surface in the open beam but are blocked in the compensated

beam, partially offsetting the additional scatter and secondary

electrons when the compensator is in place. Some surface

dose enhancement has previously been found in megavoltage

linac beams, also decreasing as the compensator is moved

away from the patient.19,20 Because the skin dose is not

increased except for the closest geometry, multi-beam treat-

ments should not cause an unusual degree of skin toxicity.

2.C. Treatment planning study

To assess the potential quality of radiotherapy delivery

with this system, we performed IMRT treatment planning

studies using 60Co beams as a worst-case scenario for

dosimetry quality. We benchmark 60Co compensator-based

plans against clinical MLC-linac plans. This section

describes the three components of this study: commissioning

of a hypothetical machine in the Pinnacle treatment planning

system (TPS), (Koninklijke Philips N.V., Eindhoven, Nether-

lands), the planning and plan comparison, and validation of

the IMRT dosimetric accuracy through Monte Carlo simula-

tions.

2.C.1. TPS commissioning

Pinnacle 9.8 was selected as the TPS for this work because

it is already in use in the investigators’ clinic and has the fea-

tures necessary for compensator-based planning. Pinnacle

has two limitations which particularly impacted this study:

the simplicity of the compensator physics modeling and an

apparent inability to accurately perform inverse planning at

SADs other than 100 cm. We opted to proceed at 100 cm

SAD because it was thought to qualitatively reflect the types

of plans possible.

Pinnacle generates penumbras in the patient using a

blurring function based on the collimator properties alone

regardless of the presence of a compensator or its place-

ment.* Thus, the critically important penumbra effects

described in Section 2.B.1 are not modeled accurately when

a machine is naively created with realistic physical parame-

ters; the penumbra is far too large. We therefore commis-

sioned an empirically tuned machine model for each

compensator position.

We used data from EGSnrc simulations of fields projected

through compensators with square openings as commission-

ing reference data in lieu of physical measurements on a

machine. An example is shown in Fig. 3. The Pinnacle model

simulates the beam profile well except in the out-of-field

region where the predicted dose is low. As the validation

results in Section 3.B show, the modulation accuracy is suffi-

ciently accurate. The beam energy spectrum was reproduced

from the literature21 and produces an acceptable PDD curve

match.

An additional modeling limitation is that Pinnacle treats

the compensators as if they were perfectly thin attenuating

layers rather than modeling them in three dimensions and

tracing projections of rays through true physical distances.

Practical consequences are discussed in Sections 3.B and 4.

(a)

(b)

FIG. 2. Profiles and 80–20% penumbra widths for a 60Co reference beam at

various source-to-compensator distances, from Monte Carlo simulations. The

penumbra model is an empirical fit with constant, linear, and sigmoidal com-

ponents. [Color figure can be viewed at wileyonlinelibrary.com]

*Philips product support, private communication.

Medical Physics, 45 (7), July 2018

3278 Van Schelt et al.: Compensator-based IMRT for LMICs 3278

www.wileyonlinelibrary.com
ShaChangOldMac
Highlight



2.C.2. Study description

Five clinical head-and-neck cases and five clinical gyne-

cological cases were used in this study. Each has a nine-field

6MV IMRT plan previously delivered clinically to the

patients using an Elekta linac and these plans are used as the

baseline for this study. The 60Co-compensator system was

used to re-plan each case. The objectives from each clinical

plan were used as a starting point to reduce planner bias, then

were modified as needed to produce high-quality 60Co-com-

pensator plans according to the behavior of that system. The

opening density matrices (ODMs) were converted to com-

pensators with a density of 19.3 g/cm3 (tungsten density)

using the compensator functions in Pinnacle. The compen-

sator parameters used were an SCD of 63 cm (as an example

positioning close to the patient), a resolution of 2 mm (the

native Pinnacle resolution), a maximum allowable compen-

sator thickness of 4.8 cm (2 TVL) (equivalent to standard

MLC attenuation), and nine beams (as used in the clinical

plans) unless otherwise varied as described below.

The primary endpoints for the treatment planning study

were PTV D99% and D2%, spinal cord Dmax and parotid

Dmean in the head-and-neck plans, and bladder D35% and

rectum D60% for the gynecological plans as used in cooper-

ative group trials (e.g., RTOG-0418). All plans were nor-

malized such that the mean PTV dose was equal to that of

the clinical plan for each patient. We calculated the total

treatment time for each plan, which is a special concern

given the lower dose rates for 60Co machines. For clinical

plans, we measured the actual treatment delivery time with

a stopwatch for a sample plan (6 MV step-and-shoot

IMRT) delivered on an Elekta linear accelerator with an

Agility MLC head. We applied the resulting scaling factor

(i.e., time per MU) to calculate total treatment times for

the other plans. For 60Co plans we assumed a dose rate of

200 cGy/min under reference conditions (100 cm SAD,

0.5 cm depth, 10 9 10 cm2 field), a rate which is typical

of new sources at 100 cm SAD. For all plans we assumed

one extra minute for gantry rotation.

The effect on plan quality of changing different compen-

sator characteristics was evaluated by varying one parameter

at a time and then generating new 60Co-compensator IMRT

plans for all five head-and-neck cases. The following parame-

ters were varied: SCD of 63 cm and 53 cm; compensator res-

olutions of 2, 4, 6, 8, and 10 mm via post-optimization

binning; maximum compensator thicknesses from 0.5 to

3 TVL; and the number of beams of 5, 7, 9, 11, and 13.

2.C.3. Dosimetric validation

To validate dose, calculations were performed in a water

phantom from plan compensator beams in both Pinnacle and

with EGSnrc and these dose distributions were compared in a

virtual IMRT QA. For the EGSnrc calculations, the compen-

sator matrix from each Pinnacle beam was converted into a

focused 3D tungsten model within a DOSXYZnrc phantom

file also containing a water volume. The 60Co beam was sim-

ulated for 2 9 109 histories through each compensator to

produce a dose distribution in water. The dose was evaluated

in a plane centered at 5 cm depth in water voxels spanning

0.4 9 0.4 9 1.0 cm3 to balance the needs for high lateral

resolution and low statistical variation. This provides a statis-

tical standard deviation of approximately 1% in high-dose

areas. In Pinnacle, the compensator IMRT beams were cop-

ied to a QA phantom and a dose plane extracted at 5 cm

depth at the level of isocenter. Code was written to perform

gamma analysis22,23 using the Monte Carlo data as the refer-

ence set and the Pinnacle data as the evaluated set. The rela-

tive dose scaling between the two data sets was manually

optimized because the Monte Carlo data have statistical fluc-

tuations which preclude simply using any one standard point

dose. Pinnacle had previously been shown to accurately

model cubic-block-piled tungsten-PMMA compensators in 4

and 10 MV photons beams.24

3. RESULTS

3.A. Plan quality

3.A.1. Comparison of plan quality: 6 MV-MLC vs
60Co-compensator

Example treatment plans for 6 MV-MLC and 60Co-com-

pensator plans are shown in Figs. 4(a) and 4(b). Fig. 5 shows

the corresponding DVHs for these two patients.

Table I shows the dosimetric endpoints for tumor coverage

and organ-at-risk (OAR) dose in the 60Co-compensator plans

compared to the 6 MV-MLC plans. The PTV coverage and

hotspots were equivalent for the two techniques. The 60Co-

compensator plans had higher mean parotid dose (for head

and neck cancer patients) and higher rectum D60% (for gyne-

cological cancer patients). While the individual OAR dose

differences are not statistically significant between the 60Co-

compensator and 6 MV-MLC plans, the trend is consistently

toward higher OAR doses in the 60Co-compensator plans.

Discussion of the strong 60Co performance is in Section 4.
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FIG. 3. Comparison of a beam profile from the EGSnrc Monte Carlo model

(blue with error bars) vs extracted profile from the machine modelled in Pin-

nacle (orange). [Color figure can be viewed at wileyonlinelibrary.com]
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The calculated treatment times for head-and-neck plans

were 7.6 � 2.0 (mean � 1 SD.) min for 6MV-MLC vs

3.9 � 0.9 min for 60Co-compensator. For gynecological

plans, treatment times were 8.7 � 3.1 min vs 4.3 � 0.4 min

for 60Co-compensator. The 60Co-compensator plan is faster

by a factor of 2.0 � 0.6 (P < 0.001). One of the main rea-

sons for the faster delivery is the fact that MLC-linac plans

require time for MLC leaf movement and also time for the

beam to turn on. Our timing measurements indicate that this

reduces the effective delivered dose rate by approximately a

factor of 5, that is, the average effective dose rate is 107 MU/

min from the MLC-linac plan instead of the 600 MU/min as

planned. An older source would have a slower delivery, but

80 cm SAD machines may deliver treatments even more

quickly.

3.A.2. Effect of source-to-compensator distance

Table I shows results for both 63- and 53-cm SCD plans.

There was no clinically or statistically significant difference

in dosimetry endpoints between these two setups.

3.A.3. Effect of compensator resolution

The effect on 60Co plan quality of reducing the compen-

sator resolution via binning is displayed in Fig. 6. For the

PTV D2% and D99%, the parotid mean dose, and the spinal

cord D1%, the change is <5% when the compensator resolu-

tion is changed from 2 to 4 mm. While there is no clear trend

in the data for OAR doses, the PTV coverage was inferior at

compensator resolutions of 6–10 mm, with >5% lower D99%

(a)

(b)

FIG. 4. (a) Isodose lines from IMRT treatment plans for 6 MV-MLC (top row) and 60Co-compensator plans (bottom row) for one head-and-neck case selected

as high-quality plans. Parameters are the standard set listed in Section 2.C.2. (b) Isodose lines from IMRT treatment plans for 6 MV-MLC (top row) and 60Co-

compensator plans (bottom row) for one gynecological case selected to show a good outcome. Parameters are the standard set listed in Section 2.C.2. [Color fig-

ure can be viewed at wileyonlinelibrary.com]
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compared to plans with 2 mm compensator resolution. In

addition, due to the fact that D2% tends to grow as compen-

sator resolution worsens (and D99% tends to decrease), the

data suggest that the dose distribution in the PTV is more

homogeneous for finer resolutions.

3.A.4. Effect of maximum compensator thickness

Here, we assess the effect on plan quality of the maximum

compensator thickness (i.e., the thickness beyond which Pin-

nacle truncates the optimized attenuation). Two cases had

their compensator thickness varied between 0.5 and 3.0 TVL.

Results for both are shown in Fig. 7. The OAR doses tended

to drop for thicker compensators as they were better able to

attenuate. In the gynecological case the PTV dose homogene-

ity also improved with thickness. There is negligible

advantage to using greater than 2 TVL (4.8 cm tungsten in

this study), and 1.5 TVL may be acceptable.

3.A.5. Effect of the number of beams

No clear trends were observed with respect to tumor and

OAR dose from varying the number of beams from 5 to 13.

There were erratic changes of less than 2% in both PTV

D99% and PTV D2% and less than 5% and 8% change in paro-

tid mean dose and cord D1, respectively. Based on the study

of Stein et al.,25 using either 7 or 9 beams would be appropri-

ate in most cases.

3.A.6. Compensator mass

The plans generated above can be used to estimate the total

volume (and mass) of compensators that would be required. For

the standard parameters (63 cm SCD, 2 mm resolution, 2 TVL

maximum thickness, and 9 beams), we found that the average

field sizes in the head-and-neck and gynecological plans were

14.4 9 17.5 cm2 and 17.6 9 24.0 cm2, respectively. The

fraction of the possible compensator volume within the field

taken up by attenuator material was 0.54 � 0.07 for

head-and-neck plans and 0.49 � 0.07 for gynecological

plans at 4.8 cm maximum thickness.

A full-thickness border may be necessary to allow for any

misalignment between the compensator and jaws. The neces-

sary size will depend on the final design details, so an

approximate value of 1 cm is used here. The average com-

pensator mass including border was 11.0 � 3.6 kg for head-

and-neck patients, and 14.9 � 2.6 kg for gynecological

patients assuming 63 cm SCD and density of tungsten. The

mass will increase with distance from the source and with
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FIG. 5. DVHs for the head-and-neck plan (left) and gynecological plan

(right) in Fig. 4, with relevant ROIs. Solid lines refer to the 60Co-compensa-

tor plans, and dashed lines refer to the 6MV-MLC plans. Colors for the head-

and-neck plan (left) are: PTV7000 (red), PTV6270 (orange), PTV5400 (light

green), R parotid (blue), L parotid (purple), cord (green), brainstem (brown).

Colors for the gynecological plan (right) are: PTV (red), rectum (blue), blad-

der (orange). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE I. Plan quality metrics comparing 60Co-compensators plans to base-

line clinical 6 MV-MLC plans. Five head-and-neck plans (top panel) and five

gynecological plans (bottom panel) were generated for a 6 MV-MLC, a
60Co-compensator device with a 63-cm SCD, and a 60Co compensator device

with 53-cm SCD. All compensator plans used 2 mm compensator resolution,

2 TVL maximum thickness, and 9 beams. Values shown indicate the percent

deviation of the 60Co-compensator plans from the 6 MV-MLC plan � one

standard deviation.

Difference from 6 MV-linac plan

63 cm SCD 53 cm SCD

Head and neck endpoint

PTV D2% +0.5 � 1.7% +1.5 � 1.5%

PTV D99% +2.0 � 5.4 �0.7 � 6.3

L parotid mean dose +8.6 � 8.9 +14.0 � 9.2

R parotid mean dose +7.4 � 12.2 +11.1 � 15.1

Cord max dose +0.9 � 6.9 +0.9 � 5.6

Gynecological endpoint

PTV D2% �0.8 � 0.7% �0.4 � 0.8%

PTV D99% +2.1 � 3.0 �0.9 � 0.9

Rectum D60% +7.0 � 13.1 +7.1 � 12.4

Bladder D35% +0.2 � 1.2 +0.2 � 2.0
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field size as the compensator must encompass the field pro-

jected at that distance. The physical width increases linearly

with field size and SCD, so the in-field mass increases

quadratically and the border mass linearly. Tungsten compen-

sators for 6MV beams would be approximately 25% thicker

and heavier for the same attenuation. For large SCDs, it may

not be possible to accommodate all the compensator plates in

a ring if many beams are used. For the plans considered here,

the limit is approximately 65 cm SCD if nine fields are used.

3.B. Dosimetric validation

Two head-and-neck and two gynecological plans were vali-

dated for the nominal 63 cm SCD machine. All nine IMRT

beams from each plan were analyzed for a total of 36 beams. A

compensator resolution of 2 mm was used. An example result

is shown in Fig. 8. Beams have a median gamma pass rate

97.6% and minimum of 92.8% with 3% and 3 mm gamma cri-

teria and a threshold of 10%. Differences are seen when com-

paring the least and most attenuated areas, an error which is a

few percent and attributed to the low out-of-field dose in the

Pinnacle model. Future modeling efforts in a different TPS

may be able to reduce this error. We note that in performing

this analysis, we assumed a 3D focused compensator to most

closely match the simplified model for compensators that is

used in Pinnacle (i.e., an infinitely thin compensator).

There can be sharp gradients in the fluence generated in

inverse planning in Pinnacle and correspondingly sharp fea-

tures in the compensators. It is not possible to restrict the

complexity of the compensators in Pinnacle during planning,

so it must be noted that some such compensators may be

challenging to manufacture. However, as the plan quality is

fairly insensitive to feature size as shown in Section 3.A.3,

more easily manufactured compensators can clearly suffice

and should be even more accurately modeled in a TPS.

4. DISCUSSION

The data presented here demonstrate that the proposed

IMRT compensator system is capable of producing plans of

comparable quality to 6 MV-MLC systems. This is true even

when 60Co beams are used, which may make the compen-

sator system well-suited to large portions of LMICs where
60Co units are the only available technology. While OAR

sparing is decreased in some plans, the overall plan quality is

well within the limits of clinically acceptable dose distribu-

tions. The delivery time for 60Co-compensator plans was

indeed shorter in our study than that of 6 MV-MLC plans by

an average factor of 2.0 � 0.6 (i.e., average total delivery

time of 4.1 � 0.7 min vs 8.2 � 2.6 min).

Currently MLCs are the most widely used technology to

deliver IMRT. The alternative method of physical compen-

sators has a long history.26 Advantages of using compen-

sators over MLC include: simplicity, lower cost, and less

repair. It may also be easier to develop a quality assurance

(QA) procedure for a static device vs a moving MLC.27

While compensators have a long history there are several

innovative design features here. First, the compensator system

could employ reusable attenuation material to modulate the

radiation beams. We proposed a system which uses
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compensator shells made from plastic which is lightweight

and easily manufactured. Previous authors have proposed the

method of using milled negative molds,14,28 for example, the

system described by Chang et al.26 in which the compensator

is milled into a Styrofoam mold which is then packed with

reusable tin or tungsten particles. Another approach is piled

cubic blocks which also allows for reusable compen-

sators.24,29 Some authors have even proposed using liquid

metal (e.g., mercury)30 or describe a reshapable automatic

intensity modulator, in which an attenuator made of tungsten

powder, silicon binder and paraffin is shaped by an array of

steel pistons.31,32 Any of these methods obviate one of the

historic disadvantages of compensators which is the need for

on-site milling of large metallic objects (typically brass) or a

mail-order system, neither of which is practical in the LMIC

environment. Our study shows that the dosimetric properties

of our proposed system with reusable attenuation were excel-

lent.

A second feature of the compensator system design pro-

posed here is to mount the compensators on a ring or other

arrangement to avoid the time required in changing blocks

between each field delivery. Block changes are known to

greatly increase the overall treatment time.11 Therefore, a

design which eliminates the need for manual changes of

blocks will greatly increases efficiency A similar concept

was proposed by Yoda and Aoki14 in 2003, which used a

rotating multi-port “pizza pan” mounted on the head of the

linear accelerator, though to our knowledge this was never

commercialized beyond a test system with the Mitsubishi lin-

ear accelerator. The rotation of the port assembly could be

controlled from outside the vault to bring the appropriate

compensator into place. Similarly O’Daniel et al.33 consider

a single compensator with multiple regions that could rotate

with the collimator.

The planning exercise conducted here used 60Co beams,

which were taken as a “worst-case scenario” due to the lower

energy, large source size and a decaying dose rate.34 While it

may seem surprising that treatments with high gradients are

possible with 60Co beams, this can be explained by IMRT’s

ability to partially compensate unfavorable penumbras

through beam modulation. This is well-known and explored

in many previous studies, for example, Joshi et al.35 The use

of multiple beams also partially compensates for the unfavor-

able depth dose of 60Co. The study by Fox et al. shows that

the differences between treatments of 60Co IMRT and high

energy linacs were negligible if 9 or more beams were used.36

The results presented here on plan quality are consistent with

numerous other studies which examined 60Co IMRT37–41 and

showed it to be comparable in quality to MV photon telether-

apy. Some of these studies were conducted and motivated by

the fact that 60Co was used in the first-generation devices

from ViewRay Inc (Oakwood, OH, USA).42

In our study, the delivery of 60Co-compensator treat-

ments required approximately half the time of 6MV-MLC

plans. This may be surprising because treatments with
60Co teletherapy units are often thought to be longer due

to the lower dose rates. There are, however, are several

other factors which drive longer treatment times when

IMRT is delivered with an MLC-linac combination. These

include MLC leaf motion time and beam-on initiation

time. MLC-IMRT also utilizes small fields where most of

the output is blocked. All these factors reduce the effective

delivered dose rate. Our measurements indicate an average

reduction by a factor of 5 in the delivered dose rate vs the

planned dose rate for MLC-IMRT. By comparison com-

pensators use dose very efficiently which is a well-known

effect and accounts for the shorter treatment times.26 We

note, however, that the difference in delivery times may be

less marked if one considers VMAT deliveries instead of

IMRT. Most studies of VMAT find that it uses fewer

monitor units and has shorter treatment times than

IMRT,43 although the magnitude of these differences is

highly variable. An uncertainty is the additional time may

be required to mount the compensators at the beginning of

the treatment. While a full consideration of this is beyond

the scope of this paper because the system is in develop-

ment, the effect may be minimized with automatic loading

systems and/or workflow solutions.
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If 60Co can be employed in the system proposed here, it

may provide many advantages, including lower cost, simplic-

ity, less complex quality assurance procedures, and reduced

maintenance and downtime. There are particularly profound

advantages to 60Co units in those regions that have unstable

power rids, fluctuating power outages, and blackouts as

reported by a recent modeling study.11 However, it is impor-

tant to note that the compensator-ring system described here

is not restricted to 60Co beams and can also work with a linac.

It would provide the same advantages of mechanical simplic-

ity, less complex quality assurance procedures, reduced main-

tenance and downtime, and shorter treatment times.

In considering the development of the compensator-ring

system proposed here it is important to understand the effects

of the various design parameters. We found that plan quality is

fairly insensitive to most of the parameters of the compensator

system. The largest effect appeared to be the maximum

allowed thickness of the compensator. With an allowed 2

TVL, OAR sparing is similar to 6 MV-MLC plans, but

degrades substantially when the thickness is allowed to be less

than 1.5–2 TVL. The compensator resolution does not appear

to have a major effect until it becomes coarser than approxi-

mately 6 mm. The source-to-compensator distance also does

not appear to have a substantial impact on plan quality and an

SCD of even 53 cm should be achievable (i.e., 47-cm clear-

ance isocenter-to-patient on a 100 SAD machine). For compar-

ison, we note that the lower collimator of the T780 device is at

27.6 cm from the source which on an 80 cm SAD machine

provide an effective clearance of 52.4 cm. One of the potential

disadvantages of a compensator system is increased skin dose,

but Monte Carlo simulations presented here suggest that this

also is not a consequential effect.

There are some limitations of this study. The treatment

planning system used here, while capable of including com-

pensators, has a simplified model for the compensators which

does not fully capture or optimize the 3D geometry of the

compensator or secondary effects such as beam hardening in

the case of a linac spectrum and also scatter in the compo-

nents. The TPS was also only able to model a 100 SAD sys-

tem, so it is unclear how the details of the findings here

would translate into an 80 SAD system as is often used in
60Co teletherapy units. The relative insensitivity of plan qual-

ity to SCD, however, suggests that a change in SAD may not

have a large effect.

Future work includes the development of a prototype sys-

tem, work which is underway with industry collaboration.

There are numerous practical issues to address, including the

process for producing compensator molds, the process for

filling/unfilling and the time required, the quality assurance

process for the devices, and systems to ensure that correct

compensator(s) are used for the correct patient. QA processes

may include loaded compensator weight and surface geome-

try verification. Absolute dosimetry and the effect from the

plastic mold layer in these compensated beams will need to

be addressed when design is finalized. Also required is a TPS

solution that is viable for the LMIC environment and is vali-

dated for use with compensators. Some form of image guid-

ance would need to be integrated into treatment, such as kV

FIG. 8. Example Monte Carlo validation of one compensator IMRT field for a head-and-neck case. Top: the dose planes in water extracted from Pinnacle and

from the EGSnrc validation simulation. Bottom: the difference in dose as a percentage of maximum dose (left) and a map of gamma values (right) with criteria

3% and 3 mm, with a 10% threshold. In this case the pass rate was 97%. [Color figure can be viewed at wileyonlinelibrary.com]
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or MV images taken without compensators mounted, or fitted

within the compensator ring. This will have to be accounted

for in the final design of the system.

5. CONCLUSIONS

A novel design for a compensator-based IMRT system is

proposed. The planning studies presented here suggest that it

is capable of delivering plans which are similar in quality to

standard linac-based MLC technologies. While the system

would work with linacs and could potentially be retrofitted

onto existing systems, results indicate that even 60Co treat-

ment beams our proposed system can deliver similar quality

plans with treatment times of less than 5 min. There are

many potential advantages of such a system in terms of cost

and reliability and further development may improve access

to IMRT in LMICs where the need of state-of-art RT for can-

cer patients is acute and growing.
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