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Abstract

Aims: Intensity-modulated radiotherapy (IMRT) is a development of three-dimensional conformal radiotherapy that offers improvements in dosimetry in many
clinical scenarios. Here we review the clinical evidence for IMRT and present ongoing or unpublished randomised controlled trials (RCTs).
Methods: We identified randomised and non-randomised comparative studies of IMRT and conventional radiotherapy using MEDLINE, hand-searching
Radiotherapy and Oncology and the International Journal of Radiation Oncology, Biology and Physics and the proceedings of the American Society for Therapeutic
Radiology and Oncology and the European Society for Therapeutic Radiology and Oncology annual meetings. The metaRegister of Controlled Trials was searched
to identify completed-unpublished, ongoing and planned RCTs.
Results: Sixty-one studies comparing IMRT and conventional radiotherapy were identified. These included three RCTs in head and neck cancer (205 patients) and
three in breast cancer (664 patients) that had reported clinical outcomes; these were all powered for toxicity-related end points, which were significantly better
with IMRT in each trial. There were 27 additional non-randomised studies in head and neck (1119 patients), 26 in prostate cancer (>5000 patients), four in breast
cancer (875patients) andnine in other tumour sites. The results of these studies supported those of theRCTswith benefits reported in acute and late toxicity, health-
related quality of life and tumour control endpoints. Twenty-eight completed-unpublished, ongoingor plannedRCTs incorporating IMRTwere identified, including
at least 12,310 patients, of which 15 compared conventional radiotherapy within IMRT as a randomisation or pre-planned stratification.
Discussion: Inverse-planned IMRT maintains parotid saliva production and reduces acute and late xerostomia during radiotherapy for locally advanced head and
neck cancer, reduces late rectal toxicity in prostate cancer patients allowing safe dose escalation and seems to reduce toxicity in several other tumour sites.
Forward-planned IMRT reduces acute toxicity and improves late clinician-assessed cosmesis compared with conventional tangential breast radiotherapy.
� 2010 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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Statement of Search Strategies Used and
Sources of Information

There has been one systematic review by Veldeman
et al. [1] of comparative clinical studies of intensity-modu-
lated radiotherapy, in which MEDLINE and EMBASE were
searched for publications up to 21 August 2007. No publica-
tionswere found only using EMBASE. This study has updated
that reviewwithMEDLINE using technique-specific terms up
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paper was being reviewed, have been included. The meta-
Register of Controlled Trials was searched using technique-
specific terms up to 21 July 2009 to identify randomised
controlled trials comparing intensity-modulated radio-
therapy and conventional radiotherapy and trials that were
stratified for use of intensity-modulated radiotherapy.
Introduction

The Radiotherapy Development Board was set-up as
a multi-institutional body to implement the recommenda-
tions of the National Radiotherapy Advisory Group report to
Ministers [2]. As discussed in the introduction of this special
issue [3], the RadiotherapyDevelopment Board identified the
implementationof intensity-modulated radiotherapy (IMRT)
and equitable access to IMRT across the four countries of the
UK as its initial priority.We felt that an updated reviewof the
clinical evidence to support theuse of IMRTwas essential and
that such a review would help oncologists achieve a clinical
consensus on the role of IMRT, a process considered essential
for a successful introduction of a national IMRT programme
by the Cancer Care Ontario Program [4].

IMRT offers improved dosimetry compared with conven-
tional non-modulated radiotherapy techniques, including
two-dimensional radiotherapy (2DRT) and three-dimensional
conformal radiotherapy (3DCRT) in many clinical scenarios.
IMRT can create concave dose distribution and steep dose
gradients, sparingnormal tissue; it canalsobeused to improve
the homogeneity of the dose distribution. There is a potential
for increasedgeographicalmissas an IMRTdosedistribution is
more conformal than 3DCRTand delivery times can be longer
[5]; four-dimensional adaptive image-guided radiotherapy
(4D-IGRT) may provide solutions in the long term, but this is
not routinelyavailablewithin theUK [2]. IMRTresults in larger
volumes of normal tissues receiving low doses of radiation
compared with conventional treatment, but the clinical rele-
vance of this is unknown [6,7]. IMRT is a complex treatment to
deliver and requires additional resources for education, out-
lining, planning and process quality assurance [8].

A systematic review of comparative studies was published
in April 2008; 41 studies, including three randomised
controlled trials (RCTs), were identified in a search up to
21 August 2007 [1]. This overview will update that review,
prioritising data from prospective clinical trials, and summa-
rise unpublished trials that are registered on themetaRegister
of Controlled Trials. Dosimetric planning studies, including
comparisons of different IMRT planning and delivery tech-
niques, are beyond the scope of this paper. This paper repre-
sents the views of the authors, and has not been formally
approved by all of the organisations represented.
Materials and Methods

Search Strategy

There has been one systematic review by Veldeman et al.
[1] of comparative clinical studies of IMRT, inwhichMEDLINE
and EMBASE were searched for publications up to 21 August
2007. No publications were found only using EMBASE [9].
This overview has updated that review with MEDLINE using
technique-specific terms up to 21 July 2009. In addition, all
issues of Radiotherapy and Oncology and the International
Journal of Radiation Oncology, Biology and Physics between
these dates, including the proceedings of the 2007 and 2008
American Society for Therapeutic Radiology and Oncology
and European Society for Therapeutic Radiology and
Oncology annual meetings, were hand-searched. Finally, the
results of PARSPORT: ICRCTN48243537, which were pre-
sented at the American Society of Clinical Oncology annual
meeting in2009, as thispaperwasbeing reviewed,havebeen
included [10]. The metaRegister of Controlled Trials was
searchedusing technique-specific termsup to21 July 2009 to
identify RCTs comparing IMRT and conventional radio-
therapy and trials that were stratified for use of IMRT [11].

Definitions of Terms

The terms used in this review are taken from the Inter-
national Atomic Energy Agency Transition from 2D radio-
therapy to 3D conformal and intensity-modulated
radiotherapy’ document [11]. In this document, IMRT is
described as ‘more than simply the use of non-uniform
beam intensities’ and ‘more than the use of beam modifiers
such as wedges and compensators’. ‘IMRT requires a treat-
ment planning system (TPS) that allows 3D target volume
and organ at risk delineation, defined dose plan objectives,
formal plan assessment using 3D dose distribution and DVH
criteria (as a minimum) and enhanced patient specific
quality assurance’. A key aspect of ‘inverse-planned’ IMRT is
plan optimisation, although the method of optimisation is
achieved differently with each planning system. The basic
principle is the setting of target coverage and normal tissue
avoidance objectives that the TPS attempts to achieve with
different beam intensities from each gantry angle. Each
attempt is ‘costed’, with cycles of attempts or ‘iterations’,
until an optimal balance between target coverage and
normal tissue avoidance is reached. Human interaction is
then needed to assess plan quality and if the optimised
solution is unacceptable, changes are made to the initial
plan objectives and the optimisation process re-run.

Forward-planned IMRT is a term used to describe the
creation of complex two- or three-dimensional treatment
plans by planners as opposed to the TPS. It creates less
complex IMRT solutions than inverse-planned IMRT, gener-
ally to a maximum of three intensity levels per beam, but
does not require the complex process quality assurance, and
is thus a more direct extension of 3DCRT than inverse-plan-
ned IMRT. It is also not a new technique, being used primarily
to deliver concomitant boosts and improve dosimetric
homogeneity [12e16]. The additional dosimetric benefit of
inverse-planned IMRT over forward-planned IMRT, if any,
will depend on the clinical scenario [17e19]. Here, IMRT
refers to inverse-planned IMRT except for tangential breast
radiotherapy, as forward-planned IMRT is clearly distinct
from conventional techniques, as described below. There are
several techniques described for achieving forward-planned
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tangential breast IMRT plans and they do not all require
target volume and organ at risk delineation or assessment of
the three-dimensional dose distribution; the principle is
a three-dimensional assessment of breast thickness or dose
and the use of filler beams to reduce the volume of tissue
receiving <95% or >105% of the prescribed dose [19e21].
Results

In total, 61 comparative studies were identified, of these
six were RCTs. One of these had only been published as an
abstract and one only reported dosimetric results (the
Veldeman et al. review [1] included three RCTs and a total of
49 studies). The details of these studies are presented by
tumour site below. Twenty-seven additional unpublished,
ongoing or planned trials in nine cancer sites were identi-
fied (Tables 1e4) and at least 12 310 patients have been or
will be recruited to trials involving IMRT (eight trials do not
state their planned trial numbers).
Head and Neck Cancer (30 Studies, Three Randomised
Controlled Trials)

Radiotherapy is used in the radical management of
patients with head and neck cancer in many different
Table 1
Ongoing, unreported and planned clinical trials in intensity-modulated

Study name Principle research question

Study of three-dimensional conformal
radiotherapy vs intensity-modulated
radiotherapy for squamous cell
carcinoma of the head and neck

Phase II RCT of 3DCRT
versus IMRT

A multicentre randomised study of
cochlear sparing intensity-modulated
radiotherapy versus conventional
radiotherapy in patients with
parotid tumours (COSTAR)

Phase III RCT of 3DCRT
versus IMRT

IMRT plus cisplatin versus conventional
radiotherapy plus cisplatin in
stage IIIeIV HNSCC

Phase III RCT of dose-escala
IMRT versus standard
dose 3DCRT

Radiation therapy and cisplatin with
or without cetuximab in treating
patients with stage III or stage IV
head and neck cancer

Phase III RCT of concurrent
accelerated chemoradiation
with or without cetuximab
stratified for use of IMRT

A phase III study of standard
fractionation radiotherapy with
concurrent high-dose cisplatin
versus accelerated fractionation
radiotherapy with panitumumab
in patients with locally advanced
stage III and IV squamous cell
carcinoma of the head and neck

Phase III RCT of standardly
fractionated chemoradiatio
versus accelerated
panitumumaberadiotherap
stratified for use of IMRT

Late-course accelerated
hyperfractionated IMRT for
locoregionally advanced
nasopharyngeal carcinoma

Phase II/III RCT of conventio
fractionated versus late-cou
accelerated hyperfractionat

RCT, randomised controlled trial; 3DCRT, three-dimensional conform
National Cancer Institute; NCIC, National Cancer Institute of Canada.
clinical scenarios. It is used as a single agent or in combi-
nation with surgery, chemotherapy or molecularly targeted
agents. Target structures include the primary, involved and
uninvolved lymph nodes.

Several critical structures limit tumour dose, including
the parotid glands, spinal cord, optic apparatus and the
swallowing apparatus. Late toxicity has focussed on xero-
stomia and there is a well-documented relationship
between the volume of parotid gland irradiated to
25e30 Gy and the long-term recovery of salivary function
[22,23]. IMRT has primarily been used to reduce parotid
gland irradiation, minimising volumes receiving 26 Gy,
although improved tumour coverage, reduced inhomoge-
neity and dose escalation have also been reported. Concerns
over geographical miss and unexpected patterns of failure
are now being reported [24,25]. Reduced toxicity from IMRT
may allow dose escalation or incorporation of concurrent
systemic therapies, both of which might improve outcome
[26]. Biological imaging may alter concepts in target delin-
eation by identifying sites of increased clonogenic density
or relative radioresistance [27], to which IMRT could be
used to deliver concomitant boosts [28].

Thirty studies comparing the results of IMRT with
conventional radiotherapy for head and neck cancers were
identified. These included two RCTs in nasopharyngeal
cancer patients treated in China (total 111 patients), one RCT
radiotherapy (IMRT) in other head and neck cancers

Number
of patients

Status Trial sponsor Code

60 Active not
recruiting

Tata Memorial
Hospital, India

NCT
00652613

84 Recruiting Institute of Cancer
Research, UK

ISRCTN
81772291

ted Not stated Recruiting Group Oncologie
Radiotherapie,
France

NCT
00158678

,

720 Recruiting RTOG; NCI, USA NCT
00265941

n

y,

Not stated Recruiting Princess Margaret
Hospital; NCIC,
Canada

NCT
00820248

nally
rse
ed IMRT

Not stated Recruiting Guangxi Medical
University, China

NCT
00778908

al radiotherapy; RTOG, Radiation Therapy Oncology Group; NCI,



Table 2
Ongoing, unreported and planned clinical trials in intensity-modulated radiotherapy (IMRT) in prostate cancer

Study name Principle research question Number
of patients

Status Trial sponsor Code

A phase III intensity-modulated
radiotherapy dose-escalation
trial for prostate cancer using
hypofractionation

Phase III RCT of standardly
versus hypofractionated IMRT

300 Completed Fox Chase
Cancer Centre;
NCI, USA

NCT
00062309

A phase III randomised study of
high-dose 3DCRT/IMRT versus
standard dose 3DCRT/IMRT in
patients treated for localised
prostate cancer

Phase III RCT of dose escalation,
stratified for use of IMRT

1520 Active, not
recruiting

RTOG;
NCI, USA

NCT
00033631

Radiation therapy with or without
bicalutamide and goserelin in
treating patients with prostate
cancer

Phase III RCT of high-dose IMRT
versus standard dose IMRT with
androgen deprivation therapy

400 Active, not
recruiting

Memorial
Sloan-Kettering
Cancer Center;
NCI, USA

NCT
00067015

3D conformal radiation vs helical
tomotherapy in prostate cancer

Phase III RCT of 3DCRT
versus IMRT

Not stated Recruiting Ottawa Health
Research
Institute, Canada

NCT
00326638

A phase III intensity-modulated
radiotherapy dose escalation for
prostate cancer using
hypofractionation

Phase III RCT of standard IMRT
versus hypofractionated,
dose-escalated IMRT

225 Recruiting M.D. Anderson
Cancer Center,
USA

NCT
00667888

Intensity-modulated radiation therapy
with or without decreased radiation
dose to erectile tissue in treating
patients with stage II prostate cancer

Phase III RCT of IMRT with or
without erectile tissue avoidance

200 Recruiting Fox Chase Cancer
Center, USA

NCT
00084552

Intensity-modulated radiation therapy
versus permanent interstitial
radiation therapy for prostate cancer

Phase II RCT of IMRT versus
brachytherapy

50 Recruiting British Columbia
Cancer Agency,
Canada

NCT
00407875

A randomised phase III multi-centre
trial of conventional or
hypofractionated high dose
intensity-modulated
radiotherapy for prostate
cancer (CHHiP)

Phase III RCT of standardly
versus hypofractionated IMRT

3163 Recruiting Institute of Cancer
Research, UK

ISRCTN
97182923

Phase III study of hypofractionated
radiotherapy of intermediate risk
localised prostate cancer

Phase III RCT of standardly versus
hypofractionated IGRT delivered
with 3DCRT or IMRT

592 Recruiting Umea, Sweden ISRCTN
45905321

Randomised trial of external beam
radiation with or without short-course
hormonal therapy in intermediate risk
prostate cancer patients

Phase III RCT of radiotherapy
with or without hormonal therapy,
delivered with dose-escalated
IMRT, 3DCRT or proton therapy

340 Recruiting M.D. Anderson
Cancer Center,
Houston, USA

NCT
00388804

Radiation therapy in treating patients
with stage II prostate cancer

Phase III RCT of standardly versus
hypofractionated radiotherapy,
stratified for use of IMRT

1067 Recruiting RTOG, USA NCT
00331773

RCT, randomised controlled trial; 3DCRT, three-dimensional conformal radiotherapy; RTOG, Radiation Therapy Oncology Group; NCI,
National Cancer Institute; IGRT, image-guided radiotherapy.
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in oro- or hypo-pharyngeal cancer patients that has only
been published as an abstract (94 patients) and 27 non-
randomised comparative studies (1119 patients). There
were six other unpublished, ongoing or planned trials in
head and neck cancer involving IMRT (Table 1).

Nasopharygeal cancer (seven studies, two randomised
controlled trials)

Pow et al. [29] reported on 51 patients with stage II
nasopharyngeal carcinoma treated with 2DRT or inverse-
planned IMRT. The primary end point was a change in the
stimulated whole saliva flow rate. The mean stimulated
whole saliva flow rate and the stimulated parotid flow rate
were significantly higher and recovered faster after IMRT
than after 2DRT at 8 weeks, 6 months and 12 months.
Health-related quality of life (HRQOL) was assessedwith the
SF-36, EuropeanOrganization for Research and Treatment of
Cancer (EORTC) core and EORTC-H&N35 questionnaires;
IMRT significantly improved acute xerostomia-related
HRQOL and some measures of physical functionality.
However, overall HRQOL recovery was similar in both arms.

Kam et al. [25] reported on 60 patients with stage IeII
nasopharyngeal carcinoma with 2DRT or inverse-planned
IMRT. The primary end point was Radiation Therapy



Table 3
Ongoing, unreported and planned clinical trials in intensity-modulated radiotherapy (IMRT) in breast cancer

Study name Principle research question Number of
patients

Status Trial sponsor Code

A clinical trial to reduce skin burn
induced by breast radiotherapy
using intensity-modulated
radiation therapy

Phase III RCT of 2DRT
versus IMRT

340 Completed Sunnybrook Health
Centre, Canada

NCT
00187343

Prospective randomised clinical
trial testing 5.7 Gy and 6.0 Gy
fractions of whole breast
radiotherapy in terms of late
normal tissue responses and
tumour control (FAST)

Phase III RCT of standardly
versus hypofractionated IMRT

900 Completed Institute of Cancer
Research, UK

ISRCTN
62488883

A randomised phase II trial
comparison of radiation therapy
techniques in the management
of node-positive breast cancer

Phase I/II RCT of 2DRT
versus IMRT

Not stated Recruiting University of Michigan
Cancer Center, USA

NCT
00581256

Randomised trial testing
intensity-modulated radiotherapy
and partial organ radiotherapy
following breast conservation
surgery for early breast cancer
(IMPORT LOW)

Phase III RCT of standard
radiotherapy versus partial
breast IMRT

1935 Recruiting Institute of Cancer
Research, UK

ISRCTN
12852634

Randomised trial testing dose escalated
intensity-modulated radiotherapy in
women with higher than average
local tumour recurrence risk after
breast conservation therapy for
early breast cancer (IMPORT HIGH)

Phase III RCT of standard IMRT
versus concomitantly
boosted � dose-escalation IMRT

840 In set-up Institute of Cancer
Research, UK

ISRCTN
4743744

RCT, randomised controlled trial; 2DRT, two-dimensional radiotherapy.
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Oncology Group (RTOG)/EORTC grade 2e4 xerostomia at 1
year after radiotherapy. There was a lower mean parotid
dose in the IMRT arm and a significantly reduced clinician-
assessed grade 2e4 xerostomia with IMRT at 6 weeks and
12 months. The stimulated parotid flow rate was signifi-
cantly higher after IMRT compared with 2DRT at 6 weeks,
6 months and 12 months and the stimulated whole saliva
Table 4
Ongoing, unreported and planned clinical trials in intensity-modulated

Study name Principle research question

A prospective randomised trial
of preoperative IMRTþ surgery
versus surgery alone for primary
retroperitoneal sarcoma

Phase III RCT of preoperative
IMRT versus no radiotherapy

A trial comparing intensity-modulated
radiation therapy with conventional
radiation therapy in stage IIB
carcinoma cervix

Phase III RCT of 3DCRT versu
IMRT, both with concurrent

Three-dimensional conformal radiation
therapy versus intensity-modulated
radiation therapy in NSCLC

Phase II RCT of image guided
adaptive radiotherapy with
3DCRT versus IMRT

Three different radiation therapy
regimens in treating patients with
limited-stage small cell lung cancer
receiving cisplatin and etoposide

Phase II RCT of different frac
regimens, stratified for use o

RCT, randomised controlled trial; 3DCRT, three-dimensional conforma
Leukemia Group B; RTOG, Radiation Therapy Oncology Group.
flow rate was significantly higher at 12 months. There was
no significant difference in patient-reported outcomes at
any time point, using RTOG/EORTC scores.

Five non-randomised studies have shown that there is no
difference in tumour control outcomes between 185
patients treated with 2DRT, 128 with 3DCRT or 219 with
inverse-planned IMRT for nasopharyngeal cancer (including
radiotherapy (IMRT) in other tumour sites

Number of
patients

Status Trial sponsor Code

Not stated Completed Memorial Sloan
Kettering Canscer
Center; NCI, USA

NCT
00131898

s
cisplatin

Not stated Recruiting Tata Memorial
Hospital, India

NCT
00193804

168 Recruiting M.D. Anderson
Cancer Center, USA

NCT
00520702

tionation
f IMRT

Not stated Recruiting CALGB; RTOG;
NCI, USA

NCT
00632853

l radiotherapy; NCI, National Cancer Institute; CALGB, Cancer and
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36 children)[30e34]. Reduced acute toxicity [30], improved
stimulated parotid flow rate at 6e12months [32], improved
short-term HRQOL [34] and acceptable late toxicity rates
[31] were reported with inverse-planned IMRT.

Oral cavity, laryngeal and oro-/hypo-pharyngeal cancers
(16 studies, one randomised controlled trial)

The results of PARSPORT, a UK randomised phase III trial
comparing the rate of grade 3/4 xerostomia in 94 patients
treated with inverse-planned IMRT with conventional
radiotherapy for cancers of the oropharynx and hypo-
pharynx were presented in 2009 [9]. The primary end point
was incidence of LENT-SOMA grade �2 xerostomia 1 year
after treatment. Grade �2 xerostomia was recorded in 74%
of patients in the conventional radiotherapy arm and 40% in
the inverse-planned IMRTarm at 12months (P¼ 0.005) and
was reduced from 71% to 29% at 18 months (P¼ 0.004).
Therewere no differences in overall survival or locoregional
control rates between the groups.

Fifteen non-randomised studies, including four matched
analyses, have compared the outcome of patients treated
with parotid-sparing inverse-planned IMRT (959 patients)
or 2DRT/3DCRT (1455 patients) with predominantly oral
cavity, oropharyngeal, laryngeal or hypopharygeal cancers
[35e49]. The beneficial effects of inverse-planned IMRT are
demonstrated with remarkable consistency, supporting and
extending the results from the RCTs: acute [35,47] and late
(at least 6 months after radiotherapy) xerostomia was
reduced [36,40,43,47], leading to improved xerostomia-
HRQOL [37e39,42,47], with increased benefits for inverse-
planned IMRT as follow-up increased beyond 12 months
[39]. Global head and neck HRQOL [39,47,48] and domains
assessing pain [39], communication [46], emotion [39] and
eating [46,48] were also improved in the inverse-planned
IMRT cohorts. One study also reported a reduced need for
long-term percutaneous endoscopic gastrostomy feeding
[40]. Two studies have shown a statistically significant
improvement in tumour control end points [36,44],
whereas four have not [40,43,45,49]; Rothschild et al. [44]
reported improved 1- and 2-year overall survival with
inverse-planned IMRT using positron emission tomography
for target volume delineation compared with 3CRT without
positron emission tomography (97 and 91% versus 74 and
54%; P¼ 0.002) and Chao et al. [36] reported improved
2-year disease-free survival and overall survival with
inverse-planned IMRT compared with 2DRT in both the
postoperative and definitive radiotherapy setting for
oropharyngeal cancer (all P< 0.01).

Miscellaneous (five studies, no randomised controlled trials)
Threenon-randomised studieshave shownthat there isno

difference in the local control, overall survival or disease-free
survival between 110 patients treated with 2DRT, 74 with
3DCRT or 92 with inverse-planned IMRT for sinonasal
tumours [50e52]. Chen et al. [51] reported a lower rate of late
grade �3 ocular and auditory toxicity with IMRT (both
P¼ 0.01), although the rates of severe toxicity were also
correlated with decade of treatment. Only two of the 92
patients treated with IMRT developed �3 grade
complications,withno radiation-inducedblindness,whereas
four patients developed radiation-induced blindness in the
non-IMRT cohorts [50e52]. The Memorial Sloan Kettering
Cancer Center report of re-irradiation for recurrent head and
neck cancer in 105 patients has shown improved 2-year local
control rateswith inverse-planned IMRTcomparedwithnon-
IMRT (52% versus 20%; P< 0.001), and that those with local
control had better 2-year overall survival [53]. Madani et al.
[54] compared the outcome of 19 patients treated with
inverse-planned IMRT for cervical node metastases of
unknownprimarywith23patients treatedwithconventional
radiotherapy. Reduced rates of grade 3 acute dysphagia,
xerostomia at 6 months, late dysphagia and/or skin fibrosis
were seen in the IMRTcohorts (all P< 0.03) although tumour
control outcomes were not significantly different.

Prostate Cancer (26 Studies, No Randomised Controlled
Trials)

External beam radiotherapy is used in the radical
management of many patients with localised and locally
advanced prostate cancer. The critical normal structures are
the rectum, bladder, femoral head and urethral bulb and
during pelvic nodal irradiation, the bowel. As the cure rates
from the various therapeutic modalities for localised pros-
tate cancer have been considered to be broadly equivalent
[55] and the vast majority of irradiated patients will live
beyond 5 years, late toxicity and long-term HRQOL are of
paramount importance. There is established evidence for
a doseevolume relationship for the development of late
rectal toxicity, which at conventional doses is the dominant
dose-limiting toxicity. This has been the subject of a recent
systematic review, results of which are only summarised
here [56]. Dosimetric cut-offs associated with an increased
rate of late rectal toxicity are consistent across studies and
have been found at 40, 50, 60, 65, 70 and 75e78 Gy. Four
studies reported a V50Gy cut-off (percentage volume of
rectum receiving 50 Gy) of between <55 and <68%, five
a V60Gy cut-off of between<40 and<59%; six a V70Gy cut-off
of<25% and five a V75e78Gy cut-off of between<5 and<15%.
The clinical variables associatedwith an increased risk of late
rectal bleedingweredevelopment of acute toxicity, diabetes,
use of androgen deprivation therapy and previous surgery.

Dose escalation to 74e81 Gy has been shown to improve
tumour-related outcome in several RCTs [57e61], but
survival data are immature and no RCTs exploring dose
escalation beyond 81 Gy have been reported. The dose
escalation trials have shownan approximate doublingof late
rectal toxicity in the higher dose arms and one can expect
normal tissue toxicity to increase if further dose escalation is
attempted, unlessmodifications to treatment techniques are
made. The effect of internal organ motion caused by
changing rectal volume during treatment is now thought to
have a clinically significant effect on tumour control, even
with the use of IGRT, and the effectmaybemore pronounced
if highly conformal treatment plans are being delivered
[62e64]. There is an enormous interest in altered fraction-
ation and this is being evaluated in several ongoing RCTs,
such as the CHHiP trial (ISRCTN 97182923) [65].
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Inverse-planned IMRT has been shown to achieve dosi-
metric sparing of the rectum and the penile bulb during
prostate � seminal vesicle radiotherapy and also of the
bowel and bladder during prostate and pelvic nodal radio-
therapy (PPN-IMRT) [66e70]. There is a great deal of inter-
national clinical experience with IMRT for localised prostate
cancer, with series from the USA being reported a decade
ago [71]. There are several reports on the use of PPN-IMRT
[72,73] and a recent consensus document from the RTOG on
outlining for PPN-IMRT for patients with locally advanced
prostate cancer [74]. Twenty-six comparative studies were
identified (19 full papers and nine abstracts) [69,71,75e98];
19 were from eight centres in the USA, five from European
centres and two from Japan; there have been no published
RCTs. Eleven unpublished or ongoing trials were identified
(Table 2); these includefive dose fractionation trials thatwill
recruit a combined total of over 4000 patients.

The patients were treated with different treatment
techniques in both the IMRT and comparative series,
including variations in volume, total dose, dose per fraction,
margins, IGRT and the use of systemic therapies or previous
prostatectomy. Most studies compared acute (17 studies)
and/or late toxicity (17 studies), three compared HRQOL and
five biochemical control; different end point definitions
were used across studies. Acute toxicity end points will not
be discussed in detail in this review, although we recognise
that there is an association between the development of
acute and late genitourinary and gastrointestinal toxicity
[56]. In 10 studies the same biological dose was used and in
13 the IMRT patients received a higher dose. Seventeen
studies compared outcome of prostate radiotherapy, five of
pelvic radiotherapy, one of 3DCRT to the prostate with PPN-
IMRT and three compared IMRT with brachytherapy.

Tumour control
The five studies of external beam radiotherapy that have

reported biochemical control outcomes have shown no
difference between IMRT and 3DCRT, apart from the study
by Vora et al. [75] in which the IMRT patients received
a median dose of 75.6 Gy compared with a median dose of
68.4 Gy in the 3DCRT cohort [75e79].

Late toxicity
Fourteen studies have reported the late toxicity of 2357

patients treated with IMRT and 3682 patients with 3DCRT,
eight with the RTOG toxicity scoring system and three the
National Cancer Institute Common Toxicity Criteria for
Adverse Events. Seven reported a statistically significant
reduction in the incidence of late gastrointestinal toxicity
[76,80e85] and seven no significant difference
[69,75,78,79,86e88], four of each reported higher median
doses or larger volumes irradiated in the IMRT series. The
median incidence of grade�2gastrointestinal toxicity for the
IMRT cohorts was 6% (range 0e24%) and for 3DCRT was 15%
(range 9e37%). Only one study reported a statistically
significant difference in late genitourinary toxicity between
its IMRTand3DCRTcohorts:Zelefskyet al. [81] reporteda20%
incidence of grade �2 toxicity at 10 years in an IMRT cohort
treated to 81 Gy compared with 12% in the 3DCRT patients
treated to 66e75.6 Gy. The median incidence of grade �2
genitourinary toxicity for the IMRTcohorts in all studies was
18% (range 0e43%) and for 3DCRT was 21% (range 1e45%).

Health-related quality of life
Three studies have reported the changes in HRQOL of 183

patients treated with IMRT to a median dose of 76 Gy and
272 patients treated with conventional radiotherapy or
3DCRT to 70e73.5 Gy at several time points before, during
and up to 24 months after radiotherapy [89e91]. Only one
study, which included the 30 patients treated without
3DCRT in the comparator group, reported differences in
HRQOL between groups and this showed improved bowel
HRQOL scores at 3 and 6 months after treatment in the
IMRT group [89]. Sexual function was also improved in
patients treated with IMRT in two studies [76,89].

Brachytherapy
Two studies published only as abstracts have reported

the outcome of iodine-125 low dose rate brachytherapy
(LDR) with IMRT [92,93]. Zelefsky et al. [92] reported
improved 7-year prostate-specific antigen (PSA) relapse-
free survival with 144 Gy LDR compared with 81 Gy IMRT in
low-risk patients (98% LDR versus 88% IMRT, P< 0.001), but
not in intermediate patients (93% LDR versus 74% IMRT,
P¼ 0.08). Eade et al. [93] reported equivalent 4-year PSA
relapse-free survival with 145 Gy LDR compared with
74e78 Gy IMRT (93.5% LDR versus 99.5%, IMRT, P ¼ 0.09).
Significantly increased late grade �2 genitourinary toxicity
with LDRwas reported in both studies and in the Eade study
for gastrointestinal toxicity. Improved PSA control at 5 years
in intermediate risk patients was reported in an abstract
comparing a combination of high dose brachytherapy and
IMRT (HDR) with ultra-high IMRT to 86.4 Gy alone (98%
HDR versus 84% IMRT, P< 0.001) [94].

Breast Cancer (Six Studies, Two Randomised Controlled
Trials)

Six studies comparing the results of IMRT with 2DRT for
postoperative tangential breast radiotherapy were identi-
fied for this review. These included two RCTs (664 patients)
and four non-randomised comparative studies (875
patients). A third RCT involving 1145 patients comparing
2DRT and forward-planned IMRT in patients with inho-
mogenous dosimetry has completed and reported its dosi-
metric results; clinical results are expected in 2010 [21].
Therewerefive other unpublished, ongoingor planned trials
in breast cancer involving IMRT (Table 3) and therewill be at
least 1379 patients included in studies directly comparing
the outcome of IMRT versus 2DRT. The dosimetric aim in
using forward-planned IMRT for breast cancer is to reduce
the volume of tissue receiving <95% or >105e107% of the
prescribed dose and could thus be considered to be little
more than three-dimensional radiotherapy.

Donovan et al. [19] reported on 306 women with stage
IeIIIa breast cancer randomised to 2DRT with wedge
compensation or forward-planned IMRT delivered with
physical compensators or filler beams. All women were
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planned to receive 50 Gy in 25 fractionswith a 10 Gy tumour
bed boost. There was improved breast dosimetry in the
forward-planned IMRT arm. The primary end point was
a change in breast appearance scored from serial photo-
graphs at 1, 2 and 5 years, and 240 patientswere available for
analysis at 5 years. A change in breast appearance was
identified in 58% allocated 2DRT compared with only 40%
patients allocated forward-planned IMRTand patients in the
2DRT arm were 1.7 times more likely to have a change in
breast appearance than the forward-planned IMRT arm
patients (95% confidence interval 1.2e2.5, P¼ 0.008). No
significant differences between treatment groups were
found inpatient-reportedbreast discomfort, breasthardness
or HRQOL. Interestingly, there was a statistically significant
difference in the distribution of late changes between the
presence or absence of doses >105%, even after adjustment
for treatment arm, with an odds ratio of 2.6, which suggests
further improvements are possible with improved dosim-
etry. There was no significant difference in any of the self-
assessed parameters, using the EORTC core C-30 and EORTC
BR-23 patient self-assessment questionnaires.

Pignol et al. [99] reported on 358womenwith early stage
breast cancer randomised to 2DRT with wedge compensa-
tion or forward-planned or inverse-planned IMRT, both
delivered with multiple segments from each gantry angle.
All women were planned to receive 50 Gy in 25 fractions
with a 16 Gy tumour bed boost if needed. The primary end
point was acute radiation-induced toxicity. There was
improved breast dosimetry in the IMRT arm. There was
reduced acute moist desquamation in the IMRT arm (31%
versus 48%; P¼ 0.002). Small breast size and use of IMRT
were associatedwith acute toxicity onmultivariate analysis.
There was no difference in pain scores or HRQOL, using the
EORTC core C-30 and EORTC BR-23 questionnaires, although
the timing of this assessment did not tally with maximal
acute moist desquamation, which was significantly corre-
lated with pain (P¼ 0.002) and reduced HRQOL (P¼ 0.003).

Three non-randomised comparative studies have repor-
ted improved acute toxicity with IMRT delivered with
multiple segments from each gantry angle. Freedman et al.
[100] reported that there was a reduced rate of moist
desquamation with IMRT in a historical matched-pair
analysis of 131 patients treated with inverse-planned IMRT
(73 patients) or 2DRT (60 patients). Harsolia et al. [101]
reported the results of a comparison of 172 treated with
2DRT (79 historical patients) or forward-planned IMRT
(93 patients). The patients treated with IMRT had a statis-
tically reduced rate of acute grade 2 toxicity and late grade
�2 breast oedema, but equivalent cosmesis; the benefits of
IMRT were larger in women with larger breasts. McDonald
et al. [102] reported the outcomes of 240 women treated
with either 2DRT or forward-planned IMRT. There was
a significantly reduced rate of RTOG grade 2 or 3 dermatitis
in the women treated with forward-planned IMRT
(39% versus 52%; P¼ 0.047). At a median follow-up of 6.3
years (forward-planned IMRT) and 7.5 years (2DRT), there
was equivalent late toxicity, freedom from ipsilateral breast
tumour recurrence and overall survival. The fourth report
(332 patients) compared the results from two prospective
single-arm I/II trials of forward-planned IMRT with
a historical control group treated with 3DCRT [103]. The
three cohorts of patients were treated with different tech-
niques (3DRT and forward-planned IMRT), overall treat-
ment time, total dose and dose per fraction. The control
group received 50.4 Gy to the whole breast with a 10 Gy
sequential electron boost to the tumour bed delivered in 32
fractions over 6.6 weeks; one trial group (MARA-1) received
40.4 Gy to the whole breast with a 4 Gy concomitant boost
to the tumour bed delivered in 16 fractions over 3.2 weeks
and the other trial group (MARA-2) received 50 Gy to the
whole breast with a 10 Gy concomitant boost to the tumour
bed delivered in 50 fractions over 5 weeks. The phase I/II
trials were powered for late toxicity, yet to date, only acute
toxicity results have been published. There was a lower rate
of acute grade 2 skin toxicity in MARA-1 compared with the
other groups, but there was an imbalance in disease stage
and a lower use of adjuvant chemotherapy in MARA-1; as
acute toxicity was also associated with use of anthracycline-
and taxane-based chemotherapy on multivariate analysis,
the potential benefit of IMRT per se cannot be separated
from the other confounding factors.

Endometrial and Cervical Cancer (Four Studies,
No Randomised Controlled Trials)

Radiotherapy is used as both primary therapy and in the
postoperative setting for cervical cancer, often with
concurrent cisplatin; in endometrial cancer, radiotherapy is
used primarily postoperatively, although the use may
change following recent RCTs [104]. As with nodal irradia-
tion in prostate cancer, the critical normal structures are the
rectum, bladder and bowel; IMRT is able to achieve dosi-
metric sparing of them and in addition bone marrow
function can be spared [105,106]. Biological imaging with
positron emission tomography is of considerable interest in
cervical cancer and can be used to define volumes for focal
boosts that can be delivered with IMRT [107]. There are two
published guidelines on outlining for gynaecological IMRT
[108,109]. Four comparative studies were identified, but
these have come from only two research groups reporting
serial analyses on their patients. One ongoing trial was
identified (Table 4) and a single-arm trial incorporating
dose escalation, simultaneous pelvic nodal boosting and
concurrent cisplatin for cervix cancer, funded by Cancer
Research UK, is due to start recruiting in three UK centres
shortly (M. Powell, personal communication).

The University of Chicago group have published three
comparative and several non-comparative papers on
different aspects of inverse-planned IMRT for endometrial
and cervical cancer. Their control population differs from
the inverse-planned IMRT group with respect to the
proportion of cancer type, previous surgery and use of
concurrent chemotherapy. Reduced rates of acute haema-
tological and gastrointestinal toxicity have been reported
[110,111]. They published a study in 2003 in which they
compared the late toxicity of 36 women treated with
inverse-planned IMRT with a contemporaneous cohort
of 30 women treated with conventional whole pelvic
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radiotherapy. Inverse-planned IMRT women had a shorter
median follow-up (20 versus 30 months) and a higher
frequency of previous surgery (75% versus 54%). Thewomen
treated with inverse-planned IMRT had a lower rate of
chronic gastrointestinal toxicity (11% versus 50%; odds ratio
0.16; 95% confidence interval¼ 0.04e0.67) [112].

A Taiwanese group have published a comparative report
on 68 patients with cervical cancer who received post-
hysterectomy adjuvant chemoradiation. Thirty-three
women received inverse-planned IMRT and their outcome
was compared with a historical group of 35 women treated
with conventional radiotherapy [113]. There were equiva-
lent 1-year locoregional control rates. The IMRT group had
reduced acute genitourinary and gastrointestinal toxicity.
They also experienced lower rates of late toxicity (gastro-
intestinal: 6% versus 34%, P¼ 0.002; genitourinary:
9% versus 23%, P¼ 0.231).
Central Nervous System Tumours (Three Studies,
No Randomised Controlled Trials)

There are many clinical indications for radiotherapy
within neuro-oncology, including several paediatric indi-
cations, and there are many critical normal structures,
which limit tumour dose (including the brain, brainstem,
spinal cord, optic apparatus, cochlear and pituitary). The
risk of second malignancies possibly increasing with IMRT
is of particular concern in the paediatric setting and proton
therapy is increasingly considered the preferred therapeutic
modality [114]. Three comparative series that reported the
outcomes of 153 patients with glioblastome multiforme,
anaplastic astrocytoma or paediatric medulloblastomawere
identified. There was no improvement in tumour control in
patients with glioblastome multiforme receiving IMRT only
(30 patients) compared with those receiving an IMRT boost
after initial 3DCRT (12 patients) [115]. Hypofractionated,
dose-escalated IMRT for anaplastic astrocytoma (25
patients) was compared with a historical control group
treated with non-IMRT (60 patients); there was a signifi-
cantly better 1- and 2-year local control rate, progression-
free survival and overall survival in the IMRT cohort [116].
IMRT has been reported to reduce ototoxicity in 26 children
with medulloblastoma treated with radiotherapy and
concurrent cisplatin [117].
Anal Cancer (One Study, No Randomised Controlled Trials)

Chemoradiation is standard practice in anal cancer. The
conventional radiation technique involves treating the lower
pelvic lymph nodes with a boost to the primary tumour and
involved nodes, but it results in large dose inhomogeneities.
IMRT has been shown to reduce the amount of dose inho-
mogeneity and can also reduce bone marrow irradiation
[118]. One comparative study of 59 patients with anal cancer
receiving chemoradiation was identified. The IMRT cohort
had less acute diarrhoea and skin/mucosal toxicity, with less
unplanned treatment delays [119]. Outlining guidelines have
been developed by the RTOG [120].
Lung Cancer (One Study, No Randomised Controlled Trials)

Radiotherapy is used for many patients with both small
cell and non-small cell lung cancer, but long-term outcomes
remain relatively poor. There are many critical normal
structures in close proximity to targets (including the
oesophagus, lung, spinal cord and heart if mediastinal
nodes are irradiated) and there is evidence for a dos-
eevolume relationship for late pulmonary toxicity [121].
Internal organ motion is of considerable importance and
consideration of respiratory motion is critical during target
volume delineation, margin application and treatment
delivery. One comparative study of 290 patients with non-
small cell lung cancer was identified. It compared the inci-
dence of grade �3 radiation pneumonitis at 12 months in
patients receiving concurrent chemoradiation with either
IMRT (68 patients) or 3DCRT (222 patients). Both groups
received the same mean dose of 63 Gy. IMRT patients had
larger PTV volumes, but lower volumes of lung irradiated to
20 Gy (and reduced V15eV65) and a lower incidence of grade
3 pneumonitis (8% versus 32%; P¼ 0.002) [122]. Two
ongoing trials were identified (Table 4).
Discussion

This review has identified a further three RCTs and 22
non-randomised comparative studies that have been pub-
lished in the 23 months since the search conducted by
Veldeman et al. [1], which indicates the high level of interest
and research into IMRT currently within the international
community. Veldeman et al. [1] concluded that the RCT had
confirmed the ability of IMRT to reduce the toxicities of
radiotherapy compared with non-IMRT, but that the
potential for improved HRQOL, tumour control and survival
end points suggested by the non-randomised comparisons
had not yet been addressed; these conclusions are sup-
ported by the results from the additional comparative
studies. At this point the total number of patients within
published RCTs is only 869 (205 if the breast forward-
planned IMRT trials are excluded), although there are
another 27 IMRT-related RCTs ongoing and the total
number of patients will exceed 13,000.

The primary end points of the six RCTs are all acute
(toxicity or salivary flow rates) or late (breast cosmesis or
xerostomia) normal tissue effects and in each trial the
patients in the IMRT arm have had improved outcomes in
these areas. HRQOL has only been shown to be improved
with IMRT in one study (acute xerostomia in Pow et al. [29]).
The trials were not powered to detect differences in HRQOL
or tumour control end points, which may explain why the
improvements in HRQOL reported in the non-randomised
studies have not been seen in the randomised trials. One
would expect benefits to HRQOL to be less that benefits to
radiation-induced toxicity, and results from the larger
ongoing trials will be needed.

The non-randomised studies in head and neck cancer
consistently show that IMRT can be used to reduce the dose
to at least one parotid, preserving parotid function and
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reducing late xerostomia and improving HRQOL. Signifi-
cantly improved tumour control and survival has been
reported in three of the studies [36,44,53]; further
improvements may be seen if the radiation dose can be
escalated with IMRT, as suggested by the phase I study from
the Royal Marsden Hospital presented at ESTRO 27 [123]
and being studied in one ongoing trial. There have been
reports of marginal and edge-of-volume recurrences with
IMRT, including within spared retropharyngeal and parotid
nodes [4,124,125], but reports from larger centres are
generally reassuring, with most failures being within the
high dose region [126e128].

The results of the non-randomised studies of IMRT for
prostate cancer are similarly convincing. The median rate of
late rectal toxicity was 6% in the IMRT cohorts and 15% in the
3DCRT cohorts, despite the IMRT patients often receiving
higher median doses and/or treatment to larger volumes.
There seems to be little effect on genitourinary toxicity,
although increased rates at very high doses with IMRT are
concerning [81], and there are relatively fewHRQOL data. The
reduced rectal irradiation achievable with IMRT does not
seemtoadverselyaffect PSAcontrol and isbeingused to safely
deliverdose-escalated radiotherapy, as escalationwith 3DCRT
to74 to78 Gyapproximatelydoubles the rateof latemoderate
to severe rectal toxicity [129], andhypofractionated treatment
[130]; this is the focus of five of the 11 ongoing trials.

Cost-effectiveness modelling for IMRT in prostate cancer
has been conducted by the Institute of Clinical and Economic
Review in the USA. They carried out an analysis assuming
IMRT reduced the incidence of late rectal toxicity from about
14% to 4%, with each case costing $313 000 to manage, and
that the cost per coursewas $42 450 comparedwith $10 900
for 3DCRT. They assigned a net health benefit rating of
‘incremental’, denoting a small health benefit and judged
the comparative value of IMRT as ‘low’ on the basis of high
incremental cost-effectiveness ratio and the high cost of
preventing a single case of proctitis ($117 000 for patients
with a prior probability of proctitis >75%). Equivalent tariffs
have not yet been setwithin the National Health Service, but
one centre has costed 3DCRT and IMRT for head and neck
cancer at £10900 and £12800, respectively (N. Close,
personal communication). Using these values in the Insti-
tute of Clinical and Economic Review model results in a £16
654 cost of avoiding each case of proctitis, which is just over
5% of the US estimated costs and, if accurate, would have
a dramatic effect on the resulting conclusions. Formal cost-
effectiveness modelling within the UK is a priority.

The comparative studies in breast cancer report improved
toxicity and long-term cosmesis, but no improvement in
HRQOL for forward-planned IMRT compared with conven-
tional tangential breast 2DRT. These studies have been
includedwithin this reviewalthough forward-planned IMRT
for breast cancer does not meet many of the International
Atomic Energy Agency’s criteria for IMRT [11] as it is clearly
distinct as a technique from the conventional treatments and
as it has been the subject of several RCTs. Forward-planned
IMRT planning techniques have been used in other clinical
situations, oftenbefore the term IMRTwas in regular use, and
this reviewhasnot attempted to included these in this report.
There have been several non-randomised comparative
studies in other tumour sites; they have shown that the
normal tissue avoidance or reduced hot spotswithin normal
tissue, both achievable with IMRT, reduce the incidence of
radiation-induced toxicity. Such results have been found for
gynaecological cancers, anal cancer, non-small cell lung
cancer and childhood medulloblastoma and four trials are
completed-unpublished or ongoing in this area. But to what
extent should we wait for results from randomised trials
before accepting that IMRT is a superior treatment in less
common clinical situations? In drawing conclusions on the
appropriate use of IMRTwithin theUK, onemust be cautious
of over-interpreting results from such studies, particularly if
a historical control group has been used, as there are many
sources of clinical and publication bias and several studies
have shown improved outcome over the decades [51,131].
On the other hand, there is an ongoing debate over the
potential for over-reliance on randomised trials and this
may have particular relevance for the assessment of new
technologies and rare clinical scenarios. In his Harviean
oration of 2008, Professor Rawlins discussed the relative
merits of the randomised trial and quoted BradfordHill, who
was instrumental in their development, ‘any belief that the
controlled trial is the only way would mean not that the
pendulum had swung too far but that it had come right off
the hook’ [132]. Although some ongoing trials are still
comparing IMRT with non-IMRT, most are using IMRT to
address other issues, such as fractionation or dose escala-
tion, and we support this approach.

The UK has the infrastructure to conduct large multi-
centre trials, but this is less true for technical radiotherapy, as
there are still significant hurdles restricting the introduction
of IMRT into the UK [133]. Steps to address this nationally
have been taken [134] and then we will be in an excellent
position todesign and run trials to address ourpriority issues
[135]. One particular strength in the UK is the extensive
support available from the National Cancer Research Insti-
tute Radiotherapy Trials Quality Assurance Group [136].
Conclusions

This study has identified 61 comparative studies of IMRT
and non-IMRT. The six RCTs in breast and locally advanced
head and neck cancers have all shown a significant
improvement in their normal tissue-focused primary end
points. The non-randomised studies show highly consistent
sparing of acute and late radiation-induced side-effects
across multiple tumour sites and this should be considered
sufficient to implement IMRT across the UK. There will be
over 13 000 patients within ongoing IMRT-related studies
and the UK will be well placed to design and run highly
relevant IMRT clinical trials once IMRT is implemented
nationally.
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Coding Guidelines 
 

 
LCD Title 
Radiation Oncology Including Intensity Modulated Radiation Therapy (IMRT) 
 
Contractor's Determination Number 
RAD-014 
 
CMS National Coverage Policy 
Title XVIII of the Social Security Act section 1862 (a)(1)(A).  This section allows coverage and payment 
of those services that are considered to be medically reasonable and necessary. 
 
Title XVIII of the Social Security Act section 1862 (a)(7).  This section excludes routine physical 
examinations and services 
 
Reasons for Denial 
Services performed for diagnoses not listed as covered in this policy or for excessive frequency will be 
denied as not medically necessary. Frequency is considered excessive when services are performed more 
frequently than generally accepted by peers and the reason for additional services is not justified by 
documentation.  
 
Services not listed as covered under the " Indications and Limitations of Coverage and/or Medical 
Necessity" section above will be denied as not medically necessary.  
 
When a hospital inpatient is transported to a freestanding facility for therapy, the technical component of 
the radiation oncology services cannot be paid to the freestanding facility [MCM 15022 B (1), (2)]. 
Unless the patient is discharged from the hospital and treated at the freestanding facility as an outpatient, 
this payment will be denied.  
 
Appeals for denied claims must be accompanied by that portion of the patient’s medical record that 
documents the reason for the service. It is not necessary to provide the complete medical record.  
Note: All documentation must be specific to the patient being treated or the claim will be denied. 
 
Coding Guidelines 
Radiation - General 
A. Radiation physics services (CPT codes 77300-77334, 77399) include a professional component 

(PC) and a technical component (TC). These services are covered following the same logic as 
other radiologic services that include PC and TC components.  

 
1. The physician’s professional component is covered in all settings when the billed service 

represents the physician’s (e.g., radiologist, radiation oncologist) involvement in the 
care. Radiation dosimetry calculations are payable by Medicare Part B only when the 
physician personally performs the service described in the code, or when the physician 
participated in the provision of the service (e.g., reviewed or validated the physicist's 
calculation). 

 
2. The technical component is covered only in settings where the TC is payable (e.g., 

freestanding clinic). The services provided by a Radiation Physicist are considered a part 
of the TC.  
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When the radiation physics service is provided in a hospital setting, it is considered a 
Part A service, therefore, is not billable to Part B. This is true whether the physicist is 
employed by a radiologist, or is employed by, or under contract with, the hospital.  
Therefore, Physicists may not: 
- direct bill for their services, 
- submit "incident to" billing for services furnished to hospital 

  inpatients or outpatients, or 
- receive duplicate payment for the same services furnished by a radiation 

oncologist. 
 

3. When the radiation physics service is provided in a freestanding clinic, the physicist’s 
services are included in the global service billed by the physician. 

 
B. Radiation physics services (CPT codes 77336, 77370) are technical services only. These services 

are covered only in settings in which the technical component is payable (e.g., freestanding 
clinic). 

 
C. ICD-9 codes must be used to the highest level of specificity.  
 
D. The following services are bundled into the radiation therapy codes: 

11920,11921,11922,16000,16010,16015,16020,16025,16030,36425, 
53670,53675,99211,99212,99213,99214,99215,99238,99281,99282, 
99283,99284,99285,90780,90781,90841,90843,90844,90847,99050, 
99052,99054,99058,99071,99090,99150,99151,99180,99182,99185, 
99371,99372, 99373  
Anesthesia (whatever code billed) 
Care of infected skin (whatever code billed) 
Checking of treatment charts, verification of dosage, as needed (whatever code billed) 
Continued patient evaluation, examination, written progress notes, as needed (whatever code 
billed) 
Final physical examination (whatever code billed) 
Medical prescription writing (whatever code billed) 
Nutritional counseling (whatever code billed) 
Pain management (whatever code billed) 
Review & revision of treatment plan (whatever code billed) 
Routine medical management of unrelated problem (whatever code billed) 
Special care of ostomy (whatever code billed) 
Written reports, progress notes (whatever code billed) 
Follow-up examination and care for 90 days after last treatment (whatever code billed) 

 
Please consult the latest version of Correct Coding Initiative (CCI) for rebundling combinations.  

 
E. For Treatment Devices, Designs, and Construction (CPT codes 77332-77334). The number of 

different anatomic sites determines the number of sets or ports involved except opposing fields 
(such as AP/PA) which represent one set. Each set must be submitted on the claim, with the 
appropriate level of complexity at the onset of therapy or as appropriate when additional devices 
are implemented during a course of treatment. 

 
F. Place of Service: 



Payment is limited to services furnished in office (POS 11), inpatient hospital (POS 21), and 
outpatient hospital (POS 22). A freestanding radiation oncology center is considered, for billing 
purposes, an office. 
 

G. Refer to the individual sections of this policy for further clarification and coding guidelines. 
 
IMRT 
 
IMRT Treatment Planning  
77301 Intensity Modulated Radiation Therapy (IMRT) plan, including dose-volume histograms for target 
and critical structure partial tolerance specifications.  
(Dose plan is optimized using inverse or forward planning technique for modulated beam delivery (e.g., 
binary dynamic MLC) to create highly conformal dose distribution. Computer plan distribution must be 
verified for positional accuracy based on dosimetry verification of the intensity map with verification of 
treatment set-up and interpretation of verification methodology)  
This code is typically reported only once per course of IMRT.  
 
IMRT Treatment Delivery 
Collimator-based IMRT Treatment Delivery  
77418 Intensity Modulated Radiation Therapy (IMRT) delivery, single or multiple fields/arcs, via narrow 
spatially and temporally modulated beams, binary, dynamic MLC, per treatment session  
 
Compensator-based IMRT Treatment Delivery  
 0073T Compensator-based beam modulation treatment delivery of inverse planned treatment using three 
or more high resolution (milled or cast) compensator convergent beam modulated fields, per treatment 
session  
 
         
Medical Radiation Physics, Dosimetry and Treatment Devices  for use with IMRT 
Basic Radiation Dosimetry  
Basic radiation dosimetry is a separate and distinct service from IMRT planning and should be reported 
accordingly. The radiation dose delivered by each IMRT beam must be individually calculated and 
verified before the course of radiation treatment begins. Thus, multiple basic dosimetry calculations (up to 
10) are typically performed and reported on in a single day. Supporting documentation should accompany 
a claim for more than ten (10) calculations in a single day.  
IMRT Dosimetry  
77300 radiation therapy dose plan  
 
Treatment Devices  
There are several categories of treatment devices used in conjunction with the delivery of IMRT 
radiotherapy. Immobilization treatment devices are commonly employed to ensure that the beam is 
accurately on target. In addition, the radiation oncologist is responsible for the design of the series of 
treatment devices that define the beam geometry. The beam aperture, the dose constraints per beam, the 
couch and gantry angles for each portal, and the coverage requirements all must be evaluated in order to 
guide the generation of the multi-leaf collimator segments. It is appropriate to report a treatment device 
CPT code for each complex IMRT field (i.e., gantry/table angle for step and shoot and sliding windows). 
It should not be billed for each segment within the field. CPT code 77334 is typically billed multiple 
times (often on the same day of service), once for each of the separate IMRT fields as required by the 
plan during the course of IMRT treatment. The typical case will require up to ten (10) devices. A claim 
for the use of more than ten (10) should be submitted with supporting documentation.  
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Codes for IMRT Treatment Devices  
77332  treatment devices, design and construction; simple  
77333  treatment devices, design and construction; intermediate  
77334  treatment devices, design and construction; complex  
 
*Devices  
 
*77338 Multi-Leaf Collimator (Mlc) device(s) For Intensity Modulated Radiation Therapy (IMRT), 
design and construction per IMRT plan.  Do not report 77338 more than once per IMRT plan. Do not 
report 77338 in conjunction with 0073T, compensator based IMRT.                                
                                         
*0073T  Compensator-based beam modulation treatment delivery of inverse planned treatment using 3 or 
more high resolution (milled or cast) compensator convergent beam modulated fields, per treatment 
session. For treatment planning, use 77301. Do not report 0073T in conjunction with 77401-77416, 77418                           
                         
Image Guided Radiation Therapy  
Image Guided Radiation Therapy (IGRT) utilizes imaging technology to modify treatment delivery to 
account for changes in the position of the intended target. IGRT is used in conjunction with IMRT in 
patients whose tumors are located near or within critical structures and/or in tissue with inherent setup 
variation. Thus, although IGRT is a distinct service, it may be used and documented along with IMRT 
treatment delivery (77418) when necessary.  
 
CPT Codes for IGRT  
76950   Ultrasonic guidance for placement of radiation therapy fields  
77014  Computed tomography guidance for placement of radiation fields (*this code replaces 

76370)  
77421  Stereoscopic x-ray guidance for localization of target volume for the delivery of radiation 

therapy. 
0197T Intra-fraction localization and tracking of target or patient motion during delivery of 

radiation therapy (eg, 3D positional tracking, gating, 3D surface tracking), each fraction 
of treatment                                              

 
Bundling 
CMS CCI edits will apply to radiation codes and may include the following: 
 
The following CPT codes were used as building blocks during the development of the IMRT planning 
CPT code. They are components of CPT code 77301 and therefore should not be separately coded or 
billed on the same day of service.  

CPT Code  CPT Code Descriptor  

76370 / 77014 
(deleted/current)  

Computerized axial tomography guidance for placement of radiation therapy fields  

76375/ 76376 
(deleted/current)  

Coronal, sagittal, multiplanar, oblique, three-dimensional and/or holographic reconstruction 
of computerized axial tomography, magnetic resonance imaging, or other tomography 
modality  

77295  Therapeutic radiology simulation-aided field setting; Three-dimensional simulation  
77331  Special radiation dosimetry  
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The following list of codes should also not be reported on the same date of service as IMRT planning 
(77301). They may, however, correctly be used, as needed, for medically necessary simulation and 
treatment planning during the course of IMRT treatment (i.e. with code 77418.).  

CPT Code  CPT Code Descriptor  

77280  Therapeutic radiology simulation-aided field setting, simple  
77285  Therapeutic radiology simulation-aided field setting, intermediate  
77290  Therapeutic radiology simulation-aided field setting, complex  

77305  Teletherapy, isodose plan (whether had or computer calculated); simple (one or two 
parallel opposed unmodified ports directed to a single area of interest  

77310  Teletherapy, isodose plan (whether had or computer calculated); intermediate (three or 
more treatment ports directed to a single area of interest)  

77315  Teletherapy, isodose plan (whether had or computer calculated); Complex (mantle or 
inverted Y, tangential ports, the use of wedges, compensators, complex blocking, 
rotational beam, or special beam considerations).  

 
 
Submitting Documentation: 
 
Part A 
Do not attach information to the original claim. 
If it is a service that we want to review documentation, then an edit would be set up and an ADR 
(development letter) would be generated when the claim is billed. From a Part A processing side, we 
would have to set up an edit, and if a claim hit the edit, an ADR would generate the day after it is 
submitted into our system and request records for review. That ADR request would also state what 
documentation we would like for them to submit for review, and where it should be sent. The provider 
then has 45 days to get us the documentation, or else it denies for No Records Received.  The ADR is 
system generated, and they can view it via the FISS DDE system, or wait for their hard copy to arrive. 
The problem with waiting for the hard copy letter, is that the system automatically generates it to 
whatever address is on file with FISS DDE, so it could be going to a corporate headquarter and not 
straight to the facility. Providers should monitor their billing system for such edits.  
 
On the Part A UB 04, Form Locator 80 is the remarks section. But this is only for providers that submit 
claims via paper. We only process about 1% of our providers via paper. This amounts to only about 0.1% 
of our business. Most providers bill on the FISS DDE, and they would add remarks to page 4 on the FISS 
DDE system. Below is the list off of the Part A website on what documentation we request when 
reviewing radiation therapy.  
 
Radiation Therapy  
A detailed itemization and supporting documentation for all services billed  
Documentation of history of illness being treated  
Documentation of physician involvement  
Physician order(s) for treatment including current dosage  
• Documentation to support all services billed were provided  

o Dosimetry reports  
o Physicist reports  
o Simulation reports  
o Oncology reports  

Documentation of each treatment billed  
Copy of radiological report or physician's interpretation  
Documentation of any contrast material provided  



 
 
Part B. 
Do not attach information to the original claim. 
Additional information can be placed in Item 19 on the 1500 form or it’s electronic equivalent when 
needed. 
 
If it is a service that we want to review documentation, then an edit would be set up and an ADR 
(development letter) would be generated when the claim is billed. If you have additional information that 
is too large for the claim form you may indicate this and the contractor will request this information if 
needed.  
 
Original Determination Effective Date 
08/16/2009 
 
Revision Effective Date 
04/01/2011 
 
Start Date of Notice Period 
(Published) 
*07/01/2011; 01/01/2010; 07/01/2009 
 
Revision History 
*07/01/2011 added ICD-9 codes 209.31-209.36; 01/01/2010, Added CPT code 77338 effective 
01/01/2010; 
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 Compensators: An alternative IMRT delivery technique 
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Seven years of experience in compensator intensity-modulated radiotherapy 
(IMRT) clinical implementation are presented. An inverse planning dose 
optimization algorithm was used to generate intensity modulation maps, 
which were delivered via either the compensator or segmental multileaf 
collimator (MLC) IMRT techniques. The in-house developed compensator-
IMRT technique is presented with the focus on several design issues. The 
dosimetry of the delivery techniques was analyzed for several clinical cases. 
The treatment time for both delivery techniques on Siemens accelerators was 
retrospectively analyzed based on the electronic treatment record in LANTIS 
for 95 patients. We found that the compensator technique consistently took 
noticeably less time for treatment of equal numbers of fields compared to the 
segmental technique. The typical time needed to fabricate a compensator was 
13 min, 3 min of which was manual processing. More than 80% of the 
approximately 700 compensators evaluated had a maximum deviation of less 
than 5% from the calculation in intensity profile. Seventy-two percent of the 
patient treatment dosimetry measurements for 340 patients have an error of no 
more than 5%. The pros and cons of different IMRT compensator materials 
are also discussed. Our experience shows that the compensator-IMRT 
technique offers robustness, excellent intensity modulation resolution, high 
treatment delivery efficiency, simple fabrication and quality assurance (QA) 
procedures, and the flexibility to be used in any teletherapy unit. 
 
PACS numbers: 87.53Mr, 87.53Tf 
 
Key words: compensator, IMRT, dose optimization, QA, treatment time 

 
I. INTRODUCTION 
 
The most common techniques today for delivering IMRT treatments on linear accelerators 
use multileaf collimators (MLCs).(1) The obvious benefit of the MLC-based intensity-
modulated radiotherapy (IMRT) techniques is treatment delivery automation. The MLC 
leaves move automatically during the treatment of each field to form the intensity 
modulation and between fields to define treatment ports, saving radiation therapists trips 
into the treatment room. It is widely believed that the automation of MLC-based IMRT 
technique simplifies the treatment delivery relative to nonautomated intensity-modulated 
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treatment techniques. Years of clinical application, however, have shown that the increased 
technical and mechanical complexity of MLC-IMRT techniques weakens the benefit gained 
by automation. MLC-based IMRT techniques have shown several drawbacks in clinical 
application.(2–13) For instance, the total monitor units (MUs) required for a segmental MLC-
IMRT treatment are often much higher than that of the corresponding nonintensity 
modulated treatment. As a result, the treatment delivery time is often considerably 
extended, and concerns about radiation contamination of the prolonged beam-on time are 
also raised.(9) The often highly irregularly shaped MLC segment fields pose challenges to 
dose and MU calculation.(14) The dynamics of intensity map production by the MLC-IMRT 
techniques might also interfere with the dynamics of patient organ motion when it is 
considered for treatment planning.(15) 

An alternative way to deliver the intensity-modulated treatment is by using a physical 
compensator. Compensators have been used in radiotherapy for decades to produce simple 
forms of intensity modulation. As the sophistication level of radiotherapy treatment 
planning and delivery techniques improved over the years, so did compensator techniques 
and their application. In the last decade compensator techniques have been used for 
delivering IMRT treatments designed by dose optimization algorithms.(2,16–26) Customized 
compensators are shaped to attenuate the open-field photon fluence such that the 
transmitted fluence map is as designed by the dose optimization algorithm. The obvious 
advantage of this IMRT delivery method is simplicity. The static nature of the compensator 
intensity modulation simplifies the treatment delivery, dose computation, and thus the 
quality assurance (QA) procedure. Another advantage of the compensator-IMRT technique 
is that it can create continuously varying intensity modulation, whereas the intensity 
modulation created by an MLC-based technique is discrete at least in one direction. One 
obvious drawback of most of the compensator-IMRT techniques is the lack of automation. 
Radiation therapists need to go into the treatment room and exchange customized 
compensators between treatment fields. Recently, methods that automate the compensator 
exchange between treatment fields have been developed to improve the treatment delivery 
efficiency.(23,26) Another common concern for compensator-IMRT is the fabrication and 
assembly time, which has been reported to be extensive for some compensator 
techniques.(2,21,28,43) In reviewing the aforementioned literature, we found that there is a 
large variation in the reported cost and in intensity map resolution of compensator-IMRT 
techniques. 

It is important to separate the issue of intensity modulation design, which is primarily 
performed by the dose optimization algorithm, from the issue of how a given intensity 
modulation pattern is delivered. A desirable IMRT delivery technique should be able to 
faithfully reproduce the intensity maps given, independent of how they are designed and 
thus independent of the dose optimization algorithm used. The focus of this paper is an 
intensity modulation delivery technique. 

We began to develop the compensator-IMRT technique in 1993 before any accelerator 
MLC systems were commercially available. We have routinely used the compensator 
technique to deliver intensity-modulated treatments for over 700 patients since 1996. 
Although we have published some of our compensator-IMRT work in the past,(16,29,30) the 
details of our technique have never been published. Recently, there has been a renewed 
interest from the radiation therapy community in this IMRT delivery technique. A number 
of commercial treatment-planning system vendors have provided users the option of 
delivering IMRT treatments via compensator by interfacing their treatment-planning system 
to automated milling machines for intensity map output. Nonetheless, we find compensator-
IMRT remains a less-understood concept for many today. There are widespread concerns 
and even misconceptions about the compensator-IMRT delivery techniques on issues 



17     Chang et al.: Compensators: IMRT delivery... 

JOURNAL OF APPLIED CLINICAL MEDICAL PHYSICS, VOL. 5, NO. 3, SUMMER 2004 

17 

ranging from efficiency to quality to cost. We hope this paper will provide a better 
understanding of compensator-IMRT techniques and their value as alternative techniques 
for IMRT treatment delivery. 
 
II. METHODS 
 
A. Dose optimization algorithm and intensity map generation and delivery 
An in-house developed inverse planning algorithm based on index-dose gradient 
minimization(30) is used for treatment plan optimization. The optimization objective is 
multistructural and dose volume histogram (DVH) based and has been implemented in our 
in-house treatment-planning system, PLanUNC (PLUNC). The details of the dose 
optimization algorithm have been previously published.(30) A typical clinical fluence map 
generated by the dose optimization algorithm is shown in Fig. 1(a). The fluence maps are 
continuous and smooth, since the limitations of the actual treatment delivery technique are 
not considered in the optimization, except for the maximum range of the intensity 
modulation. The smooth fluence map treatment plan represents the ideal treatment, which 
we use as the “gold standard” to evaluate the quality of an actual deliverable IMRT 
treatment. The actual treatment is delivered using either the compensator or the segmental 
MLC delivery technique. For the MLC treatment delivery, PLUNC truncates the smooth 
fluence map into a skyscraper-like discrete map with a given number of intensity levels and 
spatial resolution. Figure 1 (right) shows a 10 intensity level discrete fluence map, the 
highest level used in our clinical application, generated from the smooth map (Fig.1 (left)). 
 

 
FIG 1. An ideal intensity map (left) produced by index-dose gradient optimization for a head and neck treatment 
with a multistructure objective. IMRT-compensator is generated from the ideal intensity map. For segmental 
MLC-IMRT treatment a discrete intensity map (right) is converted from the ideal map for MLC segmentation. The 
discrete “skyscraper” map displayed has 10 intensity levels. 

 
In our clinical application five to eight intensity levels are commonly used. The 

IMFAST (31) MLC segmentation optimization software (Siemens Medical Systems, Inc., 
Concord, CA) converts the discrete intensity maps to MLC segments. The resulting MLC 
segments are exported back to PLUNC for final dose computation and plan evaluation. 
Once the plan is approved, it is downloaded to the LANTIS record & verify system 
(Siemens Medical Systems). The treatments are delivered on Siemens accelerators with 
MLC via the Primeview/SimTec system (Siemens Medical Systems). When the 
compensator technique is chosen in PLUNC, the smooth fluence map is directly converted 
to a compensator file in a format specified by the automated milling machine (Par 
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Scientific, Model ACD-3, Odense, Denmark). Once the dose optimization is complete, the 
planner decides which IMRT delivery technique to use for patient treatment after 
evaluating both the dosimetric quality and the treatment efficiency of each technique. The 
dosimetric quality is compared to that of the ideal treatment and the optimization objective; 
the total number of segment fields governs the treatment efficiency. Several segmental 
IMRT techniques with a different number of IM levels were normally assessed. 
 
B. Compensator design and material selection 
B.1 Compensator thickness design 
The compensator thickness, tcomp (x, y) traversed by the pencil beam is determined from the 
attenuation equations below with the consideration of beam divergence and beam 
hardening. 
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where IIMRT and Iopen represent the desired modulated fluence and the otherwise open field 
fluence, respectively. The (x, y) coordinate system is defined at the bottom plane of the 
compensator when placed in the wedge slot in the accelerator head (x and y are consistent 
with the orientations of x and y collimators in the accelerator). The linear attenuation 
coefficient of the pencil beam in the compensator material is denoted by µ, and the path 
length of the beam in the material is tcomp. Parameters S and r in Eq. (2) represent the 
treatment field size (with an equivalent square field of S × S) and the off-axis distance, 
respectively. The second term in the equation represents “beam hardening” of the pencil 
beam going through the compensator material. The third term is the beam energy variation 
at off-axis distance r. PLUNC considers the pencil beam energy change at different off-axis 
distance caused by the flatness filter. The last term in Eq. (2) is the effective attenuation 
coefficient change for the pencil beam due to the scattered photons generated in the 
compensator. These equations describe the attenuation of the photon pencil beam intensity, 
not dose, through the compensator material. 

The constants in the equations, µ0 and cn)(n = 1, 2, 3), are manually and iteratively 
determined by fitting the calculated to the measured test profiles. Several step-like test 
compensators were used for fitting of the attenuation coefficients. A 25-cm square field, 
which is larger than all test compensators in each dimension, was used for the profile 
comparison. In each field there is a range of pencil beam intensity attenuation 
magnitudes—no attenuation for the pencil beams not going through the compensator and 
varying attenuation for beams going through the compensator. Figure 2 shows the 
measurement and the final calculation after the fitting for a step-like test compensator of the 
tungsten powder material. The actual fitting was performed at different depths since the 
value of the attenuation coefficient is known to vary with field size and measurement depth. 
The optimal numerical values for parameters µ0 (cm–1) and c1 (cm–2) were previously 
published (16) for the tin granule compensator material. Table 1 lists the attenuation 
parameters we derived from test measurements for both of the compensator materials at two 
photon beam energies. The parameter c3 in the last term in Eq. (2) is negligible for the 
medium density tin granule compensator. For the high-density tungsten powder 
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compensator there are more scattered photons from the compensator, which causes a 
decrease of approximately 10% in the value of µ from a field size of 5 cm × 5 cm to 20 cm 
× 20 cm. 

 
 
FIG 2. Profile comparison for a step-like tungsten powder compensator for compensator-IMRT commissioning. 
The pencil beam attenuation parameters described in Eqs. (1) and (2) are manually and iteratively adjusted to 
achieve the best fit between the measured and calculated intensity profiles. 

 
 
Energy 

 
Compensator material 

µ0 
(cm–1) 

c1 
(cm–1) 

c2 
(cm–1) 

6 MV tin granules 
tungsten powder 

0.217 
0.430 

0.005 
0.019 

0.001 
0.004 

15 MV tin granules 
tungsten powder 

0.175 
0.365 

0.003 
0.009 

0.005 
0.002 

 
Table 1. Photon beam pencil beam attenuation coefficients (see Eqs. (1) and (2)) of two compensator materials 

 
Once tcomp(x, y) is determined using Eqs. (1) and (2), the compensator thickness file can 

be calculated. For a milling machine with vertical movements only the compensator 
thickness t′(x′, y′) is designed so that the pencil beam going though (x, y) traverses a 
distance of tcomp(x, y) in the compensator material. The angle between the central axis and 
the pencil beam is µ and D is the distance from the photon source to the (x, y) plane. The 
compensator file parameters are calculated using the following equations: 
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This thickness determination method for nondiverging milling machine drill bit is an 

approximation that can produce errors where adjacent pencil beam intensities differ 
drastically. The effect of this error combined with that of a finite drill bit size on intensity 
map generation is reflected in the intensity map QA (IMRT QA) for each treatment field. In 
our years of practice of using both compensator and MLC-based IMRT delivery techniques, 
we have found that the IM map QA quality of compensator-IMRT treatments is not inferior 
to that of the segmental MLC-IMRT treatments. 
 
B.2 Compensator spatial resolution 
PLUNC samples 64 × 64 infinitesimal pencil beams in intensity map calculation 
independent of the field size. The intensities of other pencil beams are derived via linear 
interpolation. The sampling frequency, however, can be increased at the cost of 
computation time. Because PLUNC generates smoothly varying intensity maps without 
high spatial frequency variations,(30) we have not noticed significant issues with sampling 
resolution. The largest symmetric field dimension achievable by our current compensator-
IMRT design is 25 cm cross-plane and 30 cm in-plane. 

The computer-controlled compensator milling setup takes the drill radius (3 mm) into 
consideration. Effectively, a 6-mm wide “sliding window” averaging is applied to the 
calculated compensator topography along the direction of the milling path. In the worst-
case scenario, where the field dimension perpendicular to the milling path is 25 cm, the 
resolution perpendicular to the milling path is 3.9 mm, less than the drill bit diameter of 6 
mm. A detailed theoretical analysis on the influence of the drill size and other factors on the 
accuracy of compensator-generated intensity modulation was carried out by Meyer et al.(2) 
The finite drill size is not considered in the dose optimization. However, the error in 
compensator-generated intensity map due to milling limitation is reflected and evaluated in 
the IMRT QA procedure. We have compared the intensity maps of compensators made 
using drill bits of 3 mm, 2.5 mm, and 1.75 mm radius and found that the differences 
between the compensator-produced intensity maps are small for the cases tested (see Figs. 2 
to 8). 
 
B.3 Compensator margin 
The main purpose of using a margin is to accommodate our clinical need to make small 
field edge modifications during the course of treatment. We have extended the compensator 
to cover a margin outside the treatment portal to anticipate any positive field size 
change/error that is less than 1.5 cm. The compensator pattern outside the treatment portal 
is an extension of the compensator pattern at the nearest field edge. When the needed field 
size change is positive and no more than 1 cm, the original compensator can often be used. 
When the intended change is a reduction of the field dimension, the same compensator can 
generally be used. Once the compensator is made, it is treated as a customized wedge in 
PLUNC, and the dosimetry of a changed treatment plan can be easily recalculated. 
Regardless of the sign of the field size change, the new dosimetry is recomputed and 
reviewed. The planner then decides if the original compensator is adequate for the changed 
treatment. 
 
B.4 Compensator IM range limit 
The density of compensator material and its maximum thickness limit the intensity 
modulation range achievable by a compensator. In our design the maximum thickness of 
the compensator is 5 cm. The maximum intensity modulation range achieved by the tin 
granule compensators is approximately 100% to 38% and 45% of the open field for 6 MV 
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and 15 MV, respectively. This modulation range does not always meet our clinical needs. 
This can be demonstrated in a clinical case whose optimization objective includes PTV 
(planning target volume) dose uniformity and sparing of the spinal cord nearby. Figure 3 
shows two different intensity maps of the same field generated using the same optimization 
but with different IM range limits. Figure 3(top left) shows the intensity map generated 
with the 5 cm compensator depth limitation and Fig. 3(top right) without the depth 
limitation. The “filled” valley (where cord lies beneath) in the intensity map in Fig. 3(top 
left) indicates that the intended intensity modulation, shown in Fig. 3(top right), is much 
larger than what is actually achievable by this compensator. The resulting dosimetry in Fig. 
3(bottom) is consistent with the difference seen in the intensity map, showing suboptimal 
results of the 5 cm compensator depth in the cord DVH comparison. The cord would be 
overdosed if the compensator-IMRT method was used. In cases like this, we often select 
the MLC-based technique, which has the largest intensity modulation range, from 100% to 
the leakage through the collimators. However, the limited spatial and intensity resolution of 
the segmental MLC-IMRT technique with 5 IM levels (MLCIM-5L) can sometimes 
counteract the advantage of its large intensity modulation range as shown in Fig. 3(bottom). 
MLC-IMRT plans using more IM levels (10 and 7) did not improve the cord DVH because 
the limited spatial resolution (1 cm × 1 cm) is responsible for the cord dosimetry 
deterioration. 
 

 

 
FIG 3. Intensity map from the dose optimization with 5 cm compensator (tin granule compensator) thickness limit 
(top left); intensity map of the same optimization without the compensator depth limitation (top right); and the 
cord DVH comparison for the treatment plans with (Comp-5cm) and without the depth limitation (Ideal IM) 
(bottom). The cord DVH result of a segmental MLC-IMRT plan (MLCIM-5L) is also displayed. 
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Recently, we have investigated the use of a coarse tungsten powder as a compensator 

material. Tungsten powder has an effective density of more than 10 g/cm3 compared to 4.6 
g/cm3 for tin granules. With the same compensator design tungsten offers a much larger 
intensity modulation range: 100% to 18% and 20% for 6 MV and 15 MV, respectively. 
Based on our experience, we believe this new intensity modulation range is adequate for 
most of our dose optimization needs. Note the compensator is used for intensity modulation 
generation only; the treatment portal is defined by either MLC or blocks. 
 
B.5 Compensator material selection 
There are a number of materials that have been used to form compensators, including 
lead,(32–35) Cerrobend,(36) brass,(37) aluminum,(37) steel,(38) tin(16) tin-wax mixture,(39) 
gypsum,(40) Lucite,(41) and tungsten-epoxy mixture.(27) The physical form of the material 
ranges from powders to granules, small cubes to solids and mixtures. The following are 
what we consider the criteria for the ideal compensator material and physical form to 
generate smooth intensity modulation: 
• large range of intensity modulation magnitude 
• intensity modulation of high spatial resolution 
• not hazardous for handling in the fabrication process 
• easy to form to and retain the shape needed 
• low material cost 
• friendly to the environment 

The first criterion calls for compensator materials of high density and/or large 
thickness compensator design. The second criterion prefers powder, granule, or other 
nondiscrete physical forms of compensator materials. Table 2 lists several material choices 
and their pro and cons for compensator application. 
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Material Pro Con 
Cerrobend 
(with and 
without mold) 

•  readily available 
•  inexpensive 
•  recyclable 
•  high density 

 
• need a milling machine 
 

brass/steel/ 
lead (cube or 
sheet) 

•  no milling required 
•  recyclable 
•  inexpensive 

•  poor IM resolution due to discreteness 
•  can be labor-intensive for assembly. 
•  can be hazardous (lead) 

Lucite 
(solid) 

•  easy to machine 
•  nonhazardous 

•  low density thus low IM magnitude 
•  need a milling machine 
•  not recyclable thus can be expensive 

brass/steel 
(solid) 

•  readily available 
•  can produce smooth IM 
•  nonhazardous 

•  not recyclable thus can be expensive 
•  need a milling machine 

tin granule-
wax (mixture 
in mold) 

•  recyclable 
•  can produce smooth IM 
•  nonhazardous 

•  low density thus low IM magnitude 
•  need a milling machine 
•  difficult to keep consistent packing 

density 
tin/steel 
(granule in 
mold) 

•   high IM resolution 
•  consistent packing 
•  nonhazardous 
•  recyclable 

•  medium density -medium IM 
magnitude 

•  need a milling machine 
 

tungsten 
(powder in 
mold) 

•   high IM resolution 
•  consistent packing 
•  high density 
•  recyclable 

• slightly hazardous to handle in coarse
powder form (less than Cerrobend and
lead) 

•  need a milling machine 
 
Table 2. Pros and cons of selected materials for the IMRT compensator application 

 
In the past, Cerrobend has not been considered an excellent compensator material 

despite its large density. Cerrobend shrinks from its liquid form in the compensator mold 
when it solidifies, potentially causing significant deviation from the intended compensator 
shape and density uniformity. We recently found that there are Cerrobend filling techniques 
that produce smooth and accurate compensators with consistent density, as demonstrated by 
Par Scientific. Thus solidified Cerrobend in the compensator mold becomes one of the top 
choices of compensator material. The other good choice for compensator in mold is coarse 
tungsten power. Recyclable tungsten powder has an effective density close to that of 
Cerrobend (approximately 10 grams/cm–3), and it can be easily shaped to the intended form 
with uniform density using the technique described below. 
 
C. Compensator assembly 
The compensator mold is milled out of a Styrofoam block. Figure 4 shows the sturdy and 
easy-to-handle compensator box that is easily inserted into the wedge slot of a teletherapy 
unit. The compensator box ensures the integrity of the compensator throughout the 
treatment and guarantees compensator alignment to the radiation beam. The tin granules 
and the box are reused; only the Styrofoam mold is discarded. The same compensator box 
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can be used on different accelerators of the same wedge slot design, with and without an 
MLC device, to deliver the IMRT treatment. 

 
FIG 4. Compensator box with a tin granule-filled compensator enclosed (left) and a Styrofoam compensator mold 
(right). The three reference holes on the mold and the matching set on the box are used for easy verification of the 
compensator orientation in the box. The compensator is designed to be inserted in the wedge slot of an accelerator. 

 
The compensator box is designed to prevent human errors by offering no options in 

application and to provide easy and clear identification of assembly error. For each 
compensator, a QA sheet is generated in PLUNC to be used as the reference for the 
compensator mold fabrication QA measurement. A medical physics technician performs the 
compensator fabrication, assembly, and geometric QA. The technician verifies and records 
the shape and orientation of the compensator mold pattern, the maximum depth of the 
compensator, and the distance from each compensator edge to the edge of the Styrofoam 
mold using the compensator QA sheet as the reference. 

Milling a set of reference holes is a useful function offered by the software of the 
milling machine. The location, diameter, and depth of the reference holes are fixed and 
independent of the compensator shape and are used to check errors in milling machine 
operation. After the compensator mold passes the above inspection, it is enclosed by a 2 
mm-thick Lexan sheet. The enclosed mold is filled and packed with tin granules through a 
small hole drilled on the side. A household electric muscle massager was used in filling to 
ensure compacted packing and a consistent tin granule density for all compensators. The 
visual sign of the packing status is quite clear: The tin granules “dance” in the mold under 
vibration until the mold is tightly packed. The tin granule-filled Styrofoam compensator 
mold is then labeled with the patient and field names before being inserted into the acrylic 
compensator box. 

Prior to initial clinical implementation, the compensator packing density consistency 
was carefully studied. A 2% maximum variation in compensator weight was observed for 
nearly 50 different packings by different operators at different times following the same 
packing instruction. The 2% weight variation in the tin granule compensator would cause a 
pencil beam intensity variation of 0.4% per centimeter of compensator thickness, assuming 
the weight variation occurs uniformly. 
 
D. Compensator-IMRT dosimetry QA 
Clinical physicists perform the remaining tasks in the compensator-IMRT QA procedure. 
This consists of the verification of the intensity map under a test phantom condition and of 
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patient treatment dose measurement. The verification of the intensity map was performed 
using a 1D diode array system Profiler and, recently, a 2D array diode system MapCheck 
(both systems are from Sun Nuclear Corporation, Melbourne, Florida). A 25 cm × 25 cm 
field size (which is larger than most of the compensator covered fields, at least in 1D) is 
used for the Profiler measurement. When the MapCheck 2D diode array system is used, the 
actual treatment fields are used for QA measurement. PLUNC calculates the 1D (for 
Profiler) and 2D (for MapCheck) dose distribution in the QA phantom from the treatment 
IM field and exports the dose map to Profiler/MapCheck system. At the time of data 
collection the measured and calculated intensity maps are displayed and compared in the 
MapCheck or Profiler software. Both the relative and absolute doses are compared. We 
found in our Profiler QA data that the differences between measured and calculated 
compensator factors are less than 2% at dmax and less than 3% at 15 cm depth. Clinical 
examples of the IMRT QA and the statistics of the discrepancy between the measurement 
and calculation in our clinical application are presented in the Results section. 

For each compensator-IMRT treatment patient, treatment dosimetry was measured 
before the first 10 Gy of dose was delivered. MOSFET detectors (Thomson & Nielsen 
Electronics Ltd., Ottawa, ON, Canada) are placed on the entrance or exit portal of the 
selected IM fields. Bolus of 1 cm thickness is used for the measurement. Whenever 
possible, a MOSFET dosimeter is placed in the field where the intensity fluence variation is 
relatively slow. The calculated dose MOSFET received at the measurement location was 
verified in PLUNC by the physicist who conducted the MOSFET measurement. The 
uncertainty of the calculated skin dose is estimated to be 10%. The rapid dose change and 
the lack of dose calculation accuracy in this region by the pencil beam dose calculation 
algorithm, plus the fact that the bolus perturbs the measurement, make it difficult to obtain 
accurate dose verification. The statistics of patient measurements are presented in the 
Results section. 
 
E. Treatment technique comparison methods 
The compensator-based and the segmental MLC-based IMRT techniques are compared in 
terms of the treatment efficiency and dosimetry. The treatment delivery time data are based 
on the daily patient treatment record in LANTIS treatment record & verify system; the 
dosimetry of the treatment technique is computed and compared in PLUNC. Chang et al.(16) 
and Potter et al.(42) have shown that the dose optimization quality of the ideal treatment with 
smooth intensity maps is generally higher compared with the corresponding MLC-IMRT 
treatments by IMFAST segmentation. In IMFAST,(31) the platform algorithm with fluence 
correction was used in the segmentation. In their systematic study of the dosimetric quality 
and treatment efficiency of IMFAST segmentation algorithm for head and neck treatments 
Potter et al.(42) have shown that the selection of the segmentation methods available in 
IMFAST has limited influence on the dosimetry quality and the treatment delivery 
efficiency. 

For the treatment time analysis the finishing time stamp for the compensator-IMRT 
treatment is at the “beam-on” time of the last field, and of the last segment for the MLC-
IMRT treatment. The treatment completion time is not recorded by LANTIS. The last 
compensator field generally requires more MUs, thus more time, than the last MLC 
segment field. This average systematic offset in the treatment delivery time analysis is 
estimated to be no more than  30 s for a 180 cGy treatment at 200 MUs/min. In the analysis 
of the compensator-IMRT treatment time we have adjusted the treatment time recorded in 
LANTIS by adding the treatment time of the last compensator field, which is calculated 
based on the number of MUs and the accelerator output rate. No such adjustment is made 
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for the MLC-IMRT treatment time. The LANTIS treatment delivery time record 
automatically includes the time therapists spent between treatments of different fields to 
exchange compensators. 
 
III. RESULTS 
 
A. Treatment case summary 
Over 700 patients have been treated using the compensator-IMRT delivery technique since 
November 1996. Figure 5 shows the breakdown of the number of cases per treatment site. 
The three major treatment sites are head and neck, breast/chestwall, and lung from 
November 1996 to April 2004. The decrease in the number of compensator-IMRT cases 
starting in 2001 is associated with the beginning of clinical implementation of segmental 
MLC-IMRT in our clinic. 
 

 
 
FIG 5. Summary of the number of patients treated per year using the compensator-IMRT technique broken down 
by treatment site from November 1996 to May 2004. 

 
A.1 Optimization quality comparison 
The effect of intensity modulation resolution of IMRT delivery techniques can be 
demonstrated in the following two clinical examples. The first example is a six-field 
nasopharynx tumor treatment whose optimization objective includes PTV dose uniformity 
and sparing of multiple nearby critical structures. Figures 6(a), (b), (c) show a DVH 
comparison of a six-field nasopharynx treatment for the PTV and two critical structures 
between the smooth intensity map (CompIM) plan and the discrete map plans. Two 
intensity resolutions (or IM levels) were used in converting the original smooth map to the 
corresponding discrete maps for MLC segment optimization, and resulting plans are named 
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MLCIM-5L and MLCIM-10L. The result of the corresponding manually planned 
conventional treatment, using the same beams without intensity modulation, is also 
displayed in Fig. 6 for reference. 

The figures clearly illustrate that the resolution of the delivered intensity maps can 
have a significant impact on the quality of the treatment optimization, especially when the 
optimization objective includes sparing of small critical structures close to the treatment 
volume. For the segmental MLC-IMRT technique, the increase in intensity resolution alone 
(IM level) did not result in noticeable improvements in dosimetry for critical structures 
chiasm and cord (see Figs. 6(b), (c)) in this case. This indicates that the spatial resolution, 
which is governed by the size of the MLC leaf, is likely responsible for the dosimetric 
deterioration from the ideal IMRT treatment. 
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(a) 

 
(b) 

 
(c) 

FIG 6. DVH comparison of the compensator-based (solid line) and the segmental MLC-based IMRT treatments as 
well as the corresponding conventional treatment (dashed line) for a six-field nasopharynx tumor treatment. 
Intensity levels of 5 (open circle line) and 10 (solid square line) were used in creating the MLC-based IMRT 
treatment. (a) PTV (differential DVH), (b) chiasm, and (c) cord. 
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Figure 7 displays a similar comparison for a five-field prostate treatment. The 

optimization objectives are PTV dose uniformity and DVH-specified rectal sparing. In this 
case, the differences between the continuous IM technique and the discrete IM technique 
are reflected in the PTV. The rectal sparing is similar, but PTV dose uniformity of the 
discrete MLC-IM technique was worse. 

 

 
(a) 

 
(b) 

FIG 7. DVH of PTV (a) and rectum (b) for a five-field prostate treatment. The compensator-based (solid line) and 
the segmental MLC-based (line with circles) IMRT treatment are shown as well as the corresponding conventional 
treatment (dashed line). Seven intensity levels were used in converting the ideal intensity map to the discrete map 
for the MLC-based treatment. 

 
The above two clinical examples show that intensity modulation resolution of an IMRT 

delivery technique can have a significant impact on the quality of the optimized treatment 
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the patient receives. The finer resolution compensator-IMRT technique can produce 
intensity modulation that is closer to the ideal intensity modulation compared to segmental 
MLC-based IMRT techniques. 
 
A.2 Intensity modulation QA 
The software-driven diode array system Profiler and recently MapCheck are used for 
compensator IMRT QA. Profiler measures one beam profile at a time, typically, about 5 
min per compensator, including the time for equipment setup and comparison with 
calculation (in MapCheck software). The calculated intensity profiles are exported to the 
MapCheck software computer ahead of time, and they are used to verify the measured 
intensity profile during the data collection. This real-time QA feature is very desirable in 
our busy clinic. The static nature of the compensator intensity modulation allows us to use 
only a few MUs (10 MUs are sufficient although 50 MUs are used) for the measurement. 
MLC-IMRT techniques, on the other hand, dictate that the actual treatment MUs be used 
for the QA measurement. We analyzed the maximum deviation of the measured profile 
relative to the calculated profile for more than 1600 clinical compensator profile scans. 

The maximum discrepancy between the calculated and the measured profiles within 
the treatment field (with 1.5-cm margin) is recorded in the QA procedure. We found that 
83% of the compensators had a maximum discrepancy between measured and calculated 
intensity profile of 0% to 5%, 16% of the compensators had a discrepancy of 5.1% to 10%, 
and 1% had a discrepancy of 10.1% to 15% compared to the calculation. The profile 
comparison error in regions outside the treatment field can be larger due to the limitations 
of the milling machine generated compensator as analyzed by Meyer et al.(2) The larger 
point dose discrepancies between calculation and measurement in the IMRT QA often (but 
not always) occur at IM map regions of high gradient. In comparison, we found that 
statistically the agreement between calculation and measurement for compensator-IMRT is 
noticeably better than segmental MLC-IMRT. We found that the MLC leaf positioning 
accuracy is the main source of error in segmental MLC-IMRT QA. Figure 8 shows 
examples of the intensity map validation for an IMRT compensator using MapCheck and 
Profiler. 

 
FIG 8. Typical examples of compensator-IMRT QA result by MapCheck 2D detector system (left) and Profiler 1D 
detector system (right). The solid line is calculated and the open circle is measured data. The two exemplary 
measurements are not related. 

 
A.3 Patient dosimetry QA 
MOSFET dosimeters are placed on user-specified entrance points for selected IM fields. 
Bolus of 5 mm to 10 mm thickness is used, depending on availability. The measured dose is 
then compared with the calculation on PLUNC. We analyzed the results of 340 patients and 
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found that 71% of them had a measurement-calculation discrepancy of no more than 5%, 
26% of them had a discrepancy between 5.1% and 10%, and 3% of the patients had a 
discrepancy of more than 10%. The exact effect of bolus on the patient surface cannot be 
simulated in PLUNC, and there are rapid dose changes at superficial depths; thus, the dose 
calculation uncertainty at skin is estimated to be 10%. 
 
A.4 Treatment delivery time 
We retrospectively analyzed patient treatment timing information in LANTIS treatment 
record & verify system. The treatment delivery time is defined as the time elapsed from the 
beginning of the first field/segment irradiation to the end of the last field/segment 
irradiation. We found the typical variation in daily treatment time, excluding port film days, 
was one minute for both the compensator and segmental MLC-based IMRT deliveries. The 
LANTIS record & verify system showed that compensator-IMRT delivery time for a 
typical five-field prostate treatment was less than 5 min. For a similar treatment (five-field 
and 180 cGy per fraction) the LANTIS record showed that segmental MLC-IMRT 
technique is more than 10 min. Our compensator-IMRT deliveries are significantly shorter 
than the compensator-IMRT delivery time reported by Levegrün et al,(43) where 12 min 
were required for five-field compensator-IMRT treatment, a time that is even longer than 
the time for today’s segmental MLC technique. The treatment delivery time improvement 
brought about by IM-MAXX, a segmental MLC-IMRT delivery enhancing option on 
Siemens accelerators, is also presented below. 

Figure 9 displays LANTIS-recorded treatment delivery time for IMRT treatments of 95 
patients. The treatment time is averaged over the entire treatment course excluding the port-
film days. The delivery techniques used were MLC-IMRT treatments with and without IM-
MAXX and compensator-IMRT treatment. The number of treatment fields per patient 
ranges from 2 to 7. For MLC-IMRT treatments, the number of intensity levels used was 
generally between 5 and 7, although the latter was more common. There are some 
variations in prescription dose between 180 cGy and 200 cGy, accelerator MU rate between 
200 MU/min and 500 MU/min, and treatment site. We estimated that these variations 
would cause a variation in treatment time of less than one minute. These variations in the 
data should have no influence on the trend of the treatment delivery time in Fig. 9. 
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FIG 9. Patient treatment delivery time for the compensator-IMRT treatments (gray) and the segmental MLC-IMRT 
treatments. MLC-IMRT treatments with the IM-MAXX option (black) and the MLC-IMRT treatments without 
IM-MAXX option (white) are also shown. The data are retrospectively analyzed from the LANTIS record & 
verify system recorded patient treatment delivery information. 

 
Clearly, there are other factors contributing to the variation seen in the patient 

treatment delivery time record shown in Fig. 9. For instance, some of the treatment times 
for the four-field treatments are longer than those for five-field treatments for all types of 
IMRT treatments. We speculate that this could be related to the stability of patient 
treatment setup and patient condition. When therapists notice large patient movement 
during treatment, more time can be spent on patient interaction and repositioning. The 
figure shows that the compensator-IMRT technique requires the least treatment time in 
comparison with the MLC techniques for almost all patients. The lack of automation of the 
compensator technique is well compensated by its delivery efficiency. 

Figure 10 shows the average treatment delivery time for IMRT of a different number of 
treatment fields. The treatment time here is averaged over the treatments of the same 
number of treatment fields shown in Fig. 10. Our data indicate that when the field number 
increased from 4 to 7, the treatment delivery time increased 2.5 times for segmental MLC-
IMRT treatment without IM-MAXX option; 1.3 times for the compensator-IMRT 
treatments; for MLC-IMRT treatment with IM-MAXX option, the treatment time increased 
1.5 times. On average, the reduction in segmental MLC-IMRT treatment time by IM-
MAXX is 23.5%. Figure 10 shows that the compensator technique is clearly the fastest 
technique in our routine clinical use. 
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FIG 10. The average treatment delivery time for IMRT treatments with different numbers of fields. The average is 
taken over the treatments of the same IMRT type and total number of treatment fields. 

 
A.5 Compensator fabrication time 
The typical time for compensator fabrication including the time for fabrication-related QA 
procedures is about 13 min, 10 min of which is milling machine time. The time the medical 
physics technician actually spends on compensator assembly and QA is normally only 3 
min per compensator (the time for a physicist to perform IMRT QA was discussed 
previously). Considering the significant savings of treatment delivery time every day as 
shown in Fig. 10, we consider 13 min of compensator fabrication to be time well spent. The 
time required for compensator disassembly and recycling after treatment completion is less 
than 2 min per compensator. 
 
IV. DISCUSSION 
 
We realize that some compensator techniques require significantly longer time for 
fabrication and assembly than our technique. For instance, Levegrün et al.(43) reported that it 
normally took 4 h to fabricate five compensators. Their compensators were made of lead 
sheet layers; we speculate that the manual assembly process for this type of compensator is 
time-consuming. There are several other factors that contribute to the efficiency of 
compensator production. The functionality of the milling machine can certainly make a 
major difference in the milling time. Styrofoam is also much easier and quicker to mill than 
a solid metal. Another contributing factor is the design of the compensator box, which 
requires minimal effort in manual alignment and assembly. The in-house resource for 
computer programs and interfaces played an instrumental role in the development and 
evolution of the streamlined program. 

A general limitation for compensator-IMRT techniques is the intensity modulation 
range, which is directly related to the compensator material density and thickness. When 
medium density material is used, such as granules of tin or steel, the maximum range of 
intensity modulation can be a significant limiting factor in delivering an optimized 
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treatment. Granules do have some valuable advantages (see Table 2) compared with the 
solid form. However, they only have 52% of the linear attenuation coefficient of the solid 
form, if the granules are identical spheres. One way to increase the packing density is to 
mix granules of different sizes and shapes. 

We did not consider the mechanical constraints of the MLC or the resolution 
constraints of the compensator technique in the dose optimization. We speculate that 
consideration of these constraints in dose optimization may improve the dosimetric quality 
of the treatments, especially for segmental MLC-IMRT treatment, as discussed by Siebers 
et al.(44) The MLC-IMRT results reported here apply only to segmental MLC-IMRT 
delivery by Siemens accelerators. We speculate that the treatment efficiency for the fast-
moving “sliding window” type MLC-IMRT delivery by Varian accelerators would be 
closer to that of the compensator-IMRT. This manuscript is intended as a report on our 
experience in developing and implementing a compensator-IMRT technique in our clinic. 

In addition to its robustness and simplicity, another important advantage of the 
compensator-based technique is its ability to produce fine intensity modulation resolution. 
This in turn generates high spatial resolution treatment dosimetry. Many published 
compensator-IMRT techniques unnecessarily limit themselves to the same resolution as the 
MLC-based techniques. We speculate that one of the reasons is that treatment-planning 
systems are designed for discrete MLC IMRT techniques We have shown in this and our 
previous work that intensity modulation resolution can play a very important role in 
preserving the quality of dose optimization. We hope to see more compensator-IMRT 
techniques make the most of this inherent advantage. 

As we make further advances in treatment planning and delivery technology, 
consideration of patient intra-fraction motions, such as organ motion, during treatment 
optimization becomes feasible. The shorter treatment time and the static nature of the 
compensator-IMRT technique can be further beneficial when organ motion is considered. 
Zygmanski et al.(7) and Chui(45) have reported that compensator-IMRT techniques can 
bypass some of the difficulties encountered by MLC-based techniques in dose optimization 
that considers organ motion. 
 
V. CONCLUSION 
 
We have shown that our compensator-IMRT technique has several benefits for delivering 
continuous intensity modulation. Our seven years of clinical application experience 
demonstrate that the robust compensator-IMRT delivery system is efficient in terms of 
fabrication, assembly, QA, and treatment delivery. We have shown that the finer resolution 
compensator-IMRT technique can also produce dosimetry that is closer to the ideal IMRT 
treatment (without any delivery limitation) compared with the segmental MLC IMRT 
technique. 
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There is hardly anybody in the field of radiotherapy
who has not heard, performed, or wanted to carry
out dose sculpting intensity-modulated radio-
therapy (IMRT), which promises improved
treatment outcome. IMRT is widely used in the US
and is gaining increasing acceptance in Europe and
the rest of the world. For radiotherapy centres that
have not yet implemented the technology one
common concern is related to resources, or the lack
of them. Indeed, considerable resources – software,
hardware and staff – are needed to successfully
implement an IMRT program, and it can be very
costly. Multi-leaf collimator (MLC) is commonly
used as IMRT delivery hardware and newer
accelerators with MLC and IMRT delivery
functions cost significantly more than the basic
models, and they can be out of reach for many
radiotherapy centres. Many people incorrectly
assume that an accelerator with MLC function is
essential for IMRT delivery, but MLC is not the
only hardware that can deliver IMRT. 

The University of North Carolina has treated
approximately 1,200 patients using compensator-
IMRT since 1996 and has used both MLC and
compensator for IMRT delivery since MLC
became available in 2001.1,2 Mail order
compensator services in the US are gaining
increasing acceptance and popularity, especially
among smaller radiotherapy centres, by providing
quality, easy-to-use and swift customised
compensator-IMRT services. As compensator-
IMRT has gradually received more and more
attention and acceptance worldwide3–8 most
treatment planning software vendors have added the
compensator-IMRT function as an option. It is
hoped that more compensator-IMRT-friendly
commercial products will be developed to serve the
needs of many radiotherapy centres worldwide.

Different to the commercially available MLC-
IMRT technologies, compensator-IMRT techno-
logies, until recently, were primarily developed in-
house and not readily available to the radiotherapy
community at large. Thus, many opinions of
compensator-IMRT might not be based on

adequate information and knowledge of the
technique. Common misunderstandings include
“Compensator -IMRT is not as good as the high-
tech MLC-IMRT”, “compensator is an old tissue
compensation technology but not IMRT” and
“compensator-IMRT is an emerging technology
that requires further testing before clinical use”.
However, what is often overlooked in the debate
around IMRT delivery hardware is the core of
IMRT (i.e. what makes IMRT a better treatment
choice for cancer patients). The core of IMRT is the
dose optimizing treatment-planning software, and
not the delivery hardware. 

In today’s high-tech age it can be difficult to make a
sensible selection for IMRT hardware, especially if it
is for the first time. Delivery hardware should be
evaluated in terms of treatment dosimetric quality,
treatment throughput, and operating cost. It is
important to point out that there are different
compensator-IMRT techniques, as well as different
MLC-IMRT techniques. There are also different
treatment planning systems and different
radiotherapy centres can run their IMRT
procedures differently. The dosimetric quality,
operating cost and treatment throughput of an
IMRT program are determined jointly by software,
hardware and the local procedure. Therefore the
details in the discussion below may not be applicable
to all IMRT programs.

Do s ime t r i c  Q u a l i t y

An ideal IMRT treatment depends on the quality of
the dose optimising IMRT treatment-planning
software. For a given set of anatomical structure-
specific dosimetric requirements the optimisation
algorithm often generates the treatment field
intensity distribution maps, based on which the
IMRT delivery parameters are determined. Figure 1
shows an intensity modulation map from a dose
optimisation that assumes no hardware limitations
in treatment delivery.9 IMRT delivery techniques
have a strong influence on the dosimetric quality of
the treatment through its spatial and intensity
resolutions and other physical constraints. An ideal
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IMRT delivery technique should pose no
resolution or other limitations and be able to create
any intensity modulation pattern called for by the
dose optimisation with high fidelity. With
everything else being equal, the finer resolution
IMRT delivery technique generally can deliver
higher treatment quality.10–12 For MLC-IMRT the
spatial resolution is determined by the MLC lead
width (1mm or 5mm) and the intensity resolution
by how the MLC segment fields are generated. 

In principle, a compensator can be designed to
produce the high-resolution intensity map (see
Figure 1). Computer-controlled milling machines
can be used to fabricate either a solid compensator 
metal directly (see Figure 2) or a negative
Styrofoam mould13 (see Figure 3). The mould is
then sealed and filled with compensator material,
metal granules1,14 or liquid cerrobend,15 to form the 
IMRT compensator. For examples of the readily
available granule materials, copper and tin granules
(size: 20 mesh) see Figure 4. Placed in the wedge or
the block tray slot in an accelerator the IMRT
compensator can be used together with blocks on
any accelerator (see Figure 5), even on a Co-60
unit, as well as on MLC accelerators.

Because of its high resolution, compensator-IMRT
generally can produce a dosimetric quality that is
equal or superior to that of MLC-IMRT
techniques.12 One might argue that there is no gain
for a finer IMRT resolution. This may be true for
specific clinical cases that do not require high-
resolution intensity modulation; however,
significant efforts by accelerator vendors on MLC
leaf size reduction indicate otherwise. It has also
been shown that treatment quality is closely related
to IMRT resolution.1,11 Note that not all
compensator-IMRT techniques are the same. Some
use 1cm x 1cm or other discrete resolutions similar
to MLC-IMRT and thus should have comparable
dosimetric quality.16,17

Dosimetric quality of a compensator-IMRT
technique also depends on the maximum intensity
modulation it can produce. If a granular material of
low-density and a design with small maximum
depth are used the compensator-IMRT technique
will have a limited intensity modulation range,
which can reduce the dosimetric quality for clinical
cases requiring large intensity modulation. On the
other hand, MLC-IMRT techniques have the
largest intensity modulation range, which is defined
by the transmission factor of MLCs. Studies have
shown that for certain clinical cases the lack of
intensity modulation range can offset the benefit of
the fine resolution of compensator-IMRT.1,16

Therefore, careful consideration should be given in

compensator-IMRT method design to achieve
adequate intensity modulation range. 

T r e a tmen t  T h r o u g hpu t

The major benefit of MLC-IMRT techniques is
treatment delivery automation. Owing to record and
verify systems, an MLC-IMRT treatment is now
totally automatic. For a compensator-IMRT
treatment, the compensators generally need to be
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Figure 1: Intensity Map from Dose Optimisation

that Assumes no IMRT Delivery Limitation

Figure 2: Brass IMRT Compensator (.Decimal Inc.) 

Figure 3: Compensator Mould in the 

Compensator Box 
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changed manually by therapists between treatment
fields. Several automated compensator-IMRT
techniques have been developed in Japan,7,17

Canada,18 and the US,19 where the IMRT
compensator change is automatic between treatment
fields. A study by Daniel et al.20 also showed that it is
possible to design a single multifield IMRT
compensator to optimise the entire multi-field
paranasal sinus treatment. Most compensator-IMRT
treatments in clinical use, however, rely on manual
compensator change.

In reality, the throughput of IMRT patient
treatment does not solely depend on the level of
treatment automation. Therapists at the University of
North Carolina prefer to enter the treatment room
between fields to manually change compensators
than the automated one-push-button ‘step and
shoot’ MLC-IMRT. Why do therapists not prefer
the automated treatment? The answer is that they
know the compensator-IMRT is significantly faster
than the MLC-IMRT (on Siemens accelerators).
This is supported by studies, including a retrospective
analysis of clinical IMRT treatment time record on
the record and verify system for 95 randomly chosen
patients.1,11 Studies on different compensator- and
MLC-IMRT techniques showed that the through-
puts are comparable.20

Clinical physicists may also prefer compensator-
IMRT for faster IMRT quality assurance (QA)
procedure.8 The static intensity modulation of a
compensator allows them to give fixed monitor
units (MUs) (50 or 100) for IMRT QA
measurement, independent of the actual MUs used
for patient IMRT treatment, while for MLC-
IMRT the same lengthy treatment delivery as used
for patient treatment is needed. 

The longer beam on-time of MLC-IMRT is due to
the fact that the intensity-modulated field must be
delivered sequentially, a portion (segment) at a
time, while in compensator-IMRT treatment the
entire intensity-modulated field is delivered
simultaneously. Furthermore, small segment field
irradiation is inefficient and more MUs are needed
to deliver a given dose. Among MLC-IMRT
delivery hardware Varian’s accelerator is known to
deliver the fastest treatment.

Ope r a t i n g  C o s t

After an IMRT program is established there can be
different operating costs depending on the IMRT
delivery hardware used. For instance, MLC-
IMRT consists of a large number of segment fields
per field and thus is significantly labour-intensive
for clinical physicists and dosimetrists to manage in
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Figure 5: Demonstration of IMRT Compensator Box
Insertion.  Block Tray is Another Location for IMRT
Compensators 
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terms of point dose tracking, chart checks and,
especially, handling fractional dose change in
treatment planning and record and verify systems.
For compensator-IMRT such managements are
very similar to that of a non-IMRT treatment. If
one uses a mail order compensator-IMRT service,
there is a ‘per compensator cost’ added to the
operating cost. If one wants to establish an in-
house compensator-IMRT program at the present
time considerable physics resource is needed to
establish the program initially. The in-house
compensator-IMRT program of the University of
North Carolina relies on a milling machine (ADC
3, Par Scientific) specially designed for
radiotherapy application and uses a recyclable
metal granule material. Fabricated Styrofoam
compensator moulds are then filled with the metal
granules (~20 mesh in size) by a medical physics

technician. Tin, copper, steel and tungsten
granules may be used. Although this type of
compensator-IMRT program has the lowest long-
term overall cost – not requiring MLC purchase
and no per compensator cost from mail-
order service – it does take more physical
resources initially.

One often overlooked difference in operating cost
between compensator-based and MLC-based
IMRT is related to accelerator wear and tear. The
accelerator collimator mechanical wear and tear
due to MLC-IMRT treatment is understandably
more severe than for compensator-IMRT
treatment. The accelerator usage in terms of beam
on-time for MLC-IMRT treatments can also be
much longer than for compensator-IMRT
treatments due to the inefficient radiation delivery
through many small segment fields. 

As a result, the accelerator components related to
beam production (electron gun, thyratron, and
magnetron/klystron) might not last as long as if a
compensator-IMRT technique had been used
instead. The accelerator vault shielding requirement,
another costly item, can also be different depending
on which IMRT delivery technique is used. A
compensator-IMRT technique is likely to require

fewer MUs and thus less secondary beam shielding
than an MLC-IMRT technique.

O t h e r  IMRT  D e l i v e r y  H a r dwa r e
C o n c e r n s

‘Beam hardening’ through the compensator is a
commonly mentioned concern for compensator-
IMRT.21 Beam hardening refers to the average
photon beam energy change after it goes through a
high-density material, such as physical wedges. All
dose computation algorithms in treatment planning
systems handle quite well the beam hardening
through physical wedges, which in fact are
compensators themselves. The dose algorithms,
with modifications if necessary, should be capable
of handing the beam hardening through IMRT
compensators as well.1,22,23 The compensator-IMRT

approach compared with the MLC-IMRT
approaches has encountered far more dose
computation challenges – due to MU calculation –
including small segment field, beam profile
modeling of small and irregular fields, outside-
segment-field dose calculation, interleaf leakage and
leaf position accuracy. These are also challenges for
accelerator commissioning. Free of the MLC
related issues, compensator-IMRT techniques are
generally easier to manage and more straightforward
to commission. Independent of what IMRT
hardware is used, compensator or MLC, a good
treatment planning system that can model well the
treatment delivery process including physical
limitations is essential.

In summary, compensator-IMRT is a proven
radiotherapy technology both in methodology and
clinical application. Compared with the MLC-
IMRT technique, the compensator-IMRT
technique can deliver equal or higher treatment
dosimetric quality and a comparable or higher
patient treatment throughput. Additional benefits
of using compensators as IMRT hardware can
include faster IMRT quality assurance (QA), easier
dosimetry data management, less accelerator wear
and tear and less accelerator vault radiation-
shielding requirement. IMRT compensators can be
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fabricated using either in-house systems or mail
order IMRT compensator services. Currently, over
150 cancer treatment centres in the US use
compensator-IMRT at a rate of 400–500 patients
per month (based on data from .decimal, Inc.) and
almost all commercial treatment planning systems
have added compensator-IMRT options. More
efforts from different commercial vendors are still

needed to make implementation of different types
of compensator-IMRT technique more a ‘turnkey’
solution. Thirteen years following the commen-
cement of the University of North Carolina’s in-
house compensator-IMRT program, the radio-
therapy community has come a long way in
recognising compensator-IMRT for its quality,
efficiency, and cost-effectiveness. ■
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“Compared with the MLC-IMRT 
technique, the compensator-IMRT 
technique can deliver equal and 
comparable or higher patient treatment 
thoughput. Additional benefits of using 
compensators as IMRT hardware can 
include faster IMRT quality assurance, 
easier dosimetry data management, less 
accelerator wear and tear, and less 
accelerator vault radiation-shielding 
requirement.” 

A report by Sha Chang,
Associate Professor and Chief of Physics
& Computing, Department of Radiation
Oncology, University of North Carolina

Medical School, “Compensator-intensity-
modulated Radiotherapy - A traditional

tool for modern application.”

Treat your patients using IMRT without the expense of 
an MLC

Panther Solid-Compensator IMRT utilizes precision-machined 
blocks for beam shaping, effectively eliminating the need for a 
MLC. Solid-Compensator IMRT gives you and your patient’s 
superior end result using the most advanced technology.

Savings of hundreds of thousands of dollars

Because an MLC attachment for a linear accelerator is very 
costly, many clinics have delayed the implementation of IMRT. 
The significant investment in additional equipment necessary to 
deliver IMRT plans has also prevented many clinics from being 
able to offer this treatment technique.

Prowess recognizes the need for a less expensive way of 
delivering IMRT and has developed Panther 
Solid-Compensator based IMRT that does not compromise on 
the quality of the treatment.

Benefits of DAO Solid-Compensator IMRT compared 
to MLC-IMRT

Because a MLC is very expensive and a sophisticated piece of 
equipment, IMRT with MLC incurs high implementation and 
maintenance costs for the hospital. Solid-Compensator IMRT 
saves on these costs.

Treatments can be delivered with a 50% or more reduction in 
Monitor Units (MUs) saving on the wear and tear of the LINAC.

More patients can be treated using Panther Solid-Compensator 
based IMRT than compared to IMRT with an MLC, because the 
delivery time is much shorter.

Panther DAO Solid-Compensator IMRT
IMRT without MLC
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ABSTRACT 

PURPOSE: To compare IMRT delivery efficiency in 6 institutions using different accelerators, 

IMRT delivery techniques, and treatment planning systems and to deduce key contributing factors 

for improvement.  

METHODS AND MATERIALS: IMRT MUs, daily treatment delivery time, and other parameters 

from Record & Verify systems for 421 patients in 6 institutions using 4 different treatment planning 

systems are analyzed. IMRT treatments are delivered using compensator-IMRT on Siemens, 

segmental MLC-IMRT on Siemens, Elekta and Varian accelerators, and via TomoTherapy.

RESULTS: LINAC-based IMRT MUs increase with the number of fields per treatment and are 7 

times less than TomoTherapy-IMRT MUs.  The average MU ratio of LINAC-based IMRT to non-

IMRT treatments is less than 2:1.  The MLC-IMRT delivery time is proportional with the total 

number of segments per treatment.  The shortest IMRT delivery times are associated with 

TomoTherapy (7.3 min.), plans using the least MLC segments (10.1 min.) and compensator-IMRT 

(11.3 min.) in average for 9-fld IMRT.  Beam-ON time for all LINAC-based IMRT were < 2 min. 

or < 20% of IMRT delivery time.  

CONCLUSION: LINAC-based MLC-IMRT delivery time largely depends on the number of 

segments per treatment. The influence of MU rate, number of fields, and MUs to the delivery time 

is small.  Compensator-IMRT delivery time is comparable to the most efficient MLC-IMRT; 

TomoTherapy uses the shortest IMRT delivery time. MU rate has minor impact on LINAC-based 

IMRT delivery time; thus major improvement in the IMRT delivery efficiency requires significant 

reduction in MLC leaf motion and verification time.

Key Words: IMRT delivery, Treatment efficiency, Compensator-IMRT, MLC-IMRT, 

TomoTherapy. 

Conflict of Interest: Thomas Mackie has financial interest in TomoTherapy Inc.
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INTRODUCTION

Intensity-modulated radiotherapy (IMRT) commonly takes more time to deliver than 

conventional radiotherapy.  Treatment delivery times impact both patient throughput and treatment 

quality because longer treatments are associated with more intra-fraction motion [1, 2]. IMRT 

treatment delivery efficiency can be characterized by its monitor unit (MU) usage and the time slot 

needed for schedule the patient treatment. There are several components in the patient treatment 

time and some of them, such as patient setup time using various forms of image guidance, are not 

directly related to the IMRT delivery technique used.  However, one portion of the patient treatment 

time that is specifically dependent on the IMRT technique used and thus the efficiency to deliver 

IMRT treatment should be an important consideration in purchasing IMRT hardware and software.  

Generally, more MU usage leads to longer treatment delivery time but the exact relationship for 

IMRT treatments in different clinical situations has not been well understood.  MU usage is also 

proportional to accelerator head leakage radiation and thus affects patient total body dose and 

secondary barrier radiation shielding design.  The IMRT software component [3-7] is generally 

similar for all LINAC-based IMRT delivery hardware.  Intensity-modulated treatment can be 

achieved using an MLC system on either the conventional LINAC-based systems, TomoTherapy 

[8], or compensators [9, 10]. MLC-IMRT forms the intensity modulation pattern by automatically 

changing MLC leaf configuration [11, 12] while compensator-IMRT provides static intensity 

modulation patterns [11] during treatment delivery.  Although there are reported techniques that 

automatically exchange or form compensators during IMRT treatment [13, 14] most compensator-

IMRT treatments today rely on manual compensator placement in the accelerator head.  In recent 

years there has been a substantial increase in compensator-IMRT usage, largely due to the 

availability of commercial mail-in IMRT compensator fabrication services such as those offered by 

.decimalTM (121 Central Park Place, Sanford, FL 32771) and Oncology TechTM (5608 Business 

Park, San Antonio, Texas 78218). TomoTherapy is a special MLC-IMRT delivery approach [15, 
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16] that delivers radiation to a patient through 360 degrees of beam angle selection, one transverse 

slice at a time, using a rotating linear array binary collimator system of 64 MLC leaves. The rotation 

is considered as 51 arc segments. The modulation through any MLC leaf-pair is achieved by 

varying the time during an arc segment that the leaf is in the open state. TomoTherapy has the 

unique ability to form highly complex dose distributions but its delivery efficiency is perceived to 

be a concern.

Independent of the specific delivery software and hardware used, IMRT is generally 

regarded as time-consuming. The impact of prolonged treatment on patient throughput, patient 

motion, and even radiobiology has been areas of concern for IMRT treatment[17-21]. Vendors have 

made significant efforts such as increasing monitor unit (MU) rate in an attempt to shorten IMRT 

delivery time.  There is a general belief that IMRT treatments use considerably more monitor units 

and thus need a higher accelerator workload compare to conventional treatments, leading to an 

increase in secondary barrier radiation shielding of accelerator vaults [22, 23].

The aim of this multi-institutional study is to better understand and quantify the impact of 

various clinical/treatment factors on IMRT treatment delivery efficiency in multiple clinics using 

different technologies. Clinical IMRT delivery efficiency depends on multiple factors and not all of 

them are studied in this work.  Attempts to draw quick one-to-one correlation between IMRT 

delivery efficiency and any single aspect of the technology can be erroneous.  Nonetheless, we hope 

this study can shed some light on this issue. 

MATERIALS AND METHODS

Multi-institutional Study

Daily IMRT treatment data from 421 randomly selected patients treated in six institutions

were studied. The six institutions included three academic institutions- University of North Carolina 

Medical School (UNC), East Carolina University Brody School of Medicine (ECU), and University 
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of Wisconsin (UW) and three community hospitals - Rex/UNC Hospital (Rex), Christiana Care 

Health System (CC), and Moses Cone Regional Cancer Center (MCR). Table 1 summarizes 

institutional information. The patients were all treated with curative intent at an average dose of 2 

Gy per fraction with 97% of the patients treated at 1.8-2.5 Gy per fraction. The most common 

treatment sites and the number of patients enrolled per treatment site per institution are listed in 

Table 2. 

Multi-system study

A variety of IMRT treatment hardware, software, and approaches are used in the six 

institutions. The accelerators are Siemens (Siemens Medical Solutions USA, Inc. 51 Valley Stream 

Parkway, Malvern, PA 19355 USA), Elekta (Elekta AB (Publ), Box 7593 SE-103 93 Stockholm 

Sweden), Varian (Varian Medical Systems, Inc. 3100 Hansen Way, Palo Alto, CA 94304-1038 

United States), and TomoTherapy (TomoTherapy Incorporated, 1240 Deming Way, Madison, WI 

53717-1954 United States).  The treatment planning systems are PLanUNC from UNC, ADAC 

Pinnacle (540 Alder Drive, Milpitas, CA 95035-7443, United States), CMS XiO(CMS, Inc.13723 

Riverport Drive, Suite 100 Maryland Heights, MO 63043 Unites States), and TomoTherapy 

Planning Station.  The treatment record and verify systems are MOSAIQ and Multi-ACCESS 

(IMPAC Medical Systems, Inc. 100 Mathilda Place, Fifth Floor, Sunnyvale, CA 94086 United 

States), LANTIS (Siemens Medical Solutions USA, Inc. 51 Valley Stream Parkway, Malvern, PA 

19355 United States), and the TomoTherapy integrated record and verify system.  Five institutions 

provided data on LINAC-based MLC-IMRT, two institutions on compensator-IMRT, and one 

institution on TomoTherapy IMRT.  For Siemens accelerators, the MLC-IMRT data are from both 

the older (58-leaf MLC) and newer (82-leaf MLC) generations of delivery hardware and control 

software. One dataset of non-IMRT treatment using the same accelerators as the IMRT treatments is 

also collected at one institution (UNC). Because non-IMRT conformal treatment delivery 
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techniques are relatively uniform among institutions, we expect that the dataset is representative of 

non-IMRT treatment from other institutions.  Basic information on accelerator maker/model, IMRT 

delivery technique(s), treatment planning system, and other relevant factors including the 

version/model of IMRT delivery technology used in each cancer center are summarized in Table 1. 

All time-related data is averaged over 5 fractional treatments.

a. Treatment monitor units (MUs) 

b. Treatment site 

c. MU rate 

d. Fractional dose 

e. IMRT delivery time

f. IMRT Beam-ON time 

g. Time elapsed between fields

The IMRT delivery time is defined as time elapsed between beam-ON of the first 

field/segment and beam-OFF of the last field/segment.  This definition is used as it excludes time 

that is unrelated to the specific IMRT delivery technique, i.e. it excludes time for patient setup and 

pre-treatment imaging.  Any time spent within the IMRT delivery time, e.g. therapists going into the 

treatment room to exchange compensators between fields, is included.  For TomoTherapy (radiation 

is ON throughout the treatment), IMRT delivery time can be calculated as the total number of MUs 

divided by the MU rate after an initial offset correction.

The IMRT beam-ON time is defined as the total amount of time when radiation is actually

delivered.  The time is estimated as the ratio of total monitor units (MUs) per IMRT treatment to 

monitor unit rate (MU/min).  Although the actual IMRT beam-ON time can be somewhat different 

due to the delay of the accelerator control system, MU end effect, and MU rate fluctuation, these 

effects are thought to be insignificant. IMRT beam-ON time as a percentage of the IMRT delivery 

time is a strong indicator of the treatment efficiency. For instance, an IMRT treatment is not 
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efficient if it spends only 10% of the IMRT delivery time in actual radiation delivery; efficiency can 

be improved by shortening the IMRT delivery time when no radiation is given. For TomoTherapy, 

the IMRT beam-ON time equals IMRT delivery time.

The time between consecutive IMRT fields is defined as the time elapsed between beam-OFF 

of one field (not MLC segment) and beam-ON of the next field for conventional LINAC-based 

IMRT treatments.  Data was either extracted from the record & verify system database or directly 

measured during actual patient treatments using a stopwatch.  One institution (UNC) compared 

from the record & verify system with direct measurement for 10 patient treatments and found them 

to be similar (i.e. within 10 sec).   The time between consecutive IMRT fields is a portion of the 

IMRT Delivery Time, and is very different between the automated MLC-IMRT and the manual 

compensator-IMRT treatment.  TomoTherapy has nearly zero time between fields.

We hypothesize that TomoTherapy IMRT treatment efficiency has a different dependence 

compared to conventional LINAC-based systems.  In this study we analyzed TomoTherapy IMRT 

delivery efficiency as a function of the volume and length of the planned treatment target (PTV), 

and of the complexity of the dose optimization.  The complexity level is divided into simple (1), 

intermediate (2), and complex (3) based on complexity of the dose optimization goal, as judged by 

the planner. t UNC, non-IMRT patient treatment data as described above is also gathered for 

comparison to IMRT treatment on the same accelerator.

Correlation between two measurement variables, such as IMRT delivery time and MUs, is 

computed using CORREL correlation coefficient.  The value of the CORREL coefficient varies 

between -1.0 and 1.0 where a negative value represents a reverse correlation, a positive value a 

proportional correlation, and a null value no correlation.

RESULTS

IMRT treatment MUs
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Conventional LINAC-based delivery systems

Figure 1 shows the total number of MUs per IMRT treatment as a function of the number of 

fields per treatment for nine datasets (see Table 1) including the TomoTherapy IMRT and non-

IMRT treatment datasets. Treatments with more fields (gantry angles) generally use more MUs but 

there is a lack of consistent correlation between MU usage and the number of fields per treatment in 

the datasets.  Figure 1 shows that the compensator-IMRT tends to require fewer MUs than MLC-

based techniques.  Figure 2 shows the average ratio of IMRT MUs to non-IMRT MUs as a function 

of the number of fields per treatment. The IMRT MU data is averaged over all seven IMRT datasets 

using conventional LINACs; the non-IMRT data is from UNC only. The data shows that on average 

the IMRT treatments use at most twice as many MUs as corresponding conventional treatments. 

Figure 3 shows the correlation between MLC-IMRT treatment MUs and the total number of 

MLC segments for three datasets (CCH-Siemens, UNC-Siemens, and Rex-Varian); segment data 

were not included in other datasets. IMRT MUs have a general trend to increase with the number of 

MLC segments however the data is variable.  The data shown are from individual patients except 

for the Rex-Varian dataset, which are statistical data from a number of patients that received 5-, 7-, 

or 9-field IMRT treatments.  The data is based on Rex’s IMRT planning protocol (5-8 segments per 

field for 5 field IMRT, 8-10 segments per field for 6 and 7 field IMRT, 8-12 segments for 9 field 

IMRT). 

TomoTherapy IMRT

Figure 1 shows that TomoTherapy IMRT treatment uses significantly more MUs than 

conventional LINAC based IMRT treatment. We found no correlation between TomoTherapy 

IMRT treatment MUs and the planning treatment volume or the level of treatment complexity was 

he average TomoTherapy IMRT MUs as well as the IMRT delivery time and the planning treatment 

volume (PTV) length as shown by the trend line in Figure 4.   Such dependence is consistent with 

the nature of TomoTherapy’s fan beam treatment delivery.
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IMRT Delivery Time

Figure 5 illustrates IMRT delivery Time and non-IMRT delivery time as a function of the 

number of fields for all nine datasets.  Generally, IMRT delivery time increases with the number of 

fields but there are significant variations among the datasets. Data from two institutions 

demonstrated that the manual compensator-IMRT techniques require significantly less IMRT 

delivery time compared to automated MLC-IMRT treatments using the same accelerator and 

treatment planning system.  The large compensator-IMRT dataset (UNC-comp) represents the 

second fastest IMRT delivery time for LINAC-based IMRT delivery techniques. 

Figure 6 reveals that IMRT delivery time on average has a linear correlation with the total 

number of MLC segment for the three datasets (UNC-Siemens, CCH-Siemens, Rex-Varian) for 

prostate and head and neck patients. Other sites comprised a very small portion of data for certain 

datasets and were not analyzed.  Two types of accelerators and three different treatment planning 

systems were used, yet IMRT delivery time exhibited statistically very similar linear dependence on 

the total number of segment fields.

Figure 7 displays the correlation coefficients of IMRT delivery time and 1) total number of 

MLC segments per treatment for MLC-IMRT datasets, 2) total MUs for all datasets, and 3) total 

number of fields per treatment for all datasets.

Time between consecutive IMRT fields

Table 3 shows the average time between consecutive IMRT fields in five of the datasets.  

For MLC-IMRT treatments, the average time between fields varies from 35 to 75 seconds and 70 

seconds for compensator-IMRT.  Manual compensator-IMRT took 30 seconds more between fields 

than MLC-IMRT treatment on the same accelerator. 
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Beam-ON time

IMRT beam-ON time is the total time that radiation is actually being delivered during 

treatment.  The time is calculated as the ratio of accelerator MU rate to the total MUs of the IMRT 

treatment.  The IMRT beam-ON time is also expressed as the fraction of the IMRT delivery time 

and it is calculated as the ratio of the IMRT beam-ON time to the IMRT delivery time.  For 

TomoTherapy, the ratio is one as radiation is on continuously.  Figure 8a shows the beam-ON time 

as a function of the number of fields per IMRT treatment for all LINAC datasets. The non-IMRT 

treatment data represents the basic limitation of the treatment delivery speed using the current 

IMRT technology, which is less than one minute.  All LINAC-based IMRT treatments studied used 

< 2 minutes of average irradiation time. 

Figure 8b illustrates IMRT Beam-ON time as a fraction of the Treatment Delivery Time. It 

shows that IMRT delivery time decreases as the number of fields per IMRT treatment increases.  

On average, the fraction of IMRT delivery time when radiation is on is very low – from 20% to 7% 

for IMRT treatments with 6 or more fields for all LINAC based IMRT technologies studied. This 

suggests that increasing MU rate (MU/min) alone is likely not an effective means to improve IMRT 

delivery time.  Major IMRT delivery time efficiency improvement must come from reduction of the 

80% of IMRT delivery time when radiation is actually off.

DISCUSSION

IMRT MU Usage

This study suggests that MU usage is similar across 5 institutions using different accelerators, 

IMRT delivery techniques, treatment planning systems, and means of intensity modulation (i.e. 

fixed compensators, MLCs). The average IMRT to non-IMRT treatment MU ratio, also referred as 

the IMRT factor, is no more than 2 - a value that is significantly lower than some calculated values 

for accelerator vault secondary shielding [22].  TomoTherapy IMRT uses the most MUs - about 8 
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times more compared to the LINAC-based IMRT treatments as the fan-beam irradiates one slice of 

treatment volume at a time.  To remedy the increased leakage radiation from the large MU usage 

TomoTherapy accelerator uses a primary collimator that is 1 TVL thicker than that of the 

conventional LINAC. 

IMRT Delivery Time  

Despite the large MU usage TomoTherapy IMRT has the shortest treatment time (average 

7.3min.) among the IMRT datasets studied for the same fractional dose.  The high treatment 

delivery time efficiency is largely due to the continuous radiation delivery with TomoTherapy.  For 

LINAC-based treatments, our limited data suggest that IMRT delivery time differences among 

datasets seen in Figure 4 is largely due to the difference in the total number of MLC segments per 

treatment, which is determined mainly by the IMRT treatment planning approach, and not the 

difference in accelerator and MLC system (Fig. 6). 

The manual compensator-IMRT is the second fastest LINAC-based IMRT treatment 

(average 11.3 min for 9-fld IMRT).  The time between fields data show that compensator-IMRT 

uses only 30s more time per field than the corresponding MLC-IMRT treatment on the same 

accelerator.  The time lost due to manual operation in the compensator-IMRT is an order of 

magnitude smaller than the time the MLC-IMRT treatment use for segment formation and position 

verification in the automated segmental MLC-IMRT treatment. The manual operation time also 

depends on the layout of the accelerator control console relative to the accelerator entrance, the size 

and design of the treatment room, and the type of the door to accelerator room.  At UNC, the 

accelerator room has a maze but an unshielded door that is manually operated.  Had an automatic 

shielded door been used instead, the time between fields for the compensator-IMRT would be 

longer. 

IMRT beam-ON time
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Our study reveals that less than 2 minutes of the LINAC-based IMRT delivery time is 

actually used for radiation delivery, which is 20% or less of the IMRT delivery time for average 

IMRT treatments (>6 fields per treatment). The majority of IMRT delivery time (80%) is spent on 

preparation of radiation delivery – such as MLC segment field formation and verification for the 

MLC-IMRT, compensator exchange for compensator-IMRT, and gantry and collimator angle 

change and verification for all IMRT treatments.  Thus accelerator MU rate does not have major 

impact on IMRT treatment delivery time in LINAC-based IMRT treatments.  For instance, a 

doubling in MU rate (from 500 to 1000 MU/min) will only improve the IMRT delivery time by 

10%. 

IMRT delivery time and its correlation to other delivery parameters

Our data shows that the influence of different MLC/accelerator systems on the IMRT 

delivery time is small (Fig.6).  In average a faster MLC system from Varian uses a slightly less 

IMRT delivery time than a slower MLC system from Siemens for IMRT treatment of a given

number of segments. Based on our data (Fig. 6 -7) MLC-IMRT delivery time is best correlated with 

the total number of MLC segments per treatment.  This correlation can be translated as such: MLC-

IMRT delivery time has the best correlation with the total amount of time spent in MLC segment 

formation and verification because the actual beam-ON time is short. Total MUs and total number 

of fields per treatment have small impacts on IMRT delivery time are small although they have 

good correlations with IMRT delivery time (Fig. 8 and Table 3).

We did not attempt to study IMRT dosimetric quality, as this is an enormous task beyond 

the scope of this work.  A recent multi-institutional attempt to correlate IMRT planning and 

treatment dosimetry among existing treatment planning systems including all systems used in this 

study failed to find a conclusive correlation [24]. It is reasonable to assume that the LINAC-based 

IMRT delivery comparison is performed under similar dosimetry quality in this study.

Dynamic MLC-IMRT technique is not studied in this work, as it is not used in any of the 
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participating institutions.  It is reasonable to assume the corresponding dynamic MLC-IMRT 

treatment using the same number of MUs will have a lower IMRT delivery time.  Direct aperture 

optimization based IMRT [25], which is able to significantly reduce the number of IMRT segment 

fields, is also not studied.  

6. CONCLUSION

Different LINAC-based IMRT techniques applied to different accelerators use similar MUs 

for treatments of a given number of treatment fields while TomoTherapy IMRT use eight times 

more MUs.  There is a wide spread among the 6 institutions in IMRT delivery time (time between 

the first beam-ON and the last beam-OFF) for treatments of a given number of treatment fields.  

Our data suggest that IMRT delivery time is linearly proportional to the total number of MLC 

segments per treatment. The three datasets with the fastest IMRT delivery times are associated with 

TomoTherapy unit, MLC-IMRT with the least number of MLC segments, and compensator-IMRT.  

Conventional LINACs are not efficient in the fixed-beam geometry IMRT delivery – generally only 

<20% of the IMRT delivery time is actually spent on radiation delivery. Thus significant reduction 

of the MLC-IMRT treatment delivery time requires a major reduction in time required for MLC leaf 

motion and position verification. 

-
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Table Legends

Table 1. List of basic information on the nine datasets used in this study.   The list includes the 
abbreviated name of each dataset, the associated institution, accelerator maker, IMRT delivery 
technique, and the treatment planning system used.

Table 2. List of number patients and the distribution common IMRT treatment sites for the 6 
institutions participated in this study. 

Table 3. List of the average time spent between two successive IMRT fields in five datasets.  The 
time is defined as the average time elapsed between the beam-OFF of the previous field and beam-
ON of the next field in clinical application.
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Figure Legends

Figure 1.  Total MUs as a function of the number of fields per treatment.  The data point represents 

statistical data (average and standard deviation) from a number of patients treated with the same 

number of fields. Note: the horizontal axis is inaccurate for the TomoTherapy dataset as its 

treatment effectively has more than 50 fields.

Figure 2.  Ratio of IMRT MUs and the non-IMRT MUs as a function of the number of fields per 

treatment.  The IMRT MUs are averaged over all seven LINAC-based IMRT datasets (see Figure 

1); the non-IMRT data is from one dataset (UNC-non-IMRT).

Figure 3.  Total MUs per treatment as a function of the total number of segment fields per MLC-

IMRT treatment (data from three institutions).  The UNC-Siemens and CCH-Siemens datasets are 

per patient data. The Rex-Varian dataset is based on their IMRT treatment planning protocol for 5, 

7, and 9 fields IMRT treatments.  The error bars represent the minimum and maximum values in the 

x-axis and the standard deviation value in the y-axis.

Figure 4.  Tomotherapy IMRT MUs vs. length of the planning treatment volume (PTV). The two 

linear fit lines are offset and due to a "warm up" time inherent in Tomotherapy treatments, where 

the beam is on for approximately 10 seconds with all MLC leaves closed at the beginning of 

treatment to allow the beam output to stabilize before treatment begins.

Figure 5. IMRT (non-IMRT) treatment delivery time as a function of the total number of fields per 

treatment.  Data with no standard deviation means data is from a single patient.   
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Figure 6.  MLC-IMRT delivery time vs. the total number of segments per IMRT.  All data points 

are per patient data, except for one dataset where statistical data is given for patients received 5, 7, 

and 9 field IMRT. The error bars represent the minimum and maximum values in the x-axis and the 

standard deviation value in the y-axis.

Figure 7. Correlation coefficients of IMRT delivery time and 1) total number of segments per MLC-

IMRT treatment, 2) total number of MUs, and 3) number of fields per treatment for all LINAC-

based IMRT datasets.  The non-IMRT dataset, which exhibits similar correlation as compensator-

IMRT, is also included for comparison.

Figure 8.  (a) Average IMRT radiation beam-ON time vs. number of fields per treatment; (b) 

Average beam-ON time as a fraction of IMRT delivery time for all LINAC-based IMRT and one 

non-IMRT dataset.



Table 1

Dataset Institution Accelerator
Maker

IMRT Technique TPS
(Maker)

UNC-
non-IMRT

University o f North 
Carolina

Siemens
Primus

Non-IMRT
(MLC)

PLanUNC
(UNC)

UNC-
Siemens

University o f North 
Carolina

Siemens
Primus

Segmental MLC IMRT
(82-leaf MLC)

PLanUNC
(UNC)

UNC-comp University o f North 
Carolina

Siemens
Primus

Compensator-IMRT
(Block, MLC)

PLanUNC
(UNC)

ECU-
Siemens

East Carolina 
University

Siemens
Primus

Segmental MLC-IMRT
(58-leaf MLC)

XiO 4.33.02
(CMS)

ECU-comp ECU Siemens
Primus

Compensator-IMRT
(Block, MLC)

XiO 4.33.02
(CMS)

Rex-Varian Rex Regional 
Hospital - UNC

Varian
2100

Segmental MLC-IMRT ADAC (7.6)

MCR-
Elekta

Moses Cone Reg. 
Cancer hospital

Elekta
Precision

Segmental MLC-IMRT XiO 4.33.02
(CMS)

CCH-
Siemens

Christiana Care 
Hospital

Siemens
Oncor

Segmental MLCIMRT
(82 leaf MLC)

Pinnacle 8.0k
(Varian)

UW-Tomo University o f 
Wisconsin (UW)

Tomotherapy
Hi-Art

Fan beam IMRT (binary 
MLC)

Tomo planning
station

(Tomotherapy)

Tables



Table 2

Institution H & N Prostate Breast Brain Pelvis Lung Other Non-IMRT

Rex 7 42 0 0 0 0 1 0
ECU 7 10 17 4 6 4 7 0
MCR 10 27 0 1 0 0 2 0
CCH 10 30 1 13 0
UW 11 23 0 4 1 5 4 0
UNC 62 61 12 5 9 1 10 14

total pt /site 107 193 30 14 16 10 37 14
Total (%) 25% 46% 7% 3% 4% 2% 9% 3%

Total number of patients: 421



Table 3

Dataset Average time between fields

UNC-comp 70s

UNC-Siemens 45s

Rex-Varian 35s

MCR-Elekta 75s

ECU-Siemens 53s
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Abstract. In  radiotherapy  treatments  with MV beams,  the  use  of  tissue  compensators affects 
the  dose  to  the  skin.  Methods  of  calculating  the  relative  skin  dose (RSD)  are  described 
and  a  formula is derived  to  predict  the  contribution  of  a  tissue  compensator  to  the RSD. 

Measurements of RSD for  various field sizes and  distances  from  the  compensator  are 
presented. 

1. Introduction 

The  absorbed  dose  at  the  surface of a  patient  or  phantom  irradiated with  a  beam of 
MV x-rays results  from  three  components.  There  are  contributions  from  electrons 
generated  in  the  air  above  the  phantom,  from  electron  backscatter  within  the  phantom 
and from  electrons  generated by any  solid  material  in  the  beam.  The  latter  component 
can arise  from the  collimators,  blocking  trays,  etc. If a  metal filter is being  used to 
compensate  for tissue  variations  in  the  patient  then  the  compensating filter will remove 
electrons  generated  above it, but will itself be  a  source of electrons. 

The  term ‘relative  skin  dose’ as defined by Saylor and Quillin (1971) will be  used. 
Relative  skin dose is defined  as 

(absorbed  dose  near skin  surface) 
RSD = 

(peak  dose  at  equilibrium  dose) ’ 

This is made  up of the  three  components,  from  air,  backscatter  and  compensator, i.e. 

RSD = ( RSD, + R S D ~  + RSD,)/ (1 + R S D ~ ) .  (1) 

(The  denominator in  this  equation is required  since  the  methods  used  in  this  paper of 
calculating  the  air  and  compensator  components  are  normalised  without  reference  to 
the  backscatter  component.) 

Methods of calculating  the  air-generated  component  are well established.  Howarth 
(1951) calculated  the relative  skin  dose by assuming  this  dose  to  be  due  to  Compton 
recoil  electrons  generated  in  air,  and by ignoring  multiple  scatter. By using  the 
Klein-Nishina  formula,  numerically  integrating  over  the  volume of irradiated  air  and 
adding in  a  contribution  for  electron  backscatter in the  phantom, he  obtained  predic- 
tions of relative  surface  ionisation  that  showed  good  agreement with measurements 
for 2 MV x-rays at  a  distance of 70 cm from  a  perspex  electron filter. Higgins et a1 
(1983) found  similar  agreement  for “Co. 

The  contribution  from  electron  backscatter  in  the  phantom was measured by 
Howarth (1951) for 2 MV x-rays and was found  to give RSD,, = 0.13 independent  of 
field size. RsDb should  only vary with field size if the field radius is less than  the 
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maximum  range of the  electrons  produced in the  patient. As will be shown  below, 
both RSD, and RSD, tend  to  zero as the field size tends  to zero; RsDb can  therefore  be 
determined by extrapolating,  to  zero field size, values of RSD measured  for fields with 
a  radius  greater  than  this  range. 

2.  Electrons  generated in the  compensator 

Saylor and Quillin (1971) derived  a  completely  empirical  formula giving the RSD for 
CO radiation  as  a  function of field size and  distance  from  a  lead glass electron filter. 

Whilst usefully  summarising  their  measurements,  the  value of the  formula  in  predicting 
the  dose for other  types of fiiter and  other energies of radiation is limited. 

Howarth (1951) calculated  the  contribution from the Perspex  electron filter in the 
same way as  the  air  contribution,  ignoring  multiple  scatter  within  the filter. This is a 
reasonable  approximation in low atomic  number materials, but it is a very poor 
approximation in high atomic  number  materials  such  as  lead,  where  the  product of 
the  range  and  the  angular  stopping power is about  ten times  greater than  for  air or 
Perspex.  Ignoring  multiple  scatter  results in a  large  overestimate of the skin dose,  as 
will be  shown in the results  section. 

Multiple  scatter  within  the  lead filter is  large  enough at  radiotherapy energies to 
enable  one  to ignore the  Klein-Nishina coefficients and  assume  that  radiation of 
electrons  from  the compensator is isotropic, with each  element of irradiated  com- 
pensator  radiating electrons  uniformly  over  a  solid  angle of 27r. This  approximation 
enables  one  to calculate an  analytic  expression  for  the  contribution of the  compensator 
to  the RSD. The  calculation will assume  a  circular  compensator  and we  will also  assume 
that  electrons  travel  in  straight  lines  and  that  the  energy  spectrum is not  altered by the 
air. We make  the  assumption  that  the  irradiated  part of the  compensator  acts  as  a 
uniform  isotropic  source of electrons,  emitting n electrons  per m per Sr. We will further 
assume  that RSD, is proportional  to  the  number of electrons  per  unit area of skin;  the 
constant of proportionality will depend on energy and is discussed  later.  (Figure 1 
illustrates  some of the  parameters  used  in  the  calculation of RSD,.)  Thus  the  total 

60 

Figure 1. Diagram  explaining  the  symbols  used in the  calculation of RSD,. 
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number  of  electrons  emitted in the  forward  direction will be 

r f2R2n2r.  

For a  point  on  the axis,  the  electron fluence will be 

, f R  rn dB dr  

The  number of electrons  per  unit  area of skin will be 

f R  cos 4rn d e   d r  I:, L o  

The  need for  the cos 4 term is illustrated by figure 2. Fluence is defined  as $ = dN/da ,  
where d N  is the  number of particles  incident  on  a  sphere of cross  sectional  area da. 
However,  a  sphere of a given cross sectional  area r A 2  will correspond  to  an  ellipse 
on  the skin of area TAB, where A = B cos 4. 

Figure 2. Diagram  explaining  the symbol $J in  equation ( 3 ) .  

Integrating (3) gives the  number  of  electrons  per  unit  area of skin, which is equal 
to lofR 2 ~ n r  7 4 dr   r cd r  

= 2 m  5, 
(c2+ r2)3’2 

As a  fraction of the total  number of electrons  emitted in the  forward  direction,  this is 
equal  to 

To  relate  this to  the  absorbed  dose,  one  should  consider  the  situation when the 
compensator is touching  the  skin, when c = 0 and f =  1. This gives a  fraction l / r R 2 .  
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If a  compensator  made of tissue-equivalent  material were used,  this  situation  would 
correspond  to full build-up, i.e. RSD = 1. Hence  for  a  tissue-equivalent  compensator 
we get 

irrespective of energy. 
For  a  compensator  made of metal, the RSD when the  compensator is in contact 

with the  skin will depend on the  material  used and on the  energy of radiation.  This 
will be  called the  factor M ( E ) ,  giving 

M ( E )  can  be  determined  experimentally by measuring the skin dose with a com- 
pensator  touching  the  skin  and  comparing it with the  dose when  a  tissue-equivalent 
compensator is used.  The readings  should  be  corrected for attenuation in the  com- 
pensator. M ( E )  should  equal  the  ratio of the mass  energy  absorption coefficients of 
the  metal and  the tissue. Both these coefficients will depend on the energy of radiation. 

Formula (6) enables  predictions  to  be  made.  Tests of these  predictions  against  experi- 
ment  have  been  made, as  detailed  in  the  section below. 

3. Experimental method 

3.1. Radiation source 

A Brown-Boveri CH5  accelerator was used  to produce  beams of nominal 5 MV x-rays. 
The  depth of the 80% dose level for a 10 cmx  10  cm field at  a 100 cm source-skin 
distance (SSD) is  6.2 cm. The  narrow-beam  attenuation coefficient in  water,  derived 
by extrapolation of the tissue  maximum  ratio data  to zero field size, is 0.047 cm”, 
which is equivalent  to  a  monoenergetic  beam of 2.17 MeV (Johns  and  Cunningham 
1983). 

3.2. Other  apparatus 

A thin  windowed  ionisation  chamber,  designed for the  measurement of low-energy 
electrons (Morris  and  Owen 1975), was used.  The  chamber has  a  cylindrical air volume 
27 mm in  diameter  and  2 mm thick, with a  front wall of aluminised  Melinex 1 mg cm” 
thick,  set in a  polystyrene  block.  The  chamber was in  a  block of polystyrene, 20 cm 
square  and 5 cm deep. Since  this depth of polystyrene was not sufficient to  ensure 
that  as  much  backscatter  occurred  as  would  occur in a  patient,  the  chamber  and  block 
were placed on a 25 cm thick  pressed-wood phantom.  The  chamber was connected  to 
a  Keithley 35617 electrometer. 

A ‘compensator  plate’ was made of 4 mm of lead  stuck  to  a 1 cm thick  Perspex 
plate.  The  lead-covered  side of the plate  faced  towards  the  chamber in all  experiments. 
Measurements of charge  per 100 monitor  units were taken  for  a variety of SSD and 
for a  variety of compensator-skin  distances (CSD).  Each  reading was related to  the 
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value for  an identical  irradiation with the  compensator  removed, with 1.5 cm of 
polystyrene  placed on the  chamber.  The  ratio of these  readings,  corrected  for attenu- 
ation  in  the  lead  and in the plastics, gives the relative  skin dose  (more  properly  the 
relative surface  ionisation). 

4. Results 

The value of M ( E )  was measured  for  this  radiation  energy by measuring  the  surface 
ionisation  (per 100 monitor  units) with build-up of lead  and polystyrene,  correcting 
each  value  for attenuation. A value of 0.93 was obtained, which agrees with the  value 
predicted by equation ( 7 )  for  2 MeV radiation of (0.0235)/(0.0253) = 0.93 (Johns  and 
Cunningham 1983). 

The  backscatter  component was measured by extrapolating, to zero field size, skin 
dose  measurements  measured  for  a  number of field sizes from 6 cm x 6 cm to 30 cm x 
30 cm. The  graph of RSD against field size was not  a  perfect  straight  line. Several lines 
could  be  drawn  through  the  data with intercepts  from 6 to 9%.  The value  used was 
7.5%, i.e. R S D ~  = 0.075 *0.015. 

Figure  3  shows the  variation of RSD with CSD for  a 10 cm x 10 cm field at 200 cm 
source-surface  distance  (SSD).  The  dotted  curves  show  the  contribution  to  the RSD 

from  air,  backscatter  and  compensator.  The  full  curve  shows  the  sum of these  (divided 
by ( 1  + R S D ~ ) ) ,  which should  equal  the  measured RSD. The  broken  curve  shows  the 
predicted RSD if multiple  scatter is ignored  in  the  compensator  (see  appendix). It will 
be  seen that ignoring  multiple  scatter  results  in  a  large  overestimation of dose, whilst 
the  methods  described  above slightly underestimate  it.  Figure 4 shows  the  variation 
of RSD with field size at  two  different  distances  from  the  compensator. 

loo/- 90 \ 

0 10 20 30 40 50 60 70 80 90 100 

Distance  from compensator (cm1 

Figure 3. Variation of RSD with  distance  from  the  compensator  for  a 10 cm x 10 cm field size  at 200 cm SSD. 

The  dotted  curves  a,  b  and  c  show  the  predictions  of  the  contributions  from  air,  backscatter  and  compensator 
respectively. The full  curve is the  total  predicted RSD. The  broken  curve  shows  the  predicted RSD if multiple 
scatter in the  compensator is ignored. 
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Figure 4. Variation of RSD with field size; ( a )  5 cm from the  compensator  at  80cm SSD; ( b )   1 4 c m  from 
the  compensator  at 80 cm SSD. 

In  these  graphs,  the  data  for  square fields have  been  plotted  against the  predictions 
for  circular fields of the  same  area. This  has  been done  because of the difficulty of 
making  calculations  for  square fields. 

5. Discussion 

ICRU  report 24 (1976) states  that  ‘the  reduction of build-up in the skin is negligible 
for 6oCo  gamma rays and  other high-energy  radiations if the  compensating filter is 
separated  from  the skin by at  least 15 cm.’ As these  results  illustrate,  this is only  true 
for small field sizes. At 15 cm from  the  compensator  a  small field of radius 4 cm will 
only give a 3% contribution  to  the  skin  dose,  but  a 15 cm radius field would give a 
contribution of about 30%. 

It is important,  therefore,  to  consider  the skin dose when  using  compensators  in 
mantle  therapy.  When  backscatter  and  air-generated  electrons  are  included,  the  relative 
skin  dose for  a 15 cm radius field is about 40% at 15 cm from  the  compensator  and 
20% at 50 cm from  the  compensator.  With  most  older  treatment  machines  this was 
not  a  problem  since  the  large field sizes required  for  mantles  required  treatments  at 
extended SSD, and  hence  at large  distances  from  any  compensators  used.  Many  newer 
machines  have  larger field sizes available  at the isocentre. For  example,  the BBC CH5 
has  a  maximum field size at  the isocentre of 35 cm x 35 cm and  a  compensator  tray 
system at 30 cm from the isocentre. If a  patient of thickness 20 cm were  to  be  treated 
isocentrically with a  maximum field size, a RSD of over 40% would  be received. 

More  work is needed  to  produce  similarly  simple  equations  to  predict  the  air- 
generated  component  since  the  need  to write a  computer  program  to  calculate RSD, 

slightly  reduces the usefulness of this  formula in predicting  total RSD. A  formula  to 
predict R S D ~  at  other  energies  would  also  be  useful,  although it is less essential in 
calculations  for  determining  the effect of compensators  since  the  presence of com- 
pensators  does  not  alter R m b .  

The  formula given in  this paper gives a  simple  means  of  estimating  the  approximate 
skin  dose  when  near to  a  compensator.  The model  slightly  underestimates the skin 
dose,  suggesting that  the  assumptions  are  not completely  correct.  It gives considerably 
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better  predictions,  however,  than  methods  which  use  the  Klein-Nishina coefficients 
and  ignore  multiple  scatter in the filter; it also gives a  simple  formula  rather  than  an 
algorithm  needing  numerical  solution. 

Electrons  produced in Compton  interactions  are  predominantly  forward  oriented. 
The  more they are  scattered  out of the field, the lower the  dose  that will be received 
by the  skin  at  the  centre of the field. The  assumption  made in  deriving  the  formula 
in  this  paper is that  they  are  scattered  so  much  that they  lose  their  directionality. If 
slightly less  scatter  takes  place, so that  the  electrons  are still slightly  forward  oriented, 
a  larger dose will be  observed  at the  centre of the field than  predicted by the  formula. 
Figure 3 suggests  that  this is indeed  the  case,  the  measured  values slightly exceeding 
the  predictions of the  formula. A more refined theory  should  include  a  small  correction 
for  this. 

Appendix. Calculation of RSD, 

Howarth (1951) showed  that if multiple  scatter is ignored,  then 

RSD = lo'" cot $C( $) d$ (S l:2 R (  4)f( 4 )  sin 4 d4)- '  

where 
F 

C($) = W ,  4 )  dx+   Nxo ,  $)R'  

m ,  $1 ="(+l sin2(4J - $)/x2 

X0 

and f( 4 )  is the  number of recoil  electrons per  scattering electron  per  second  per  unit 
solid  angle  as  calculated  using the  Klein-Nishina  formula. F, 4,$, Jl0,  x  are  as defined 
in figure 5 ,  R ( + )  is the  range in air of secondary  electrons  emitted at angle 4 and 
R ' = R - ( F - x o ) s e c ( 4 - $ ) .  

Values have  been  calculated  from  these  formulae by numerical  integration  using 
a  Fortran  program  run on  an  Epson QX-l0 computer.  Data  on electron  ranges  from 
Johns  and  Cunningham (1983) were used  in the  calculation. 

Figure 5. Diagram  explaining  the symbols used  in  the  calculation of RSD,. 
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The first component  in  equation ( A l )  is for  the electrons  generated in the  air,  the 
second  for electrons  generated in a filter (a Perspex filter was used  in  measurements 
in Howarth’s paper).  In  the  calculations in  this  paper,  only  the first component of 
equation ( A l )  has  been  used  to give an  estimate of the  air-generated  component.  The 
one  exception  to this is the broken curve of figure 3, where the  second  component has 
been  used  instead of using  the  formula in equation (6); the  curve  has  been  normalised 
to give ~ ~ ~ = 0 . 9 3  at c =  0 and  includes  the  additional  contribution  for R S D ~  using 
equation ( 1 ) .  The  purpose of this  curve is to  illustrate  that  equation ( A l )  gives a  much 
poorer  estimate of RSD, than  does  equation (6) in  cases  where  a  lead  compensator is 
used.  This is to be  expected  from  the  theory,  since  a  lead filter causes  more  multiple 
scatter of electrons  than  does  a Perspex  one. 

Rdsumd 

Dose B la peau B proximite  des  filtres  compensateurs utilisds en  radiothirapie. 

Dans les traitements  effectuts  avec  des  faisceaux de  photons  de  haute Cnergie, I’emploi de filtres com- 
pensateurs  en  matdriau  Cquivalent-tissus  modifie  la  dose B la peau. Les auteurs dCcrivent des  mkthodes  de 
calcul de la  dose  peau  relative ( DPR) et  proposent  une  ,formule  permettant  de  privoir  la  contribution  du 
filtre compensateur  Cquivalent-tissue a la DPR. 11s prtsentent  des  resultats  expkrimentaux  relatifs a la DPR 

pour diffCrentes dimensions de  champ et  diffkrentes  distances de la peau  au  compensateur. 

Zusammenfassung 

Die  Hautdosis  in  der  Nahe  von  Ausgleichsfiltern  in  der  Strahlentherapie. 

Bei der  strahlentherapeutischen  Behandlung mit hochenergetischen  Photonen  beeinflusst  die  Verwendung 
von  Ausgleichsfiltern  die  Hautdosis. Es werden  Methoden zur Berechnung  der  relativen  Hautodis  (RHD) 
beschrieben  und  eine  Formel zur Vorhersage  des  Beitrages  eines  Ausgleichsfilters zur RHD wird  hergeleitet. 
Messungen  der  RHD fur  verschiedene  FeldgroBen  und  Abstande  vom  Ausgleichsfilter  wurden  durchgefiihrt 
und  die  Ergebnisse  werden  vorgestellt. 
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Abstract
Radiographic or silver halide film is a well-established 2D dosimeter with
an unquestioned spatial resolution. But its higher sensitivity to low-energy
photons has to be taken into consideration. Metal compensators or physical
modulators to deliver intensity modulated radiation therapy (IMRT) are known
to change the beam energy spectrum and to produce scattered photons
and contaminating electrons. Therefore the reliability of film dosimetry in
compensator-based IMRT might be questioned. Conflicting data have been
reported in the literature. This uncertainty about the validity of film dosimetry
in compensator-based IMRT triggered us to conduct this study. First, the effect
of MCP-96 compensators of varying thickness on the depth dose characteristics
was investigated using a diamond detector which has a uniform energy response.
A beam hardening effect was observed at 6 MV that resulted in a depth dose
increase that remained below 2% at 20 cm depth. At 25 MV, in contrast, beam
softening produced a dose decrease of up to 5% at the same depth. Second,
dose was measured at depth using EDR2 film in perpendicular orientation to
both 6 MV and 25 MV beams for different compensator thicknesses. A film
dose underresponse of 1.1% was found for a 30 mm thick block in a 25 MV
beam, which realized a transmission factor of 0.243. The effect induced by the
compensators is higher than the experimental error but still within the accepted
overall uncertainty of film dosimetry in clinical IMRT QA. With radiographic
film as an affordable QA tool, the physical compensator remains a low threshold
technique to deliver IMRT.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Physical compensators have been used for many years to produce a uniform dose at depth by
compensating the variations in radiological depth. Compensators can also be used as dose
optimization filters (Boyer et al 2001) to produce specific non-uniform intensity modulations.
The use of compensators in IMRT was initially suggested by Brahme (1988). But compensators
have a cumbersome and time-consuming manufacturing process and have to be changed for
each gantry orientation. Since 1995, the mainstream was to replace them by MLCs. Webb
(2005) described the metal compensator as ‘the Cinderella of IMRT, somewhat overlooked
but still with much potential’. The compensator has indeed multiple advantages, including
higher resolution in the direction normal to the MLC leaf motion and no matchline nor tongue-
and-groove problems. A related advantage of compensator-based IMRT is that all parts of
the field are irradiated simultaneously and thus minimizing problems of patient movement.
Furthermore, as long as the minimum thickness of the compensator is zero, the use of a
compensator is extremely monitor-unit (MU) efficient (Williams 2003). Chang et al (2000)
reported a higher performance of compensators in the clinic than both static and dynamic MLC
techniques because of their higher and continuous intensity modulated resolution. Further
pros of compensators were formulated by Sherouse (2002). Compensator-based IMRT can
serve as an intermediate step, as was the case in our institution during 1993–1994, before
more automated approaches to IMRT are adopted (Intensity Modulated Radiation Therapy
Collaborative Working Group 2001).

Compensator-based IMRT has been clinically implemented for breast cancer (Chang et al
1999, Baird et al 2001) and head-and-neck cancer (Salz et al 2005, Nangia et al 2006). The
main practical advantage of compensator-based IMRT is the short treatment delivery time, dose
computation and its quality assurance procedure (Chang et al 1999, 2004). Radiographic film
has been an important 2D dosimetric tool in the quality assurance of compensator fabrication
(Baird et al 2001) and compensator-based IMRT (Nangia et al 2006). Geis et al (1996)
used film dosimetry to compare dose distributions at a specified depth from a physical
metal compensator and from the dynamic MLC that mimicked the modulation produced
by the compensator. Computational methods for compensators have been validated with
film dosimetry and Monte Carlo (Spezi et al 2001, Mejaddem et al 2001). Notwithstanding
these positive reports, Salz et al (2005) and Wiezorek et al (2005) recently reported that film
response may show deviations as high as 5% between small (3–4 mm) and large (30–35 mm)
compensator thicknesses. This and other literature vaguely suggest hardening effects of
the primary beam and the generation of scattered radiation and contaminating electrons as
possible causes of the alleged film dosimetry artifacts. This uncertainty triggered us to start
this study.

2. Material and methods

The compensator blocks were manufactured from MCP-96 alloy (15.5% tin, 52.5% bismuth,
32.0% lead and by weight, with density of 9.72 g cm−3). They were mounted in both 6 MV
and 25 MV photon beams from an Elekta SL25 accelerator (Elekta, Crawley, UK) on the
blocking tray at 67.2 cm distance from the x-ray target. The tray holder contained a 1.5 cm
and 1.2 cm thick Perspex plate downstream and upstream of the block, respectively.

The transmission factors of the 10, 20, 30 and 50 mm thick blocks were determined using
a 0.6 cm3 Farmer-type ionization chamber (TM30001, PTW) in combination with a Unidos
electrometer (PTW, Freiburg, Germany). The chamber was positioned in a polystyrene
(Polystyrol 495F, BASF, Germany) slab phantom (30 × 50 × 20 cm3).
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In order to assess possible effects of beam hardening, radiation scattering or electron
contamination, relative depth dose curves were recorded in an automated water phantom
system (MP3, PTW, Freiburg, Germany) by using a scanning diamond detector (T60003, serial
no. 994582, PTW, Freiburg, Germany) for an open beam and beams containing the plain block
tray, 10 mm, 20 mm, 30 mm and 50 mm thick blocks. The field size was 10 cm × 10 cm,
and the SSD (source to surface distance) was 95 cm and 90 cm for 6 MV and 25 MV,
respectively. The diamond detector is known to be energy independent for megavoltage
photon beams. As the dose-rate dependence of the particular diamond detector was low, with
a dose-rate exponent of 0.9927 in the power law that corrects for dose rate (Laub et al 1997),
and as the objective was comparing only diamond-detector measured curves, no dose-rate
correction was applied. The water phantom itself was provided with a monitor signal that
was proportional to the instantaneous accelerator delivery rate, allowing us to link consecutive
measurements and to compensate for fluctuations in the output rate.

Possible effects of the compensating blocks on the film response were assessed using
EDR2 film (Eastman Kodak Co., Rochester, NY, USA) with a size of 30.5 cm × 25.4 cm. All
films were of the same emulsion batch and all jackets were punctured at two corners to avoid air
pockets. The film calibration procedure, including the third-order polynomial fit, and the film
processor used are described in Gillis et al (2005). Both calibration films and measurement
films were scanned using a VXR-12 film digitizer (Vidar Systems Corporation, Herndon, VA,
USA). The film scanner was operated with a resolution of 75 dpi (0.34 mm/pixel), a coding
depth of 12 bit/pixel, and a digitizing speed of 14 ms/line. To avoid the warm-up effect,
the film digitizer was switched on 15–20 min beforehand (Mersseman and De Wagter 1998).
Film analysis was performed using in-house written routines in the Matlab environment (The
Math Works Inc., Natwick, MA, USA, Matlab 6.1). Each film response was obtained by
averaging the central region of 50 × 50 pixels. Three consecutive films were taken for each
measurement condition, including block thicknesses (10 mm, 20 mm, 30 mm, 50 mm), field
size (5 × 5 cm, 10 × 10 cm), field offset (±5 cm, ±10 cm, ±15 cm in-plane and cross-plane)
and measurement depths (15 mm, 35 mm, 50 mm, 100 mm).

Each film was placed at isocentric distance in the slab polystyrene phantom in a
perpendicular geometry. In order to obtain the same exposure to each film, the chamber-
measured transmission factors were applied to the MU counts so that basically the same
dose was delivered to each film irrespective of the beam attenuation by the blocks. The film-
measured dose was systematically divided by the dose measured by the Farmer-type ionization
chamber at the same depth in order to compensate for MU truncation errors, accelerator output
variations and beam hardening or softening effects.

Alternatively, dose response curves were determined using the regular film calibration
procedure with and without a compensator block in a 6 MV and 25 MV (5 cm × 5 cm) beam.

To demonstrate the value of EDR2 film for compensator-based IMRT, we dosimetrically
investigated a challenging modulated beam. The intended beam modulation was derived from
an inverse-pyramid beam as investigated by Yeo et al (2004), who realized the modulation
using a multileaf collimator. The compensator filter used is displayed in figure 5(a). The
cross-sectional dose profile was measured at 10 cm depth using the diamond detector in the
MP3 water phantom and EDR2 film in the polystyrene slab phantom. The photon beam quality
was 25 MV and SSD was 90 cm.

3. Results and discussion

For the block thicknesses of 10 mm, 20 mm, 30 mm and 50 mm we obtained transmission
factors 0.540, 0.347, 0.224 and 0.0943 at 6 MV, and 0.591, 0.379, 0.243 and 0.0983 at 25 MV
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Figure 1. Percentage depth dose for various thicknesses of compensator blocks for a 6 MV (a) and
25 MV (b) (10 cm × 10 cm) field, measured using a diamond detector mounted in a water tank.

using the ionization chamber for the (10 cm × 10 cm) field, respectively. Similar values were
obtained for the offset fields and the (5 cm × 5 cm) field.

Figure 1(a) displays the diamond-measured relative depth dose curves in water at 6 MV
for the various thicknesses of compensator blocks. At depths higher than 10 cm, the slight
separation of the curves obtained with the blocks indicates a small but clear energy hardening
effect induced by the blocks. The resulting relative dose increase at 20 cm depth is 2% for the
50 mm block thickness. The depth dose curve obtained with the block tray follows the curve
of the open beam. Figure 1(a) does not unveil any effect at depth of compensator scattered
photons or contaminant electrons. These findings are in agreement with the conclusions drawn
in Xu et al (2002) and Jiang and Ayyangar (1998). Jiang and Ayyangar investigated the effect
of cerrobend compensators on a 6 MV beam from a Varian Clinac 1800 accelerator using
Monte Carlo computations. They found that compensators significantly altered the energy
spectrum without significantly affecting the per cent depth dose characteristics. Figure 1(b),
in contrast, demonstrates that at 25 MV the block induces a beam softening at depth. The
softening effect gradually increases with block thickness. An explanation for this softening
effect is the selective absorption of higher-energy photons by pair formation in the block. The
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Figure 2. Percentage deviation of dose response of EDR2 film as a function of compensator block
thickness for 6 MV and 25 MV and various field sizes and measurement depths. The error flags
correspond to the standard errors of the mean. The linear interpolation between the dots is only to
pronounce trends.

resulting relative dose decrease at 20 cm depth reaches 5% for the 50 mm block thickness.
In contrast to 6 MV, the blocks and even the tray affect the dose in the build-up region
suggesting the presence of compensator scattered photons or contaminant electrons in the
beam. Dosimetry in the build region is beyond the scope of this note as radiographic film
dosimetry is utmost complicated there and not suited for practical QA of IMRT.

Figure 2 shows the deviation of film response as a function of compensator block thickness
for both 6 and 25 MV. There is a minor film underresponse as a function of block thickness,
which is systematically higher for 25 MV. The underresponse at 25 MV increases with field
size but is insensitive to measurement depth when outside the build-up region. The deviation
is maximally 1.3% for a 50 mm thick block in a 25 MV (10 × 10 cm) beam. Behind a
block of 30 mm thickness, the error is 1.1%. The observed underresponse is higher than the
experimental error, as obvious in figure 2, but is still within the overall uncertainty of film
dosimetry which is of the order of 3% for perpendicular orientation (Martens et al 2002).

Field offset also contributes to the film underresponse, as apparent from figure 3. The
effect of field offset is most important, namely of the order of 1.3%, in the direction toward
the gun and might be due to spectral changes related to the beam bending system.

Figure 4 compares the dose response curves of EDR2 film with and without a 20 mm
thick compensator block for both 6 MV and 25 MV. As could be expected, the obtained
curves unveil a systematic underresponse that remains below 2% and well below the overall
uncertainty of film dosimetry. Therefore, a film calibration obtained in an open beam can be
safely used at depth in (physically) compensated beams. Effects of relative film orientation,
field size and measurement depth have a higher impact on the accuracy of radiographic film
than the presence of a compensator block.

Laub et al (2001) obtained an agreement between CEA TVS EP film and diamond detector
measurements within ±3%, and concluded that film measurements are sufficient to check the
quality of compensators. In Xu et al (2002), Kodak XV2 film did not reveal a systematic
deviation against computed dose profiles. The accelerator was a Varian Clinac 2300C/D
and the compensator filters contained a mixture of tungsten powder and a silicon-based
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binder. Also in Xu et al (2004), a reasonable agreement was obtained between XV2 film-
measured and computed 6 MV dose profiles obtained for a step-shaped modulator. Also
the pre-IMRT era, film was considered as a reliable and intuitive tool for dosimetric QA
of compensators (Evans and Schreiner 1992). Wiezorek et al (2005) however showed that
EDR2 film features a 5% underresponse at 10 cm depth for a 32 mm thick cerrobend filter
in a 15 MV photon beam from a Mevatron Primus accelerator (Siemens OCS, Erlangen,
Germany). The same group reported a similar underresponse for XV2 film and MCP-96
compensators (Salz et al 2005). At 6 MV, the corresponding underresponse was reported to be
2%. These data are clearly contradictory to our findings that were obtained under comparable
conditions. The authors pointed to contaminating electrons but it is doubtful that contamination
particles from the compensator would still have an effect at a depth of 10 cm (Jursinic and
Mackie 1996).
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Figure 5. Photograph (a) of the MCP-96 compensator filter to realize the inverse-pyramid beam
and resulting film-measured and diamond-measured cross-sectional dose profiles (b) obtained at a
depth of 10 cm for 200 MU and SSD = 90 cm. The central part of the block is 63 mm thick, and
the adjacent parts are 20 mm and 13 mm thick. The filter is mounted on a Perspex blocking tray.
The dotted lines in (b) indicate the projected edges of the compensator steps. The field size of
20 × 20 cm creates the laterally distant unattenuated beam parts.

A special category of compensators for which film dosimetry has been used over tens of
years is the physical wedges. Williamson et al (1981) stated that the calibration of Kodak
XV2 film is unchanged by the inclusion of 60◦ and 45◦ wedge filters in the field at 4 and
10 MV. Baird et al (2001) compared calculated and film-measured dose distributions of
6 and 18 MV breast treatment plans that were optimized using open/wedge combinations
and compensator filters. They used TVS film (CEA America Corporation, Houston, TX) and
demonstrated agreement between calculations and measurements to within 3%. Novotny et al
(1997) obtained a good agreement between the profiles measured with XV2 film and with
the ionization chamber in a polystyrene phantom for wedged fields in a 6 MV and a 18 MV
photon beam.
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The value of EDR2 film dosimetry in compensator-based IMRT might be deduced from
figure 5(b) that compares the diamond- and film-measured cross-sectional dose profiles behind
the compensator block shown in figure 5(a). The film underresponse is clearly compensated
by the scatter contribution in this highly modulated field, especially behind the central part of
the block that is 63 mm thick and 20 mm wide (at isocentric distance). The lateral shift in
both profiles points to an inaccurate centering of the block on the Perspex plate.

As radiographic film overresponses to photons from the spectrum below approximately
400 keV, we can conclude from this study that compensator blocks do not significantly
change at depth that are part of the spectrum. At depth, the Compton scattered low-energy
photons dominate and stimulate the film overresponse in larger fields, irrespective of the use
of compensator blocks.

4. Conclusion

Compensators made of MC-96 alloy cause EDR2 film to slightly underestimate the measured
dose. The underresponse grows with the compensator’s thickness and is more prominent at
25 MV than at 6 MV. The maximum underresponse of 1.3% was obtained for a 50 mm thick
block in a 25 MV beam. Behind a block of 30 mm thickness, which is more realistic in
compensator-based IMRT, the deviation was 1.1%. An extra underresponse can be expected
with field offset. These deviations are higher than the experimental error but are still within the
overall uncertainty of film dosimetry which is of the order of 3% for perpendicular orientation.

Also the QA dosimetry of an IM beam achieved by a compensator block gives evidence
that the response of radiographic film at depth is practically not affected by beam hardening or
softening when a compensator block is mounted in the tray holder. Radiographic film can be
safely used as a 2D dose detector in compensator-based IMRT. This information is of interest
to hospitals in developing countries that intend to upgrade to compensator modulation.
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Abstract
Background: To investigate the potential of parotic gland sparing of intensity modulated radiotherapy
(3D-c-IMRT) performed with metallic compensators for head and neck cancer in a clinical series by analysis
of dose distributions and clinical measures.

Materials and methods: 39 patients with squamous cell cancer of the head and neck irradiated using
3D-c-IMRT were evaluable for dose distribution within PTVs and at one parotid gland and 38 patients for
toxicity analysis. 10 patients were treated primarily, 29 postoperatively, 19 received concomittant cis-
platin based chemotherapy, 20 3D-c-IMRT alone. Initially the dose distribution was calculated with Helax
® and photon fluence was modulated using metallic compensators made of tin-granulate (n = 22). Later the
dose distribution was calculated with KonRad ® and fluence was modified by MCP 96 alloy compensators
(n = 17). Gross tumor/tumor bed (PTV 1) was irradiated up to 60–70 Gy, [5 fractions/week, single fraction
dose: 2.0–2.2 (simultaneously integrated boost)], adjuvantly irradiated bilateral cervical lymph nodes (PTV
2) with 48–54 Gy [single dose: 1.5–1.8]). Toxicity was scored according the RTOG scale and patient-
reported xerostomia questionnaire (XQ).

Results: Mean of the median doses at the parotid glands to be spared was 25.9 (16.3–46.8) Gy, for tin
graulate 26 Gy, for MCP alloy 24.2 Gy. Tin-granulate compensators resulted in a median parotid dose
above 26 Gy in 10/22, MCP 96 alloy in 0/17 patients. Following acute toxicities were seen (°0–2/3):
xerostomia: 87%/13%, dysphagia: 84%/16%, mucositis: 89%/11%, dermatitis: 100%/0%. No grade 4 reaction
was encountered. During therapy the XQ forms showed °0–2/3): 88%/12%. 6 months postRT chronic
xerostomia °0–2/3 was observed in 85%/15% of patients, none with °4 xerostomia.

Conclusion: 3D-c-IMRT using metallic compensators along with inverse calculation algorithm achieves
sufficient parotid gland sparing in virtually all advanced head and neck cancers. Since the concept of lower
single (and total) doses in the adjuvantly treated volumes reduces acute morbidity 3D-c-IMRT nicely meets
demands of concurrent chemotherapy protocols.
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Background
Intensity modulated radiotherapy (IMRT) by modulating
the beam intensity (photon fluence) across each treat-
ment field allows for better dose conformation to 3
dimensionally and particularly to concavely shaped con-
tours of the target volume compared to conventional 3D
conformal radiotherapy [1]. For fluence modulation sev-
eral technical procedures have been developed: Static
multileaf collimation, dynamic multileaf collimation,
tomotherapy and physical compensators. In July 2001
3D-conformal intensity modulated radiotherapy (3D-c-
IMRT) using metallic compensators was introduced in
clinical practice at this institution. Methodological and
technical optimization processes during the initial phase
have been reported elsewhere [2].

Inverse dose distribution calculation algorithm is consid-
ered an indispensible characteristics of 3D-c-IMRT, which
allows for optimization of fluence profiles to meet the
prescribed doses for PTVs and critical normal tissues
nearby to be spared. Improved parotid gland sparing has
been demonstrated after inverse planning compared to
traditional foreward planning [3].

This contribution deals with dose characteristics achieved
in planning treatment volumes and normal tissue sparing
particularly the parotid gland in 3D-c-IMRT for loco-
regionally advanced squamous cell carcinoma requiring
bilateral radiotherapy. The impact of different planning
softwares and compensator characteristics due to chang-
ing materials used over the period will be analysed. Clin-
ically the impact of parotid gland sparing on acute
radiation induced morbidity will be investigated.

Materials and methods
Patients selection
3D-c-IMRT was used for patients with histologically
proven squamous cell carcinoma of the pharynx, the lar-
ynx or oral cavity/floor of mouth treated either radically
or postoperatively with curative intent. In all patients ana-
lysed 3D-c-IMRT was used for the entire treatment.
Patients receiving only a part of their total dose by IMRT

were not considered. Patients were selected not due to cer-
tain TNM-stages but due to likelyhood of irradiating a sig-
nificant proportion of both parotid glands using standard
techniques with consecutively high risk of chronic xeros-
tomia. Nevertheless only advanced stages were treated.
Patients with CUP syndrome received irradiation of the
neck and the oro- and nasopharynx. Pretreatment evalua-
tion consisted of a complete history and physical exami-
nation including endoscopy in unresectable cancers and
detailed surgical and pathohistological reports of resected
cancers, liver ultrasound and x-ray of the thorax. Loco-
regional tumor extention was studied by MRT in all cases.

Delineation of target volumes and normal tissues
Immobilisation of the head was accomplished by individ-
ually mounted light cast head and neck masks. Contigu-
ous CT- slices (General Electric Lightspeed ®) of 5 mm
thickness covering the primary and the neck without gap
were imported into Helax ®-TMS. Intavenous contrast
medium was given to better visualize macroscopic tumor
if present. Contours were generated in all CT cross sec-
tions containing relevant information.

In all cases two different clinical target volumes were
delineated: high dose volume (CTV1) harbouring high
tumor cell burden e.g. macroscopic tumor or tumor bed
after surgery of primary and/or lymph node metastases,
and low dose volume (CTV2) assumed to contain low
tumor cell burden e.g. adjuvantly treated regions of cervi-
cal lymphatic drainage. Since all tumors were in loco-
regionally advanced stage adjuvantly treated neck regions
included in all cases bilateral lymph node chains at levels
I–V [4].

In order to create PTVs for dose distribution analysis mar-
gins surrounding the CTVs were added. To create the PTVs
a generous concentric internal margin around macro-
scopic tumor or tumorbed of 5–10 mm towards all direc-
tions of the high dose CTV was given. Since preceding
institutional investigations [unpublished data] showed
small set up errors being of median 2 mm or less in three
dimensions at the level of atlanto-occipital joint and of
maximal lateral positioning error of 5.8 mm at the lower
neck level a narrow additional margin to counteract for
day-to-day set-up uncertainities was added. The parotid
gland to be spared was generally nearby to the low dose
volume. Therefore the margin around low dose CTV
towards the gland was shrunken asymmetrically to mini-
mize overlap with the gland's volume. High dose (sur-
rounding CTV 1) and low dose (surrounding CTV 2) PTVs
were contoured separately without common volumes but
also without gap in between allowing for separate analy-
sis.

Table 1: Xerostomia Questionnaire (XQ). Patients rated each 
item on a scale from 0 to 6; the higher the score, the worse they 
experienced their symptoms. 0: no complaints, 6: worst 
suffering.

Due to dryness of your mouth/tongue and sipping liquids

A-Rate your difficulties in eating and swallowing solid food.
B-Rate your difficulties in talking.
C-Rate your difficulties in sleeping.
D-In general, rate your difficulties during the daytime hours when 
not eating and not talking (oral comfort)
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In all cases the following normal tissues at risk (OARs)
have been delineated and constraints were assigned for
inverse planning: the parotid glands, the spinal cord with
5 mm safety margin, brain stem and more recently the
glottic larynx without any safety margin. The mandible
and oral cavity were not delineated routinely.

Treatment planning and delivery
In patients with tumors of the nasopharynx, the orophar-
ynx, the oral cavity or floor of mouth the gross primary or
tumor bed as well as bilateral lymph node regions down
to the level of hyoid bone were irradiated using the 3D-c-
IMRT technique. The lower neck and supraclavicular fos-
sae (regions III, IV, V B) were irradiated with a single ante-
rior field. This has been done due to the immobilisation
technique used which excluded shoulder fixation,
expected reduced skin toxicity and reduced total doses at
the lower neck in all cases except one. Only in case of gross
tumor on both sides of the level of the hyoid bone 3D-c-
IMRT portal arrangement extended down to the supracla-
vicular fossa. It was aimed to keep the median total dose
at one parotid gland at 26 Gy or less. The parotid gland
selected for protection was usually the one opposite the
high dose volume. Thus a shallower dose gradient
between low dose PTV and the parotid gland was easier to
realize and the risk of underdosage at the high dose vol-
ume was minimized.

All 3D-c-IMRT treatments were performed by a standard-
ized 7 portals arrangement. Fluence profile of each portal
was modified by inserting a 3 D metallic compensator
into the beam geometry of a linac Mevatron KD2 (Sie-
mens Medical Solutions, Germany). Isodoses were gener-
ated by the inverse planning tools. In the initial phase the
inverse planning tool of Helax ®-TMS software (Nucletron,
Europe) was used with manual optimization, later the
KonRad ® software (Siemens Medical Solutions, Ger-
many) to generate fluence profiles. The compensator fab-
rication process including dosimetric quality assurance
procedures are reported elsewhere [2,5,6]. During this
period two different metals were used for fabrication of
compensators: initially tin granules embedded in wax
were used for filling the 3 dimensionally cut styrofoam
models, later MCP 96 was used. Concurrently to the sub-
stitution of tin wax compensators by MCP 96 alloy the
planning software has also changed from Helax ®-TMS to
KonRad ®.

Fractionation
All treatments were given with 5 daily fractions per week.
Dose prescription schedules were designed to perform a
simultaneously integrated boost (SIB) especially in
patients treated radically. Schedules empoyed were heter-
ogenous at the initial phase, but finally single doses of 2.1
Gy for PTV 1 and 1.55 to 1.75 for PTV 2 were adopted as
an institutional standard.

Assessment of acute and chronic adverse effects
Acute und chronic toxicity was assessed semi-quantita-
tively by a specially trained radiation onoclogist (NA)
according to the RTOG criteria. To allow patients to rate
their subjective experiences with xerostomia a simple
patient-reported questionnaire (XQ) was created accord-
ing to questionaires reported from the literature [7,8].
Four questions address changes in month dryness, eating/
swallowing, speaking, and sleeping function. To assess
changes in salivation the patient was asked to mark on a
scale from 0 to 6 (not difficult to extremely difficult)
before radiotherapy has started, on the last day of radio-
therapy and at 6 and 12 months after its completion. The
questionnaire is given in detail in table 1.

Table 3: Dose coverage of the planning target volumes (PTV 1, high dose, PTV 2 low dose) and the better spared parotid gland after 
irradiation with tin-wax-compensators or MCP 96 alloy compensators in 39 patients with advanced head and neck carcinoma requiring 
bilateral irradiation.

Coverage high dose PTV 1 (D95/D90) median 91%/97%
Coverage low dose PTV 2 (D95/D90) median 92%/96%

Dose at spared parotid gland mean 25.9 (16.3–46.8) Gy
Tin-wax-granulate mean 26.4 (21 – 46.8) Gy
MCP 96 alloy mean 24.2 (16.3–27.6) Gy

Table 2: Demographic, tumor and treatment characteristics of 
39 patients treated with 3D-c-IMRT using metallic 
compensators.

n 39
age (median, range) 57 (37–76) years
male : female 35 : 4
site of primary

nasopharynx 4
oropharynx 20
oral cavity/tongue 9
hypopharynx/supraglottic larynx 5
CUP-syndrom 1

radical RT alone 10
postoperative RT 29
RT without simultaneous chemotherapy 20
RT with simultaneous cDDP 19
Page 3 of 7
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Results

Patients characteristics
From July 2001 until April 2005 44 patients were treated.
5 patients were excluded due to 3D-c-IMRT was restricted
to the boost dose in the inital period. 39 patients are eli-
gible for dosimetric analysis. 10 patients were treated for
unresectable cancer, 29 after curative resection of tumor
and neck dissection. Demographic and tumor characteris-
tics are given in table 2. Due to a cardiac event one patient
did not complete treatment. 38 patients are eligible for
toxicity analysis.

Dose coverage of the parotid glands
With this method of 3D-c-IMRT a significant dose reduc-
tion in one parotid gland selected to be spared has been
accomplished. The median dose at on gland could be
restricted to 30 Gy or less in 37 of 39 patients treated and
to 26 Gy or less in 29 of 39 patients. During the two peri-
ods different results have been obtained: with manually
optimized planning with Helax ® software and tin-granu-

late compensators (n = 22) median parotid gland doses
ranged from 21–46 (mean 26) Gy (figure 1a, table 3). In
two patients the doses were above 30 Gy, in one case due
to very complex volumes to be treated. With fully autom-
atized inverse KonRad ® planning and MCP 96 alloy com-
pensators (n = 17) with its larger dynamic range even
better sparing could be achieved. In none of 17 patients
the parotid gland dose exceeded 27.6 Gy, the lowest value
being 16.3 Gy (mean 24.2 Gy) (figure 1b, table 3). How-
ever not only technology but also increasing experience
may have contributed to improved parotid gland sparing.
In all cases median doses at the parotid gland not planned
to be spared were in the range above 26 Gy and may not
have contributed to remaining saliva production (figures
1a and 1b).

In cases when the high dose volume to be treated abuts
both glands sparing becomes not sufficient. In one patient
with a centrally located oropharyngeal cancer with bilat-
eral large lymph nodes in regions II A/B right and in
region IV left the parotid glands received median 46.8 Gy
and 52.8 Gy. However this patient was treated in the early
phase of the protocol with calculation procedure felt not
optimal.

Patient outcome
All 38 patients were followed until April 2006. During a
median follow-up of 21 (11–44) months 6 recurrences in
the high dose volume were encountered, 4 after primary
chemoradiation, 2 after postoperative radiochemother-
apy. 4 patients experienced recurrences within the low
dose volume treated with 51, 49.5 and 54 Gy with single
fraction size between 1.65 and 1.75 Gy. Two patients
developed recurrences at the border between high and
low dose volume. No recurrence at the border between
the parotid to be spared and the contiguous PTV was
observed.

Maximal acute reactions observedFigure 2
Maximal acute reactions observed. Grading according to 
RTOG classification.
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Median dose at parotid gland to be spared (solid bars) and not to be spared (open bars)Figure 1
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Acute toxicity
Acute reactions were in general mild. Following acute tox-
icities were seen (°0–2/3): xerostomia: 87%/13%, dys-
phagia: 84%/16%, mucositis: 89%/11%, dermatitis:
100%/0%. No grade 4 reaction was encountered. It is
noteworthy that despite high overall doses and a high pro-
portion of patients treated with simultaneously given cis-
platinum peak oral mucositis during therapy exceed grade
2 only in 4/38 (11%) (figure 2). At the end of therapy
88% of patients rated their xerostomia as °0–2 and 12%
as °3.

Typically for the inherent field arrangement dermatitis
showed an unconventional anatomical distribution pat-
tern. Lips and perioral skin, which are often spared com-
pletely in conventional portal arrangement, showed mild
dermatitis in virtually all patients. However the degree did
not compromize treatment in any case. Due to posterior
portals occipital hair loss occured regularly. 6 months
after end of radiotherapy chronic xerostomia °0–2/3 was
observed in 85%/15% of patients, none with °4 xerosto-
mia.

Discussion
One important issue of 3D-c-IMRT is normal tissue spar-
ing. Among several critical tissues exposed when head and
neck cancers are treated the parotid glands were of utmost
interest. Chronic xerostomia is the most prevalent side
effect. Patients rate it the most important factor of
decreased quality of life after radiotherapy [9,10]. Over-
more many symptomes will result like malnutrition, pre-
disposition to fissures and ulcers, caries and infections
after change of the composition of the oral flora being the
most important [11]. Due to their ease detectibility in
planning CT, their lateral position and their pairity they
have been selected early when organ sparing by intensity
modulated radiotherapy was introduced in clinical prac-
tice [12]. Tolerance dose of parotid glands is much lower
than anticipated from earlier clinical experience [13].
Mean dose thresholds for unstimulated and stimulated
saliva to reduce flow rates to less than 25% of the original
rates were 24 and 26 Gy respectively [14]. Mean doses of
26 Gy at least at one parotid gland was recommended to
preserve substantial saliva. However analyzing subjective
responses the threshold seems to be lower. When IMRT
yields median doses of 26 Gy or higher, a score measuring
chronic xerostomia is reported slightly less favourable
compared to doses of less than 26 Gy [15]. The range of
doses below 26 Gy was analyized clinically in a small
series. Patients reported higher oral comfort and less dry
mouth complaints when the lower irradiated parotid
gland received a median dose of 16 Gy or less compared
to 22 Gy or more [16]. Decreasing radiation exposure to
one parotid gland towards doses of 15 – 20 Gy has
recenctly been shown to further help preserve saliva flow
rates [17].

When this parotid gland sparing program was initated
recently published data were not available and therefore
the authors aimed at a median dose of 26 Gy at one
parotid gland. This paper demonstrates that photon flu-
ence modulation achieved by physical modulators is
capable to result in parotid gland sparing. It has been doc-
umented that a fully automated inverse calculation algo-
rithm along with improved modulator properties (MCP
96 alloy with its high dynamic range) further will reduce
median parotid gland doses at 26 Gy. However it needs to
be proven that this method is also capable to fulfill

DVH of parotid glands: blue: to be spared, green: not to be sparedFigure 3
DVH of parotid glands: blue: to be spared, green: not to be 
spared.
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Table 3: Dose coverage of the planning target volumes (PTV 1, high dose, PTV 2 low dose) and the better spared parotid gland after 
irradiation with tin-wax-compensators or MCP 96 alloy compensators in 39 patients with advanced head and neck carcinoma requiring 
bilateral irradiation.

Coverage high dose PTV 1 (D95/D90) median 91%/97%
Coverage low dose PTV 2 (D95/D90) median 92%/96%

Dose at spared parotid gland mean 25.9 (16.3–46.8) Gy
Tin-wax-granulate mean 26.4 (21 – 46.8) Gy
MCP 96 alloy mean 24.2 (16.3–27.6) Gy
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recently expressed figures of mean doses of 16 Gy, at least
at one gland.

In this series 3D-c-IMRT results not only in parotid gland
sparing but can decrease other clinically relevant toxici-
ties. This is important, since acute toxicities remain a chal-
lenging issue particularly in intensified protocols e.g.
incorporating modern chemotherapy schedules. In highly
aggressive simultaneous chemoradiation regimen dose
limiting acute mucositis grade 3 and 4 occur in up to 80%
of patients [18]. Therefore 3D-c-IMRT with its low volume
of heavily irradiated mucosa and large proportion of
mucosa irradiated with low daily doses of 1.6–1.75 Gy
seems an ideal technology to be combined with aggressive
multidrug chemotherapy protocols.

However perioral dermatitis is a common finding due to
ventral and ventrolateral portals very unusual in tradi-
tional techiques and seem to be independent from the
type of 3D-c-IMRT technology used [19]. This acute reac-
tion demand for more supportive care, however was not
dose limiting in our series. Vice versa skin reactions at the
cheeks are quite moderate due to a high number fo differ-
ent dose entries.

It has been claimed that highly conformal radiotherapy
may be an alternative to IMRT [20,21]. Particularly in
cases where the target volume extends to base of scull e.g.
in tumors of the tonsils and of the nasopharynx 3D-con-

formal radiotherapy without intensity modulation does
not lead to significant dose reduction at parotid glands
without changing the volume concepts. It may be an alter-
native for laryngeal and hypopharyngeal cancers without
extension of the target volume towards to the base of the
skull as far as it is in oropharyngeal cancers. Beside sparing
of the parotid glands 3D-c-IMRT enables the planner to
taylor isodoses also to spare other normal tissues, in par-
ticular the mandible, the larynx, pharyngeal muscles and
probably also the pterigoid muscle. Reducing dose at
these structures could result in reducing the risk for osteo-
radionecrosis as was shown in a early report [22]. The
occurence of pharyngeal stenosis and fibrosis frequently
seen in long term suvivors with advanced cancers seems to
be more difficult, since these structures may be less easy to
delineate especially in slim patients. However these are
issues for future refinement of IMRT [23].

Although this paper was not intended to compare com-
pensator technology with other IMRT technologies,
advantages and disadvantages of the method presented
may be discussed. Compensator technology allows for
photon fluence modulation across a field of 32 × 32 cm
maximum compared to leaf overtravel dependent smaller
sizes (e.g. 20 × 20 cm) with some types of MLC. Compen-
sator technology avoids tongue and groove or match line
aspects. Its fluence properties are independent from mul-
tileaf collimator inaccuracies and therefore of higher
reproducebility and lower time for individual QA meas-
urements. Disadvantages of compensator technology are
twofold: The need for accurate compensator fabrication
demanding a skilled person and a programmable 3 D
compensator cutter and the impossibility of a fully
automatized performance of the treatment.

The technology presented allows for sufficient sparing of
one parotid gland with median doses reported from series
with step and shoot or sliding window technologies and
gives therefore the opportunity to perform state of the art
IMRT in head and neck cancer without using a multileaf
collimator.
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Commissioning of ADAC Pinnacle for IMRT 
Utilizing Solid Compensators 

 

Chapter 1 Introduction 

Objectives: 

 The implementation of intensity modulated radiation therapy (IMRT) using solid 

compensators for beam modulation has previously been thought to be a painless process.  

The process is still quite painless but the results of routine quality assurance (QA) and dose 

measurements have been a little disturbing.   

 Upon first implementing the solid compensators, there was a 3-7% reduction of 

absolute dose to our Mapcheck IMRT QA device in comparison to the results typically 

seen when utilizing multi-leaf collimation (MLC) IMRT.  After these findings, the solid 

compensator vendor, .decimal (pronounced dot decimal), was then contacted and we were 

assured the Mapcheck readings should be within 3% and comparable or better than the 

results with MLC IMRT.  Several other users of solid compensators indicated very good 

solid compensator IMRT QA but revealed a built in correction factor, on the order of 3-7%, 

to account for the reduction in dose measured to the Mapcheck and/or ion chamber.   The 

usual “scapegoat” is attributed to beam hardening as the beam passes through a high Z 

material, but most agree that this difference should be on the order of 1-3% for a 6MV 

beam, then the question arises, “What might this difference be attributed to?”   

 It is the purpose of this paper to explore the interaction of radiation with solid 

compensators, attempting to characterize the multiple processes taking place and to 

produce a radiation model, which will then be entered into the ADAC treatment planning 

system to achieve a more accurate dose calculation.  The dose calculation will then be 
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validated to assure the proper dose delivery.  This paper will be specific to, but not limited 

to, the use of .decimal solid compensators, Varian Medical Systems linear accelerators and 

Phillips ADAC treatment planning systems. 
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Chapter 2 Background 

2.1 Discovery of Radiation:                                          

 In 1879, William Crookes built a tube made from blown glass, which housed a 

series of electrodes.  A gas was then introduced into the glass tube and a charge applied to 

across the electrodes.  Crookes designed the tube to study electricity and the effects of gas 

pressure to that of the voltage needed to cause a spark.  He noticed that the tube would 

produce a greenish glow (fluorescence) when energized.  This device became known as the 

cathode ray tube (CRT) or “Crooke’s tube” and allowed for the discovery of X-rays and 

radioactivity.   

 

Figure 2.1 Crookes tube (http://www.ihep.ac.cn) 
 

In the winter of 1895, Wilhelm Roentgen was studying the phosphorescence that 

occurred when a Crooke’s tube was energized.  He placed himself and the tube in a dark 

room and began studying the characteristics of the light emitted when he noticed that a 

screen made from barium also began to illuminate when the tube was energized.  This 

screen just so happened to be in the room some distance away, and therefore led Roentgen 

to study this phenomenon.  He termed the electromagnetic energies “X-rays” due to their 

unknown properties (Hall, 2000).  Amazingly, Roentgen went on to define major properties 

of x-rays, which led him to use these rays to get the famous image of his wife’s hand.  He 

determined the differences of absorption through different densities of materials and noted 
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the contrast by the image produced of his wife’s hand.  Wilhelm Roentgen noted many of 

these basic principles in just a matter of days and presented his findings to the scientific 

world in December of 1895. 

 The findings of Wilhelm Roentgen’s work ignited others to investigate this new 

phenomenon.  Antoine Becquerel began to study the phosphorescence and the 

fluorescence, as this might have been the source of X-rays produced by Crooke’s tube.  He 

used photographic plates made of different crystals and as fate would have it, one of the 

plates used uranium salts.  After developing the plates, he noticed that both had the same 

image and noted the crystals seemed to contain energy themselves.  He discovered the 

uranium salt gave off a spontaneous energy, such as seen with Roentgen’s x-rays 

(www.ndt-edu.org, 2007).  He presented this investigation to the scientific community in 

February of 1896, a few short months after Roentgen’s findings and was deemed as the 

discoverer of radioactivity. 

 Pierre and Marie Curie began investigating the phenomenon of radioactivity which 

Antoine Becquerel had described emitting from uranium salt.  They began experimenting 

with uranium ore and noticed, while extracting the uranium from the ore, that the residual 

seemed to be more active than the pure uranium, thus there must be more elements that are 

radioactive (www.ndt-edu.org, 2007).  It took approximately four more years for the pair to 

isolate and discover the elements of polonium and radium.  The couple received the first 

Nobel Prize in physics in 1903 for their work with radioactivity.  Marie Curie coined the 

term “radioactivity”, even though Antoine Becquerel discovered it.  She went on to win the 

Nobel Prize in Chemistry for the discovery of polonium and radium. 
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2.2 Early Radiation use in Medicine:   

Roentgen’s discovery of x-rays amazed the scientific world, sending everyone into 

a scientific frenzy.  Experimenters and physicians, laymen and the physicists alike set up x-

ray generating apparatus and proceeded about their labors with a blithe lack of concern 

regarding potential dangers.  Such a lack of concern was quite understandable, for there 

was nothing in previous experience to suggest that x-rays would in any way be hazardous 

(Kathern et al. 1980).  The public was consumed with the hype.  Newspapers and 

magazines were littered with truth, hope and promise this new x-ray phenomenon would 

bring.  Within one month of the announcement many medical radiographs had been 

performed in the United States and Europe.  With the radiograph of Roentgens wife’s hand 

being so widely publicized, it sparked the first use of x-rays in medicine and first reported 

in the Lancet of January 23, 1896.  In this report, x-rays were used to locate a piece of knife 

in the backbone of a drunken sailor (Hall, 2000). With the vast experiments and the passing 

of time, something peculiar began to happen. 

 As early as March of 1896, Thomas Edison, Tesla, and Gubbe reported skin and eye 

injuries.  Clarence Dally, Edison’s lab assistant, suffered from severe radiation dermatitis, 

which resulted in his arm being amputated and later died from radiation complications in 

1904 (Lambert, 2002).  Many reports documented the skin effects seen in individual study.  

In late 1896, Elihu Thompson deliberately exposed his left hand to an x-ray tube for several 

days for half an hour per day resulting in pain, stiffness, erythema and blistering (Kathern 

et al. 1980).  Bequerel and Curie reported skin erythema and ulceration from carrying 

radium samples in their shirt pocket.  It was later reported that Pierre Curie placed radium 
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on his forearm and reported in detail the various phases of moist epidermitis and the 

healing process of it.  He also provided radium to physicians, who tested it on patients.  

Several physicians began experimenting with radium applications to the skin due to the 

irritation it caused.  Because of the extensive reports of radiation injury to the tissue, many 

physicians recognized the role x-ray’s may have in the treatment of many skin diseases and 

disorders.  In 1896, Wilhelm Freund demonstrated the disappearance of a hairy mole 

following treatment with x-rays.  The first therapeutic use of x-rays was reported to have 

taken place on January 29, 1896, when a patient with carcinoma of the breast was treated; 

by 1899, the first cancer, a basal cell epithelioma, had been cured by radiation (Bentel, 

1996).  

 Between the discovery in 1895 and the turn of the decade, radiation showed great 

promise, but warned of new dangers.  Unrealistic expectations of the benefits of radiation 

led to early fears that it too would be a short-lived phenomenon, arousing high expectations 

doomed to disappointment (Washington et al, 2004).  Marie Curie and daughter Irene both 

died of leukemia believed to be a consequence of radiation exposure they received while 

working on experiments with radioactivity.  Edison’s lab assistant and Roentgen’s wife all 

died from radiation complications.  The first neoplasm attributed to x-rays was an 

epidermoid carcinoma on the hand of a radiologist, which was reported in 1902.  In the 

years that followed, several hundred such cases arose among physicians, dentists, 

physicists, and x-ray technicians, in an era when safety standards were virtually nonexistent 

(Hall, 2000).   
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 2.3 The Dawn of Radiation Protection and Health Physics 

 With the early promises for cures with radiation and the love American’s have for 

new technologies, many of the early complications from radiation went unheeded.  The 

delayed effects of radiation, also helped sustain hopes in this new miracle cure.  The early 

days saw no protection for the lack of knowledge for the need for protection.  Early 

pioneers continued the dose until the skin turned red in color, later referred to as the skin 

erythema dose.  This dose was the first dosing standard or unit.  It became apparent the 

skin erythema dose was not a good estimate and led to severe complications with time. 

The doses needed to produce erythema, are very high indeed-- if the skin is exposed to 

200-kilovolt x-rays at a high dose rate of 30 rad per minute, then erythema appears after 

about 20 minutes (or 600rad) of exposure, and moist desquamation (equivalent to a third-

degree burn) occurs after about 110 minutes (or about 2000 rad) of exposure (Inkret et al. 

1995).  These realizations prompted the dawn of radiation protection and health physics.  

The problems of the time were three fold: the unknown effects of radiation to tissue, the 

lack of instrumentation for accurate measurement and the lack of a proper unit of 

radiation exposure. 

As early as July of 1896, it was reported that W.H. Rollins used the first 

protective device, a thick glass plate to protect the eyes during dental x-ray use.  In July 

1898, Rollins used lead to shield the x-ray tube housing and developed collimation of the 

radiation beam.  William Rollins was a Boston dentist and oddly one of the first and most 

important radiation protection pioneers.  During the period 1900-1904 he published more 

than 200 papers urging physicians to use the minimum possible exposure, and he made 

suggestions on how to reduce the exposure of both radiologist and patient (Rollins, 
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1904).  He also developed a criterion for proper shielding of an x-ray tube.  He 

recommended placing a photographic plate next to the tube and if the film did not fog 

with 7 minutes of exposure then the tube is properly shielded.  He recognized the 

potential for cataracts but found while experimenting with animals that the fetus could be 

damaged and declared a warning against pelvimetry of the fetus for women during 

pregnancy.  In 1902, the first dose limit was recommended to about 10 rad per day based 

on the lowest amount that could be detected by fogging of a photographic plate, not 

biological damage.  Due to the work of Rollins as well as others, the basic concepts of 

time, distance and shielding began to be established.   

 Another event also took place during this time.  In 1899, a New York news 

reporter, John Dennis, recommended state licensure for x-ray users and suggested that 

injury of a patient should be a criminal act (Lambert, 2002).  A plaintiff filed suit for 

improper medical care during the use of diagnostic x-rays and was awarded $10,000 in 

damages (Bentel, 1996).  This could have well been the turning point of getting x-ray 

users to listen to the warnings and an indirect method of radiation protection for all 

involved.  

 The years of 1895-1905 brought about discoveries and revelations but lacked 

control and direction, therefore a form of developmental chaos with everyone doing their 

own thing.  The years 1905-1925, became referred to as the “Dormant Era” in which 

equipment development, radiobiological effects, and latent effects of exposure were 

observed and studied (Kathern et al. 1980).  This era is referred as dormant but in fact a 

lot was being learned which laid the foundation but little was acted upon.    In 1915 the 

British Roentgen Society and in 1922 the American Roentgen Ray Society, made 
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radiation protection recommendations.  This established the first organizational 

governing body to give the profession some sort of direction.  

The years 1925-1945, the “Era of Progress”, saw great gains in radiation 

protection (Kathern et al. 1980).   A German-American physicist, Arthur Mutscheller, 

recommended a “tolerance” dose rate for all radiation workers.  He estimated that the 

workers had received about one-tenth of an erythema dose per month as measured by the 

x-ray-tube current and voltage, the filtration of the beam, the distance of the workers 

from the x-ray tube, and the exposure time (Inkret et al, 1995).  He had observed no 

radiation injury of the workers but cut the dose estimation by another tenth just to be safe.  

He recommended to the American Roentgen Ray Society in 1924 that the permissible 

dose be 1/100th of the erythema dose, which is approximately 70 rem per year (Kathern et 

al. 1980).  In 1928, a unit of radiation exposure was finally formalized.  The Roentgen 

unit of exposure was formally adopted as the unit of measurement and in 1929 the first 

portable survey meter was introduced by L.S Taylor.  In 1934, the U.S. Advisory 

Committee on X-ray and Radium Protection (ICXRP) proposed the first formal standard 

of radiation protection.  They set the limit at 0.1 roentgen (R) per day.  It should be noted 

that the limits mentioned were not based on biological effects but on the perceived 

absence of biological harm, neglecting latent radiobiological effects.  

The science of radiation seemed ready to move forward now having a unit of 

measure, means of measurement, a basic understanding of the dangers associated with 

radiation use and a form of a governing body, which will also serve to collect and publish 

data. 
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The ICXRP later became known as the International Committee on Radiation 

Protection (ICRP) and in 1949, the essential change in radiation protection came as the 

council concluded that there may be some degree of risk at any exposure level.  This 

theory gave rise to the principle known today as ALARA or “as low as reasonably 

achievable” (Lambert, 2002).   

 

2.4 History of Radiobiology 

  The study of the effects of tissue when exposed to ionizing radiation truly began 

at the exact same time as the discovery of radiation.  It was at this time humans began to 

be excessively exposed to radiation and therefore saw the direct effects of radiation on 

that of tissue.  

 In 1902, the first reported incidence of radiation induced carcinoma was reported.  

The first truly systematic study of the pathological effects of ionizing radiations on 

animal systems was done by Heineke in 1905, whose studies reported on mice, guinea 

pigs, rabbits and dogs (Alpen, 1998).   

In 1906, Bergonie and Tribondeau investigated rodent testes because the testes 

contain cells at various stages of mitotic activity.  They concluded that radiation is more 

effective against cells that are actively mitotic, undifferentiated, and have a long mitotic 

future.  This later became known as the Law of Bergonie and Tribondeau.  From this, 

they also concluded that mitotic activity and level of cell differentiation defined the cells 

radiosensitivity.  The level of maturity of the cell determines the level of sensitivity, for 

example an undifferentiated immature cell is very radiosensitive while a well 

differentiated or mature cell is not as radiosensitive therefore has a greater ability of 
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resisting radiation damage or radioresistant (Washington et al, 2004).  This was one of 

the first fundamental principles of radiobiology and today still stands as the basis of the 

field with a few exceptions.   

For radiotherapy, another important finding happened almost twenty years after 

the Law of Bergonie and Tribondeau was established.  In 1925, Ancel and Vitemberger 

proposed that the environmental conditions of a cell before, during and after radiation 

treatment could influence the extent and appearance of radiation damage (Washington et 

al, 2004).  The classic study that demonstrated the mutagenic potential of radiation was 

performed by H.J. Muller in 1927 and involved the use of the Drosophila melanogaster, 

or fruit fly (Washington et al, 2004).  He irradiated both male and female fruit flies and 

noted the mutation frequencies of the offspring.  The fruit fly was chosen due to many 

observable hereditary traits such as shape, eye and wing colors.  Muller concluded that 

radiation increases the frequency of mutation and is linear with dose.  He also concluded 

that it has no threshold and is stochastic in nature.   Also, in the 1920’s and 30’s while 

using radiation for sterilization of a ram, they noted unacceptable skin damage to the 

scrotum when given one exposure but if the exposure was broken up into multiple 

fractions, the ram was sterilized without damage to the scrotum. This was the first 

documented insight to modern fractionation treatment schemes.  

The 1950’s laid a heavy foundation for the principle used today in radiation 

studies.  In 1955, Lea proposed the target theory model of cell killing (Alpen, 1998).  He 

concluded that a cell has a particular target for radiation action, the radiation affects the 

cell reproducibility, the deposition of energy is discrete and random and there are no 

conditional probabilities for interaction with individual targets. Thomlinson and Gray 
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derived the oxygen effect, which observed the dependence of tumor cells to oxygen and 

the size of the tumor before necrosis.  The event that probably had the most significant 

impact on modern radiation biophysics was the publication of a new method for the 

quantitative culture of mammalian cells by Puck and Marcus in 1955 (Alpen, 1998).  

Now target theory, statistical target models, and repair recovery could be studied on 

mammalian cell lines and not just the response of yeast to radiation as earlier studied.  

 In 1960, Elkind and Sutton introduced a model for sublethal damage to the DNA 

and the repair process.  This consequently changed our way of thinking, opening the door 

to the radiation biology of today. Many of today’s advances are predicated on the 

findings of the previous pioneers.   

2.5 The Dawn of Radiation Therapy 

 The beginning of radiation therapy began with the initial discovery of radiation 

and shortly after, the first treatment of cancer.  The first treatments did not result in cure, 

but rather some sense of palliation, which often later resulted in carcinogenesis within the 

region treated.  The equipment used in the treatment of malignant disease during the first 

years of radiation therapy was primitive and temperamental; it also had very low 

penetrating power (Bentel, 1996).  Coolidge, in the early 1920’s, invented a vacuum x-

ray tube that allowed operating energies of 200-250 kVp, which made it possible to treat 

more deep seated tumors with less dose to the skin.   

At about the same time, Seitz and Wintz began using smaller daily doses rather 

than one large treatment dose.  In 1930, Coutard expounded the principle of protracted 

fractionation, which is still the basis for current fractionation schedules (Walter et al, 
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1969).    The advances in radiobiology, instrumentation, radiation protection, and the 

quantification of dose, all worked together, leading to the art of radiation therapy.   

In the 1920’s, much had been learned concerning beam filtration, inverse square 

law, beam scattering, and the effect of distance to dose.  In 1923, Albert Bachem 

illustrated the different doses in relation to depth and energy.  He also demonstrated the 

use of water bags, as a tissue-equivalent material, to change the dose distribution at depth 

of the tumor (Bentel, 1996).  Through the study of the effects of dose with depth, he soon 

realized the importance of using multiple-beam arrangements for radiation treatments that 

allowed even dose distributions through out the area treated while affording 

approximately half the skin dose.  He also noted the strong dependence of dose at depth 

with energy.   

With these advancements, cures were soon reported, while complication rates 

declined.  It was these reports that encouraged radiation therapists to look for higher 

energy machines that should in turn lead to even higher cure rates, with even lower 

complications. 

2.6 Evolution of Radiation Treatment Units 

 The earliest pioneers quickly established that radiation could play a major role in 

the treatment of disease.  One must keep in mind, almost immediately upon discovering 

radiation; they began treating people with diseases without truly having a good 

understanding of the consequences and dangers of what they had stumbled on to.   

 With time, they began to understand the relationship of energy to that of 

penetrating ability.  The move then began to find ways of treating with larger energies, 

affording less radiation dose to the skin and providing better coverage of the tumor at 
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deeper depths.  This seemed logical but with time they found the higher the energy of the 

beam, the lower the linear energy transfer (LET) of dose to tissue, thus lowering the 

radiation biological effect (RBE) of the tissue itself.  The goal of radiation therapy is to 

do maximum damage to the tumor with maximum sparing of normal tissue.  As one 

benefit begins to rise as the function of energy and over that course, a negative begins to 

rise as the function of energy, then at some point equilibrium is reached; therefore, a 

threshold is reached where the negative outweighs the benefit.  Below is an overview of 

the evolution of the modern teletherapy unit. 

2.6.1 Grenz-ray 

  In 1923, Gustav Bucky developed an x-ray tube that produced low energy x-rays 

with an energy of 10-15 kV.  Grenz rays are very low energy, being absorbed in the first 

2 mm of skin and a therapeutic dose at 0.5 mm which is very effective in the treatment of 

inflammatory diseases involving the Langerhan’s cells (Washington et al, 2004).   

2.6.2 Superficial 

 Superficial x-ray units have energies on the order of 50 to 150 kV and treat using 

metallic cones which are approximately 2-5 cm in diameter.  For treatment, the cone is 

placed on the patient’s skin and provides a distance of treatment of 15-20 cm, with a 

depth of treatment of up to 0.5 cm.   Various filters are introduced into the beam to 

produce hardening of the beam. 

2.6.3 Orthovoltage 

 The earliest means of treating cancers and other various diseases were with 

primitive orthovoltage or low energy x-ray units.  They were the predominant units from 

the 1920’s to the mid 1950’s.  These typically produce energies in the range of 150-500 



 15

kV (250 kV the most common), by bombarding a tungsten target with electrons which 

produces these low energy x-rays. The treatment distance is usually 50 cm, with the skin 

receiving 100% of the dose, 2 cm depth receiving 90% and a therapeutic range up to 3 cm 

deep (Washington et al, 2004).  This unit is very good for treating skin lesions and is still 

in use today as an alternative to electron therapy.   

2.6.4 Cobalt Unit   

The first treatment unit dedicated to the treatment of cancer was a Cobalt-60 

teletherapy unit installed in London, Ontario in 1951. The typical teletherapy Cobalt unit 

uses a Cobalt-60 source which is 5cm long with a 1-2cm diameter and is used while 

standing on end.  The Cobalt unit has the typical design of a modern linear accelerator.  

The collimator assembly, often referred to as the treatment head, was lined with lead for 

shielding purposes.  For use, the Cobalt source would be moved from the storage device 

into the treatment position in the treatment head by some means of travel. Electric motors 

drive the source in and out of the treatment position.  A number of methods for moving 

the source so that the useful beam may emerge from the unit have been develeloped 

(Johns et al, 1983).  One arrangement implements a metal wheel that rotates the source in 

and out of treatment position, the other slides the source in and out of the treatment 

position.  Once in the treatment position, two sets of lead collimators would be retracted 

in the x or y positions, thus creating an opening of specified size, for the exposure to be 

given.  The subject would then be placed at a specified position, usually 80cm from the 

source, and delivered a predetermined exposure based on the time needed to deliver the 

desired dose.   
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                                             Figure 2.2 Co-60 Unit (http//www.fjzl.com.cn 

Cobalt-60 displays two energy spectra of 1.77 MeV and 1.33 MeV for an average 

of 1.25 MeV of which it is often referred. The depth of maximum electron equilibrium 

(d-max) for Co-60 is 0.5cm in tissue, which affords some skin sparing and with adequate 

penetration with a depth of 10 cm receiving 55% of the dose received at d-max, this alone 

in a controlled setting, offered great hope in the cure and palliation of cancer.   

The actual physical and radioactive properties of this unit, have inherent 

limitations.  The source is not a true point source but follows the geometric principles of 

a line source, thus giving rise to geometric penumbra of more than 1cm around the field 

edges and greater than 3% radiation transmission through the collimators to the patient. 

The source is typically a 5,000 curie source, with a 5.27 year half life and needs to be 

replaced every 5-7 years.   Treatment times must be changed in relationship to the decay 

of the source and therefore takes longer for patient treatment, on a monthly basis.  

Radiation protection remains a big concern, as the source can become stuck in the 

treatment position.  Another source of exposure is the radiation leakage from the head 

where the source is stored. The maximum permissible dose for radiation head leakage 

cannot exceed 2 mrem/hr at 1 m., with a maximum of 10 mrem/hr at any location.  
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Disposal of the old source becomes a problem for hospitals in handling and disposing of 

a radioactive waste.   

Cobalt units were still common until the early to mid-1990’s.  Cobalt units are 

still used today, but are very scarce in the United States.  Cobalt is sometimes the unit of 

choice in third world countries due to the lack of access to technology, finances and 

electricity.  Its simplicity makes it a viable option for tumor control in many instances. 

2.6.5 Linear Accelerators 

 In the 1920’s, the magnetron was invented by Albert Hull and General Electric 

but had very low efficiencies.  The advent of World War II saw the need for radar 

development.   In 1935, Hans Hollman of Berlin developed a magnetron with multi-

chambers capable of achieving the high frequencies needed for the high power 

microwave generators but still had excessive frequency drift. 

In 1937, the klystron was invented by Russel and Sigurd Varian.  The klystron 

was very stable and exhibited little to no frequency drift, thus becoming the one of choice 

for use in radar technology in WWII.  After WWII, the magnetron and klystron were 

used to propel charged particles through a vacuum tunnel, resulting in the device called a 

linear accelerator or linac (Varian, 2003).  

                                  

Figure 2.3 Original Accelerator (http//www.newservice.stanford.edu) 
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In the 1950’s, Dr. Henry Kaplan of the University of Stanford, met with Edward 

Ginzton, a Stanford physicist and a co-founder of Varian, to propose that a linac be 

designed for the treatment of cancer.  The idea was to use the klystron to accelerate 

electrons to near the speed of light, and striking them against a high z material, such as 

tungsten to produce high energy x-rays.  It was this meeting that spearheaded the 

development and production of a linac for the treatment of cancer.  In 1960, Varian 

released the “Clinac 6”, which was the first commercially available linac although limited 

by production.  It was fully rotational and had sharp geometric field edges.  The linac 

eliminated the problem with handling and exchanging sources due to decay and also the 

exposure to radiation when not in use.  The Clinac 6 used a 6MV beam for treatment with 

a 1.5 cm depth of d-max.  It offered much improved skin doses and greater treatment 

depths could be achieved with the increase of energy, with a 67% dose at a depth of 

10cm.  Although this was a great advantage over the Cobalt-60 unit, the linac was too 

costly to build, so very few ever made it to forefront in the fight against cancer making 

the Cobalt teletherapy unit the treatment of choice. 

Then in 1968, Varian introduced the Clinac 4.  It used a “standing wave guide”, 

which helped reduce size, weight, cost and overall complexity of the linac as to make it 

economically competitive with the Cobalt units.  “The arrival of the Clinac 4 marked the 

birth of modern radiation oncology”, says Dr. Rubin a pioneer in use of x-rays against 

cancer (Varian, 2003).     

Four years later in 1972, Varian produced the first high-energy linear accelerator 

the Clinac 35, which subsequently produced 35 MV photons with a traveling wave 

accelerator but only four were sold (Varian, 2006). Then in 1973, Varian released the 
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Clinac 18, which introduced the gridded electron gun, an achromatic bending magnet, 

and could achieve energies of 18MV, all of which were new innovations. The Clinac 18 

could also produce multiple electron energies which were excellent for treatment of skin 

or shallow lesions.  The 18 MV photon beam has a 3-3.5 cm d-max, offering great 

penetrating ability with better skin sparing qualities.  The dose at 10cm is approximately 

80%, making treatment of deep seated tumors and pelvic irradiation while maintaining 

skin integrity, a reality.  These features established the linear accelerator as the 

predominant radiation therapy treatment unit of choice with 169 units sold between the 

years 1973-1985 (Varian, 2006).  The Clinac 2500 was introduced in 1981 and featured 

the capability to treat with two photon energies as opposed to just one, as with the 

previous models.   

In the mid 80’s, Varian decided to integrate computers to control the linear 

accelerator. Then Varian released the Clinac 2100C in 1988, which was the first 

computer-controlled high energy accelerator. The integration of computers with the linear 

accelerator was the single most significant event in the history of radiation therapy, 

except for the advent of the discovery itself.  The new machines had many other 

important features, such as an extended range couch as to enable treatments from behind 

with an extended distance if needed,  and independent asymmetrical jaws which would 

change treatment planning itself.   
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Figure 2.4 Clinac 2100C (http://answers.com/topic/varian-medicalsystems-inc) 

In the 1990’s, Varian introduced multi-leaf collimation (MLC) to the treatment 

head of the Clinac.  This, for most practical purposes, would take the place of the 

customary blocks used for beam shaping, therefore changing the way patients are treated 

and planned.  The advent of computer integration and MLC’s paved the way for intensity 

modulated radiation therapy (IMRT) to become reality. 

In 1997, the 21EX and 23EX models were introduced, which are basically 2100C 

machines with higher dose rate options.  In 2004, Varian introduced the iX series, which 

has a complete customized drive stand to allow for the upgrade to a Trilogy system if 

desired.  The Trilogy was also released at this approximate time, which is designed for 

stereotatic radiosurgery.  The Trilogy comes standard with an On Board Imaging (OBI) 

system which can take real time images from the linac. 

2.6.6 Evolution Overview 

 As it stands today, the range of most photon therapy treatments is between 6 and 18 MV, 

with skin lesions treated with electrons between the range of 6 and 20 MeV.   

 The use of photons has been thoroughly researched and vast treatment data has 

been gathered, as to have a very good understanding of it’s role in the fight against 

cancer.  Electrons have been primarily used to treat localized skin lesions but there is a 
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growing interest in electron arc therapy.  Most of the new photon and electron therapies 

are driven by the ability afforded by new computer technologies allowing for treatments 

to be performed that were once just a dream.   

2.7 Linear Accelerator Theory and Operation 

 The modern linear accelerator can be divided into five major components: 

treatment console, modulator, treatment couch (a.k.a. patient support assembly (PSA)), 

drive stand, and the gantry.  

2.7.1 The Treatment Console 

 The treatment console is located outside the actual treatment room and is where 

the radiation therapists actually control and monitor the operation of the linac.   From 

here, the therapists actually fulfill the dose prescribed by the physician.  Typical 

parameters entered by the therapist include field size, monitor units, gantry rotations, 

collimator rotations and treatment accessories that help shape the isodose distributions, to 

name a few.  These parameters will be discussed later.  Two closed circuit monitors for 

constant observation also monitor the patient.  

2.7.2 The Modulator 

 The modulator is usually located in the treatment room and contains many of the 

power components.  The modulator is a large cabinet storing the high voltage power 

supply (HVPS), the high-voltage circuit breaker (HVCB), and many other circuit 

breakers.  It is primarily responsible for for controlling and regulating the components 

that make up the linear accelerator. 
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2.7.3 The Treatment Couch 

The treatment couch or patient support assembly (PSA) is where the patient lies 

for treatment.  This table is responsible for moving the patient into the predesignated 

treatment position.  It is generally a very rigid device allowing for treatment 

reproducibility.  The couch is able to raise the patient vertically, horizontally, in/out, and 

rotate around the isocenter of the linac.  With the linac being capable of treatments from 

the posterior position, the table top has an opening, laced with nylon string (“tennis 

racket”) or modern tables are made from a graphite material, allowing the beam to pass 

through with minimal radiation interaction. The treatment couch also has hand pendants 

attached, which allow the therapist to have similar control as with that achieved from the 

treatment console, that allow geometrical treatment parameters to be set or adjusted from 

within the room.   

2.7.4 The Stand 

  The gantry is actually suspended in air allowing the gantry to rotate around the 

patient and is therefore supported only by the stand.  The stand is mounted to the floor 

and houses several major components.   Figure 2.4 (below) is a diagram of a the major 

components that will be discussed in the upcoming sections. 
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 Figure 2.5  Schematic diagram of a linear accelerator stand and gantry (Karzmark, 1998). 

The klystron is a high energy microwave used to accelerate electrons.  The 

microwave frequency needed for linac operation is 3 billion cycles per second (3000 

MHz) (Karzmark et al. 1998).  At one end, a cathode (electron gun) with a wire filament 

is heated causing the “boiling off” of electrons thus being the source of electrons for the 

klystron.  The cathode has a negative charge, which causes the electron to accelerate into 

the buncher cavity that is introduced with low energy microwaves that alternate between 

sides giving the pulse effect.  This pulsing of the wave causes the electrons to be bunched 

as they are guided down the drift tube, which connects the cavities.  The second cavity 

generates a retarding field, which causes the accelerating electrons to convert kinetic 

energy by slowing down, creating intense microwave energy used to energize the linear 

accelerator.  The energy conversion creates dissipated heat, which is then removed by the 

water cooling system.  The electron beam collector, at the proximal end of the klystron, is 

shielded to protect from bremsstrahlung x-rays produced by the “slowing down” of the 

electrons.  The klystron is sitting on top of an oil-filled tank with the cathode submerged 
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to provide the needed electrical insulation.  Klystrons used on high-energy machines 

typically have 3-5 cavities, which improves electron bunching and power amplification 

approximately 100,000 to 1 (Karzmark et al. 1998).   

 Waveguides are used to transport the high-energy microwaves from one linac 

component to another.  These are long rectangular tubes or pipes, but are cylindrical in 

form when used at the stand/gantry junction to allow for gantry rotation.  They are 

pressurized with an insulating gas, sulfur hexafluoride, which reduces the possibility of 

electrical breakdown and thus increases their handling capacity (Karzmark et al. 1998).  

Ceramic windows are placed on the each end of the waveguide to allow the microwave 

energy to pass through but allow pressure to be maintained in the individual components.  

So microwave power exits the klystron through the ceramic window, into the waveguide 

and is transported through another ceramic window and into the accelerator structure. 

 The circulator is a component that is placed inside the waveguide and between the 

klystron and the accelerator.  The circulator does not allow microwave power to be 

deflected back to the klystron that would cause damage to the klystron.  The circulator 

absorbs this deflected power and serves more as a klystron protector. 

 The stand also houses the water cooling system, similar in function to that of an 

automobile.  It dissipates heat within the accelerator and helps to maintain a constant 

operating temperature to maintain operating stability and not to allow condensation on 

metallic parts and circuits to avoid corrosion. 

2.7.5 The Gantry 

 The gantry houses the accelerator structure, bending magnet, and the treatment 

head.  The gantry is composed of beam acceleration and beam shaping components. 
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 The linac accelerator structure (sometimes called the accelerator waveguide) is a 

long series of adjacent, cylindrical, evacuated microwave cavities located in the gantry 

(Karzmark et al. 1998).  The same principles that were discussed pertaining to the 

klystron apply to the accelerator waveguide.  The electron gun injects electrons into the 

waveguide and are pulsed with differences in polarity between the sides until reaching 

speeds nearly the speed of light.  They reach these speeds by varying the size of the first 

few cavities, starting large and getting smaller, along the tract of the waveguide.  The 

varying of size, increases the speed of the electron bunch and the distance of the guide 

allows higher speeds to be obtained, therefore increasing the mass of the electrons which 

translates to higher energies.  Cavities of uniform size, provide a constant velocity.  

Medical accelerator structures vary in length from 30 cm for a 4 MeV unit to more than  

1 m for the high-energy units ((Karzmark et al. 1998).  As the high-energy electrons 

emerge from the exit window of the accelerator structure, they are in the form of a pencil 

beam of about 3 mm in diameter (Khan, 1984).   

 The bending magnet turns the parallel beam that exits the accelerator structure 

and causes it to become perpendicular to the treatment table, making it useful for patient 

treatment.  It is also used as a band pass filter and an energy focusing device.  Varian uses 

an achromatic 270 degree turn and a series of three magnetic poles with small +/- 3% 

energy slits to achieve this.  The electron bunching achieved in the klystron and the 

accelerator structure contain a range of electron energies.  This is not optimal for patient 

treatment and would prefer the beam to be as monoenergetic as possible.  As the beam 

exits the accelerator structure, it enters the first energy slit and bends toward the next 

energy slit.  If the energy spread exceeds that of the energy slits, electrons outside the 
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window will have different trajectories, hitting the energy slits and the energy being 

converted to heat.  Only the electrons with energies +/- 3% of the targeted energy will 

continue on to the next pole.  The magnetic field exerted by the bending magnets, causes 

the electrons with weaker energies to bend too sharply, and the electrons with higher 

energies to not steer sharply enough, therefore unable to pass through the energy slit 

employed with each turn and thereby acting as an energy filter.  This process is repeated 

through three, 90 degree turns.  Typically, the energy spread after passing through the 

bend magnet is less than +/- 1% through the course of a treatment (Varian, 2006).   

  Figure 2.6  Linac Treatment Head    Figure 2.7  Treatment Head in Detail 
                     (Karzmark, 1998).           (Karzmark, 1998). 

 

The treatment head consists of a thick shell of high density shielding material 

such as lead, tungsten, or lead-tungsten alloy.  It contains an x-ray target, scattering foil, 

flattening filter, ion chamber, fixed and moveable collimator, and a light localizer system 

(Khan, 1984).  To change the electron beam to x-rays, the electron beam is incident onto  
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Figure 2.8 Target taken from 2100C 6x/18x dual energy linac.  Note left orifice is 18x and the right         

orifice is 6x target. (Left Photo) Beam entrance (Right Photo) Beam exit  
 
 a target made of a high Z material such as tungsten.  Bremsstrahlung x-rays are produced 

in a spectrum of x-ray energies with the maximum energy being that of the incident 

electron energy but the average being approximately 1/3 that of the maximum energy.  

The x-ray beam is then collimated by the primary collimators.  The high energy x-rays 

are forward peaked in intensity, with higher intensity occurring along the center and the 

intensity falling off proportional to the distance from the center.  The shape of the beam 

is very rounded and needs to be flattened in order to achieve a uniform dose distribution 

within the patient.  This is achieved by introducing a flattening filter, a cone shaped metal 

attenuator, which is formed in a shape similar to the shape of the beam entering the filter.  

This design attenuates more dose on central axis and less dose toward the edges, 

therefore a greater degree of beam hardening toward the center of the beam, giving the 

beam a somewhat higher energy in the center and weakening with the distance outward.  

The fluence characteristics will be discussed later in this paper.   The beam then passes 

through two independent ionization chambers.  The first ionization chamber monitors the 

dose and terminates the dose when the correct dose is reached.  The second ionization 

chamber has the same duties, but acts as a “fail safe” to ionization chamber one.  The 

beam then travels to the secondary collimators where the treatment field size is defined.  

The secondary collimators are composed of two sets of collimators (jaws) that can work 
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independently of one another, if desired.  These jaws are limited to square or rectangular 

field sizes.  After the secondary collimators, the beam passes through a thin, transparent, 

mylar sheath and exit the treatment head.   

  On the bottom of the treatment head is a slot for placing wedges, composed of 

various metal alloys, with specific angles for various levels of isodose alteration.  This 

wedge slot is also used to support various other dose compensators, such as the ones 

produced by .decimal.  An accessory tray can be attached to the treatment head to support 

Cerrobend blocks to conform the radiation field to the exact treatment dimensions desired 

by the physician.  Cerrobend is an alloy, composed of 50% bismuth, 26.7% lead, 13.3% 

tin, 10% cadmium, has a density of 9.4 g/cm3, and a melting point of 70º C.  These 

properties make it easy to cast into any shape.  The blocks are cut by the therapist and 

mounted on a transparent lexan tray.  The tray varies somewhat in thickness and 

appropriate corrections need to be applied to account for the dose attenuated by the tray.  

A drawback to blocks, is that the process of block fabrication is somewhat tedious, time 

consuming and messy.  If a change to the field is needed, then the whole process has to 

be repeated.   

In the mid-90’s, multi-leaf collimation was introduced and has since become the 

norm for those centers affording new linear accelerators.  The MLC is used in place of 

blocks to produce proper beam shaping.  There are many vendors who market an add on 

MLC that attaches to the existing linac.  Varian’s MLC is contained within the treatment 

head and positioned just below the secondary collimators.  The MLC’s consist of two 

opposing banks consisting of 80-120 attenuating leaves made of tungsten, usually 0.5 to 1 

cm width as projected at 100 cm source to axis distance.  The leaves are 7 cm thick and 
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move independently on the x-axis only.  A problem with the MLC design is that of 

leakage.  A tongue and groove design is implemented between the moving leaves to 

reduce this.  Also, the ends of the leaves are rounded.  When closing the leaves within the 

treatment field, leakage can be significant. 

2.8 Linac Calibration 

  Once a linear accelerator is installed, the medical physicist must characterize the 

radiation beam of the particular machine.  In 1983, a protocol for the determination of 

absorbed dose from high-energy photon and electron beams was established (TG-21) by 

the American Association of Physicists in Medicine (AAPM).  Most linacs were 

commissioned according to the recommendations of TG-21 until 1999 when the AAPM  

issued TG-51.  This protocol represents a major simplification compared to the AAPM’s 

TG-21 protocol in the sense that large tables of stopping-power ratios and mass-energy 

absorption coefficients are not needed and the user does not need to calculate any 

theoretical dosimetry factors (Task Group 51, 1999).  This protocol is the current 

standard for calibration of linear accelerators for medical use.  There are many published 

papers that characterize various linear accelerator beam profiles and are used for 

comparison to the measured data.  To calibrate at ssd, an ion chamber is placed in a water 

phantom and the water surface placed at a constant 100 cm source to surface distance 

(ssd).  The chamber is connected to an electrometer and/or scanning equipment that will 

obtain various readings when the chamber is placed at different depths, field sizes and off 

axis positions. Depth dose analysis is performed to determine the depth of maximum 

dose, which is energy and field size dependent.  The depth of maximum dose (d-max) is 

1.5 cm for 6 MV photons with a 10 x 10 field size and will the be the energy of interest 
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for this study.  The linac is then calibrated to give 1cGy/MU at d-max (101.5 cm) with an 

ssd calibration. 

 
Figure 2.9 SSD calibration technique (TG-21, 1983). 

 

2.9 Characteristics of the 6 MV Beam 

 The central axis depth dose distribution by itself is not sufficient to characterize a 

radiation beam which produces a dose distribution in a three dimensional volume (Khan, 

1984).  To better visualize, lines are drawn through points of equal dose  and often 

referred to as isodose lines.  With many isodose plots, the depth of maximum dose is 

normalized to 100% and then decreases with depth.  The depth of maximum depth or d-

max, is typically 1.5 cm for an energy of 6 MV.  The dose at 10 cm depth with a 10 x 10 

field size, using the ssd calibration method, is typically 67%.  Dependent on the exact 

energy of the beam this can vary slightly.   

 The dose at any depth is greatest on the central axis of the beam and gradually 

decreases toward the edges of the beam, with the exception of some beams which exhibit 

areas of high dose or “horns” near the surface in the periphery of the field (Khan, 1984). 
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The flattening filter over compensates the dose on the central axis causing higher doses 

outward but then becoming flat at a depth of 10 cm.  The beam traversing the flattening  

 
Figure 2.10  Flattening filter taken from a 2100C, 18x photon energy. 

 

filter causes the center to be of slightly higher energy than on the periphery, which causes 

the beam to become flat with a depth of 10 cm and becoming more forward peaked at 

depth of greater than 10 cm.  The horns appear more pronounced with greater field sizes 

due to the increase of distance from the center and the increase of scatter contribution to 

the horns at lesser depths. 

 

 
Figure 2.11 6MV Depth dose profile (Bentel, 1996). 
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Toward the periphery or beam edges, dose becomes a function of geometric penumbra 

and to a lesser extent the loss of side scatter dose contribution to the primary beam.  The 

dose seen outside of the actual field is scatter contribution from the primary field, 

collimator assembly and leakage from the treatment head.   

  
2.10 Evolution of Treatment Planning 

 The first patients were treated with a single photon field, with dose being 

delivered in one treatment.  Better results with daily fractionation of dose, soon became 

the standard of care.  In the early days of treatment planning, isodose lines were manually 

drawn by hand, derived from the scanning information obtained by the physicist during 

the commissioning of the linac.  The patients were treated by setting 100 source to skin 

distance and the physician would then prescribe the dose to the approximate depth of the 

tumor. The better understanding of isodoses, radiobiological effects, and rotational linacs, 

then paved the way to treatments utilizing opposing treatment angles to deliver the same 

dose but with less morbidity.  Many of the first patients treated with multiple field angles, 

were still treated to 100 ssd, therefore moving the patient between fields.  The study of 

isodoses was well explored but now had to be revisited with the gantry rotating around a 

point and 100 cm (isocenter) now placed within the patient.  The manual drawing of these 

lines became more tedious with each and every added field.  Percent depth dose curves 

were soon replaced with tissue maximum ratios for ease of calculation.  Tumors were 

often treated with large square fields, with little blocking of normal structures.  Also, the 

data was not available at the current time to establish protocols to achieve the least 

amount that could be treated to achieve the same clinical outcomes, so the physicians 
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tended to ere on the “don’t miss” side resulting in the treatment of large volumes.  

Technology was still very crude and diagnostic x-rays were the only diagnostic tool.   

 During the 1980’s the use of computers greatly enhanced the process of treatment 

planning.  The isodose lines could now be plotted much quicker than manual import.  

Although helpful, the early treatment planning systems were crude and not user friendly.  

Contouring of the patient’s external anatomy was done by placing a piece of solder wire 

over the patient’s skin and then transferring the contour to paper by tracing around the 

wire contour.  This information would then be digitized into the treatment planning 

system along with digitization of the x-ray films for block placement.  Patients were set 

up for treatment by referencing bony landmarks as guides to where the tumor should be if 

not visible by conventional radiography.  If treating with opposing beam angles, isocenter 

was placed in the middle of the patients body, due to the even isodose distribution for this 

field arrangement.  2-D treatment planning was a big step toward the future. 

                                 
Figure 2.12  2-D Planning  (Breast)                             Figure 2.13  3-D Conformal Planning (Breast) 

 (http//www.rtog.org/qa/98-04/field/gif).                              (http//www.gehealthcare.com).   
 

Following the introduction of the computer in medicine, the practice and 

development of radiological procedures expanded rapidly (Ballinger et al. 2003).  The 
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biggest radiological imaging breakthrough was the invention of computerized-

tomography (CT) in 1971, paving the road for the 3-dimensional era.  By the late 1980’s 

to early 1990’s, CT was used in the diagnosis and prognosis of cancer patients.  At first, 

dosimetrist would draw the tumor and any significant structures onto the contour, 

obtained by viewing the diagnostic CT scans, by measurements from bony landmarks or 

by using a omnipaque projector.  It took a while for the early treatment planning systems 

to catch up and be able to directly use the CT scans for planning, as opposed to manually 

entering the CT data by digitization.  In the mid 1990’s, CT scanners had direct access, 

by way of telecommunication lines, to the radiation treatment planning system.  With the 

new technology, another problem began to arise, now that we have all this data, what do 

we do with it?  Up until now, all previous medical radiation studies, treated the body as 

though it was homogeneous like a slab of water.  We now have the technology to treat 

differently, but all medical study data is based on this presumption.  The modern day 

treatment planning systems are able to account for the differences in tissue densities.  

Most physicians and protocol studies were reluctant to change treatment regimens 

without sufficient patient studies and radiological equivalencies comparing homogeneous 

with heterogeneous calculations.  In the years following, CT gradually took the place of 

solder wire contours, enabled a great degree of tumor localization, and slowly took the 

place of conventional simulators.  Isocenter began to be placed in the tumor, of which the 

gantry rotates around, with many more beam angles used for treatment.  The 3-D era saw 

rapid growth in radiation to tumor conformance.  How tight can we treat the tumor, thus 

sparing normal tissue? How far can we escalate the dose in reference to smaller treatment 

volumes? what will the outcomes be?  With change, comes uncertainty. 
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 It wasn’t until the early 2,000’s, that the majority of treatment centers began dose 

calculations using tissue heterogeneities as the physicians and clinicians gained 

confidence with data being published of treatment outcomes and comparisons.   Now, 

isodose lines appeared more erratic and much more time was needed to correct these 

irregularities by the use of wedges, compensators and field in field techniques.  It was 

during the 3-D era of precise localization and tumor conformance that we became 

particular interested in smoothing out the tissue gradient found within the treatment field.   

It was not uncommon to have a 20-40% dose gradient within the treatment field, with 

irregular body contours.  We currently attempt for dose uniformity of 10%.  To modulate 

the dose, wedges are traditionally used, but often further modulation is needed.  

Compensators have been made of a variety of materials.  Some forms of compensators 

are placed on the blocking tray along with the blocks used for beam shaping.  I personally 

have placed layers of thin lead strips along each corresponding isodose line, attenuating 

the dose according to the predetermined attenuation properties of each thickness used.  

Other methods have also been traditionally used and effective, but time consuming and 

cumbersome.   

2.11 Intensity Modulated Radiation Therapy (IMRT) 

 The implementation of MLC’s to the linear accelerator has opened a whole new 

spectrum of treatment possibilities.  Each MLC leaf has an individual motor, which is 

controlled by a computer that drives the leaf in and out of the treatment field.  Primarily 

the MLC was to take the place of traditional beam shaping by cerrobend blocks.   

 With time, MLC’s began to be used for beam modulation similar to the lead strip 

compensators mentioned in section 2.10.  Fields that exhibit high dose gradients, would 
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then be broken into various fields with variations of blocking or field sizes to help reduce 

“hotspots”, thus labeled the field in field technique (FIF).  The MLC’s are driven in to the 

isodose line desired and delivered a percentage of the original field dosage.  With static 

fields, each change in treatment parameters must constitute a new field, therefore 

repeated starting and stopping of the linac to deliver the desired dose. 

  
      Figure 2.14 Multileaf Collimator (MLC)   Figure 2.15 Treatment Head equipped with MLC 
            (www.bnpcc.org/files/1_2_1/mlc.jpg)                         (www.varian.com) 
 

In the mid-1990’s, several research groups began to investigate MLC’s that provided not 

just static control of the beam aperture shape, but also dynamic control of aperture 

sequences that can be used to spatially modulate the x-ray beam intensity.  Using this 

technique, termed intensity modulated radiation therapy (IMRT), the delivered dose can 

be tailored to fit inside the 3D surface that encloses the target volume, while sparing 

nearby sensitive tissues (Boyer, 2002).  By using multiple non-opposing fields, a very 

uniform dose can be achieved.  The treatment planning for IMRT is often referred to as 

inverse planning by defining the objectives and letting the computer obtain a “best” 

solution based on thousands of possible solutions.  The solution is obtained by each field 
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being a summation of many smaller fields to meet and obtain the objectives set forth by 

the planner and the physician.  A typical prostate IMRT, which historically has been 

treated using 4-6 fields, now with IMRT will use 5-7 fields, with each field containing an 

average of 10-15 smaller fields (control points) for a total of 50-90 MLC arrangements.  

With the great increase in field parameters, dose uniformity and critical tissue sparing is 

achieved all while affording dose escalation. 

IMRT was in use at several major radiation therapy and research centers by the 

late 1990’s but not available at the majority of centers until the early 2000’s.  Many 

centers did not readily have money available for the expensive upgrades to their existing 

MLC linacs.  Other centers, which had not purchased MLC’s for their existing linacs, 

found themselves scrambling to buy new accelerators equipped with MLC’s and IMRT 

technology.  This would not happen quickly for either of the above scenarios.  The cost of 

a new linear accelerator is on the order of 3 million dollars.  Many smaller centers cannot 

justify the expense.  By being unable to offer IMRT, they are unable to compete and 

many rural area patients are unable to obtain the higher quality of care given to others. 

2.12 Solid Compensators for IMRT 

 Solid compensators have been used in radiation therapy since the inception of 3D 

treatment planning.  Many centers have introduced various materials into the treatment 

beam for some sort of dose modulation at one time or another.  So contrary to popular 

belief, solid compensators have been used for dose modulation way before that of MLC 

based IMRT.  The University of North Carolina (UNC) began to develop the 

compensator-IMRT technique in 1993 before any accelerator MLC systems were 

commercially available (Chang et.al. 2004).  They have treated approximately 1,200 
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patients using compensator-IMRT since 1996 and have used both MLC and compensator 

for IMRT delivery since MLC became available in 2001 (Chang. 2006).  This system 

uses small metallic cubes, which are placed on one another with the thickness needed for 

the desired attenuation.  This system is quite effective but the dose resolution is not 

optimal due to the size of the cubes. 

 As technology advanced so did that of solid compensators.  Many commercially 

made solid compensators are available today.  Once a suitable IMRT plan is obtained, the 

data is sent to the company via the internet and the blocks are delivered, ready for 

treatment within 24 to 72 hours.  They use commercial milling machines to obtain very 

high degree of accuracy which translates to a very smooth dose matrix.  These blocks are 

made using brass or aluminum and come in various sizes and thicknesses to 

accommodate various field sizes and levels of modulation needed.  Once the 

compensators are delivered, they are then mounted on lexan trays and slid into the wedge 

accessory slot on the bottom of the treatment head, just above the beam shaping block or, 

just below the MLC’s, if equipped. 

 

   Figure 2.16 Placement of solid brass compensator in the wedge slot     
(www.midriverscancercenter.com). 
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2.13 MLC IMRT vs Compensator IMRT 

 Many studies have shown compensator based IMRT equal to or superior in 

treatment quality. Many of advantages and disadvantages of each, will be discussed. 

 Dose resolution for the MLC based IMRT is limited by the physical width of the 

MLC, usually 1 to 5 mm and larger in some cases.  The compensator is capable of 

fractions of 1 mm resolution depending on the vendor.  The MLC based is superior when 

it comes to achieving a greater degree of modulation due to the thickness limitation of the 

compensator.  MLC leakage can also be a problem in field dose, which is not an issue for 

the compensator based IMRT. 

 Compensator’s require 40-60% less monitor units and time to deliver a treatment 

than MLC IMRT.  MLC IMRT requires many very small field sizes, which require more 

dose due to less scatter contribution to the field resulting in monitor units to be given, 

therefore the patient receives more scatter radiation dose from the head of the linac.  The 

quicker treatment times do not necessarily mean quicker treatments for the patient, for 

extra time is taken changing out the compensator.  MLC IMRT dose not require this 

because the system is fully automated.  The longer beam time also means more wear and 

tear on the treatment machine, especially on the MLC motors.   

 Solid compensator IMRT QA has the option of giving various monitor units, 

independent of the planned monitor units therefore making it a little quicker when using 

compensators.  On the other hand, as the radiation beam passes through a high-z material, 

the beam is hardened, therefore changing the dose spectra of the beam.  This is of little 

concern for MLC based IMRT. 
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 Initial start up cost for MLC IMRT is exponentially higher than that for 

compensators.  Compensator IMRT is pay as you go, but over an extended time and with 

a large patient volume would become more expensive, but still the best option for 

administrative cost containment.   

 Compensator IMRT can be used on any megavoltage treatment unit including 

Cobalt-60 units in third world countries.  The biggest advantage compared to MLC 

IMRT, is the lack of initial cost and technology, making IMRT available for all patients, 

regardless of location.   

2.14 Solid Compensator Implementation- A Closer Look 

 The use of solid compensators for IMRT is the best and only answer for many 

small and rural radiation treatment centers.  Many studies have shown compensators to be 

superior in treatment quality to that of MLC based IMRT.  For these reasons, solid IMRT 

is growing at a rapid pace.   

 Vendors of the solid compensators offer a quite seamless and painless 

implementation process that is very appealing to many centers, which usually find 

themselves without good physics support or staffing.  The vendors offer a “turn key” 

approach, usually performing much of the needed implementation themselves.  A brass 

slab is introduced into the radiation beam and attenuation measurements are taken along 

the central axis. These values are then reported to the vendor, which adjusts the milling 

machine based on the effective energy of your specific machine. The treatment planning 

system uses the geometrical dimensions of the brass slab and calculates dose in the 

manner used for a wedge.  All other dimensions remain the same to that of an open field.   
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 Recently a new in depth approach has been implemented.  The process now 

includes taking attenuation coefficient readings through various thicknesses of brass. A 

1cm, 3cm, and a 5cm thickness is used to better characterize the beam.  The vendor now 

sends a mock IMRT phantom test case, a plan is performed and the information then 

exported to the vendor facility.  The vendor then arrives at the treatment facility, 

performs measurements in the actual IMRT phantom for better point measurements. 

 The solid compensator IMRT dose verification is still less than desirable.  When 

performing MLC IMRT QA, the outcomes for prostate dose verification is generally 

between 0-3% lower than expected.  That of solid compensators is on the order of 3-7% 

lower than expected and usually fails around the periphery of the field.  Many treatment 

centers have accepted this to be the standard of care and have commonly used “correction 

factors” to keep the readings consistent to achieve the desired outcomes when using 

compensators.   This method seems less than assuring and needs to be explored. 

 Given a +/- 1% energy spectrum of the pencil beam after leaving the bending 

magnet energy slits and the beam then colliding with the target, multiple processes are 

taking place.  The beam then traverses the flattening filter causing the beam to have a 

higher energy along the central axis than along the periphery.  The beam is further 

hardened across the entire field, changing the entire spectra of the beam, due to energy 

changes and scatter contributions, therefore a complete beam commissioning must take 

place to account for these changes.   
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Chapter 3 Materials and Methods 

3.1 Logistics 

 The logistics of the two centers poses a problem.  .Decimal will be implemented 

at the satellite center, which is 90 miles away, on a 600C/D Varian with 6MV photon 

beam energy.  The physics scanning equipment has to be transported back and forth 

between the two centers.  A 2100C and 2300iX Varian accelerator with 6MV capabilities 

is readily available at the current location.   Much of the preliminary research done to 

characterize the attenuation and scatter properties of the 6MV beam while traversing a 

solid compensator was performed on the 2100C and 2300iX accelerators.  After getting a 

good feel of the beam characteristics and potential problems, one is able to better 

evaluate and gain direction toward a possible solution for the commissioning of 

compensators for IMRT, for use with the ADAC treatment planning system.  All beam 

data collection for input into the ADAC was taken from the Varian 600C/D. 

3.2 .Decimal implementation process 

 .Decimal is a solid compensator manufacturing company located in Sanford, 

Florida.  In 1999, the .decimal solid compensator system was integrated and used in 

conjunction with the CMS treatment planning system.  It was not available for use with 

the Philips ADAC Pinnacle treatment planning system until 2006 when .decimal released 

their software package p.d, which integrates .decimal with the ADAC Pinnacle system 

(Nelms, 2007).  Therefore, the use of ADAC Pinnacle with .decimal is fairly new. 

 After receiving the needed institution and linac information, .decimal will then 

send a commissioning kit containing sample compensator trays and attenuation materials.  

A one inch aluminum slab and a 3cm brass slab were previously used to measure beam 
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attenuation but have since added a 1cm and 5 cm slabs of brass to better characterize the 

beam.  Pictured below are the attenuation slabs included in the commissioning kit. 

 
Figure 3.1  .Decimal commissioning kit 

Beam attenuation measurements were taken on the Varian 600C/D using a Keithley 

model 36150 electrometer and a PTW N23333 farmer type ionization chamber with a 

0.6cm3 volume placed in a Med-Tec water phantom at a depth of 10 cm.  Open field 

readings were obtained  using various field sizes.  Each thickness of compensator was 

then introduced into the beam and the readings documented on an attenuation worksheet, 

which was then completed and faxed to .decimal where a customized file will be created 

for use with the Mazak CNC milling machines. 
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Figure 3.2 Milled brass compensator  Figure 3.3 Mazak CNC Milling Machine 
(.decimal symposium. Kissimmee Fl, 2007) (www.pabaines.co.za/engineering.htm) 
 

A customized p.d software program will be installed on a local pc that is 

networked with ADAC Pinnacle and has an internet connection.  An IMRT treatment 

plan will be transferred from the ADAC Pinnacle to the p.d software and then uploaded 

to the .decimal website.  The modulators will be manufactured as close to the desired 

specifications as possible.  Once the modulators are milled, a dose matrix will be sent 

back to the p.d and this information exported back into the ADAC Pinnacle, which 

represents the actual finished product.  This information is then used for the IMRT and 

planar dose calculations needed for IMRT QA.  The compensating blocks will be 

delivered within 48 hours and mounted onto trays in the proper treatment orientation. 

3.3 Brief characterization of Aluminum 

 To start, a brief characterization of the beam hardening effects of a 6 MV beam 

while introducing a 1 inch slab of aluminum into the X-ray field were needed.  Butler et 

al.25 determined the linear attenuation coefficient (µ) as a function of beam quality, field 

size, and material thickness for two common compensator materials, aluminum and brass.  

They found that the linear attenuation coefficient reaches its highest value at a 5x5 cm 

field size and then decreases as the field size increases.  The study also showed a range of 
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µ across various field sizes for aluminum of 14.8% and range of beam hardening of 7% 

for aluminum for 0.6 to 5.1 cm thicknesses.  

A Med-Tec water tank, PTW 30013 waterproof ionization chamber with a 0.6cm 

volume, Standard Instruments Max-4000 electrometer, and a 1 inch slab of aluminum 

was used.  These measurements were taken on the Varian 2300iX linear accelerator.   

 
Figure 3.4  (Right) Standard Imaging Max-4000 electrometer. (Left) Med-Tec water phantom with    

PTW 30013 ionization chamber. 
 

The PTW ionization chamber was placed in the water phantom at depth of 10 cm with the 

water surface set to 100ssd.  The field size was then set to 10 x 10 cm and 100 mu’s were 

delivered.  The aluminum slab was then introduced into the beam and 100 mu’s 

delivered.  The reading was compared to the open field and adjusted as to get the same 

reading, therefore now giving 134 mu’s.  The ion chamber was then placed at a depth of 

20 cm and compared to that of the reading at depth of 10 cm.  The ratio of these two 

readings will relate to the quality of the x-ray beam.  The same process was repeated for a 

5x5 and 20 x 20 field size. 
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3.4 Beam Characterization of Slab materials 

 Jing et al.26 demonstrated a 1-3% increase in percent depth dose at depth of 10cm 

when a 6MV beam traverses a 0.3-5cm cerrobend compensator.  Jing also showed a 9-

49% increase in the mean energy with increasing thickness of cerrobend, which has a 

density of 9.76 g/cm3.  Plessis et al.27 reported that the exclusion of scatter in dose 

calculations can lead to dose errors of up to 4% with a 5cm copper (8.95 g/cm3) 

compensator at 5cm depth and 7-8% for materials such as lead (11.35 g/cm3) when using 

6 MV beams.  Due to the similar densities of copper to that of brass (8.4-8.8g/cm3, 

depending on composition), I expected this report to closely represent my findings. 

 Butler et al.25 performed an extensive study on aluminum and brass compensators 

and their effect with the change of field size, energy and various compensator thicknesses 

with respect of µ.  He found the range of µ varied by 17.4% for brass across the various 

field sizes and µ varied by 12.2% for the various thicknesses used.   

After reviewing the above literature and looking at the results of the first trial 

presented in section 3.3, I chose to determine distinct beam hardening characteristics and 

the effects of scatter contributions for all .decimal commissioning slab materials and 

various field sizes.   The same setup was used as in section 3.3. Open field readings and 1 

inch aluminum, 1cm brass, 3cm brass and 5cm brass slabs were introduced into the beam.  

The monitor units were adjusted to keep the signal to the electrometer the same. These 

changes were 134 mu for 1 inch aluminum, 144 mu for 1cm brass, 287 mu for 3cm brass 

and 554 mu for 5cm brass.   Again, readings were obtained for each field size at depths of 

10 cm and 20 cm.  The percent change of the energy spectrum for 6MV field was 
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tabulated.  Output factors were derived and tabulated normalizing to a 10 x 10 cm field 

size at a depth of 10cm for the various field sizes. 

 
              Figure 3.5  Varian 2300ix setup for Ch 3.3 and 3.4. 
 

3.5 Determination of backscatter contribution to the ion monitor chamber 

 As mentioned in the background of this study, the problem has been the reduction 

of dose by approximately 3-7% as found while performing solid compensator-IMRT QA. 

An accepted mode of practice is to increase the MU’s given to the field during the QA 

process by a given amount determined by field size.  Smaller field sizes would require a 

3% increase, while larger field sizes require a larger percent increase up to 7% typically 

seen in head and neck cases.   Various studies have observed significant increases of 

backscatter radiation back into the treatment head contributing to premature termination 

of dose due to the secondary collimators, while others state little to no contribution of 

dose.  Huang et al.20 reported no contribution of dose, while Kubo21 reported < 2% and 
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Liu et al.22 reported a 3% contribution of dose all on Varian accelerators.  Palta et al.23 

reported the change in radiation backscattered to the monitor chamber to be minimal 

when inserting brass wedges into a 6 MV beam. 

To explore the possibility of premature exposure termination due to backscatter 

from the compensator to the ionization monitor chambers in the machine treatment head, 

1000 MU’s were given using the 2100C, 6MV, with various field sizes.  After beam 

termination, the MU1 and MU2 values were recorded.  By setting the monitor units to 

1000, the beam will be terminated by chamber 1 (MU1) when reaching this value.  The 

reading of chamber two (MU2) is a relative value, higher than MU1 and should remain 

constant.  MU2 is closer to the compensator and secondary collimators, thus should 

obtain a higher value than MU1 if backscatter is occurring.   A brief exploration will 

provide insight to the relativity to the project.  The relationship of field size to the ion 

readings will not provide definitive backscatter values but merely provide a ratio between 

the two chambers, which will change only if backscatter is detected by ion 2.  Maximum 

backscatter should be present when the Y or upper collimators are closed due to the 

relationship of distance to that of the ion chambers.  The X or lower collimators are 

positioned lower in the treatment head therefore contributing less scatter dose.  By the 

same reasoning, the insertion of a high z material into the wedge slot should attribute less 

scatter to the ion chambers than that of the secondary collimators due to a larger distance.  

Maximum backscatter from a solid brass compensator inserted into the wedge slot should 

occur with the collimators set at maximum field size, allowing more scatter to enter the 

treatment head.  The 3cm brass slab was used. 
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3.6 Beam Data Collection 

 The ADAC Pinnacle requires beam profiles and output factors be obtained for 

photon beam commissioning.   

3.6.1 Beam Profiles 

 All beam data collection was taken on the Varian 600CD 6MV linear accelerator 

at the satellite center.  A Wellhofer Scanditronix scanning system was used for acquiring 

the beam profiles needed for commissioning of the ADAC Pinnacle treatment planning 

system.  The Wellhofer WP700 vs3.5.1 software was loaded on a laptop for ease of use.  

The scanning system uses two IC15 waterproof ionization chambers.  Each has a 6 mm 

inner diameter with 0.13 cm3 active volume. 

      Figure 3.6  Schematic IC 15 Wellhofer ionization chamber (courtesy Wellhofer). 

 

One is placed in the water phantom and travels in X, Y and Z planes while the other is 

placed in air and acts as a reference only.  The surface of the water was placed at 100 ssd 

and the center of the chamber (point of measurement) is placed at the water surface.  Due 

to the predominantly forward direction of the secondary electrons an effective point of 

measurement will be used as proposed by TG-51.  The effective point of measurement is 

determined for spherical chambers by 0.6rcav for photon beams or 1.8 mm shift using the 

IC15 chamber. Scans were taken in the crossplane (X) and inplane (Y) directions at 

various depths (Z) and field sizes.  For the following field sizes:  2x2, 3x3, 4x4, 5x5, 8x8, 

10x10, 15x15, 20x20, 25x25, 28x28 (maximum file size allowed by 3cm brass slab), 

4  9
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5x20 and 20x5 cm,  inplane and crossplane scans were performed at 1.5, 5, 10, 20, and 30 

cm depths.  Depth doses for each field size were acquired from surface to 40 cm depths.  

The above scans were performed twice, one set of data taken with open fields and one set 

taken with the 3cm brass slab inserted into the beam as shown below. 

 
Figure 3.7  (Left) Beam data collection using the Wellhofer scanning system and Varian 600C/D. 

(Right) Photo demonstrating placement of the 3cm brass slab and reference chamber. 
 
The open field measurements were taken for comparison.  The beam profiles were 

transferred to the ADAC Pinnacle for beam modeling and commissioning. 

3.6.2 Output Factors  

 After collecting the needed data for all the beam profiles, the reference chamber 

was removed.  The chamber in the water phantom was then connected to a Keithley 

35614E electrometer and placed at a depth of 10cm.   
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Figure 3.9  (Left) Keithley 35614E electrometer connected to (Right) Wellhofer IC15 chamber at   

10cm depth in water phantom. 
 

Measurements were taken for open and 3cm brass slab for input into the treatment 

planning system.  Measurements were also included for the 1 inch aluminum, 1cm brass, 

and 5cm brass slabs for comparison with the 2300iX as mentioned in chapter 3.4 and 

compared in figure 4.3. 

3.6.3 Energy Spectrum 

 Using the above setup and readings obtained in 3.6.2, measurements were also 

performed at 20cm depth for all commissioning compensator materials.  According to 

TG-51, which is the most current protocol, beam quality in accelerator  photon beams is 

specified by %dd(10)x, the percentage depth dose at 10cm depth in a water phantom due 

to photons only.  The value of %dd(10)x is defined for a field size of 10x10cm2 at the 

phantom surface at a SSD of 100cm (Almond, et al. 1999).  As for beam quality 

characterization for different field size and materials, the AAPM’s TG-21 

recommendation for definition of beam quality will be used.  It is assumed that secondary 

electron spectrum is constant at depths greater than d-max.  Ionization measurements 

were made with a fixed source-detector distance at depths of 10 and 20 cm and the ratio 

of the 20-cm reading to the 10-cm reading is related to stopping power ratios (TG-21, 
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1983).  These findings will be compared to those for the 2300iX, as found in chapter 3.4 

and figure 4.2. 

3.7 ADAC Commissioning 

 The ADAC Pinnacle photon dose convolution algorithm is model-based rather 

than measurement based.   Therefore, the measured data is used to characterize the beam 

attributes rather than to create extensive lookup tables of dose values (Pinnacle, 2005). 

Typically, the treatment planning system uses the same dose parameters for the 

compensators as those used for the open beams.  Others have tried modeling the 

compensators as a wedge in the ADAC planning system.  The wedge approach seems 

logical but is limited by having only a couple of variables to adjust to account for the 

beam perturbation produced by the introduction of a high-z compensator and leaving all 

other factors the same.  As shown in our results thus far, the integrity of the beam is 

greatly altered, therefore the beam needs to be characterized as such.  Commissioning 

with the brass slab in place and treating it as an open field gives the user many more 

adjustable parameters in ADAC.  Approximately 30 adjustable parameters must be 

determined in the commissioning process to fit the measured beam data, although not all 

parameters are independent (Starkschall et al., 2000). 

Files were converted into a simple ASCII format to allow import to ADAC 

Pinnacle.  A new treatment machine was created and labeled 600CD Decimal in the 

photon physics tool by copying the existing 600CD machine. The beam models were then 

imported.  The models were then smoothed with the Gaussian filter to make ready for the 

auto modeling functions.  ADAC uses the parameters for particular machines and 

published beam data to try to fit the measured beam model.  In our particular case, the 
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open 6 MV beam was used for modeling as there is no published beam model which truly 

represents the characteristics for the new energy spectra when traversing a compensator, 

although  Starkschall et al.29 will be used along with the Pinnacle users manual as a guide 

and explanation of the parameters used for the modeling process. 

The auto-modeling functions are sets of scripts that allows the computer to search 

for a best fit solution.  There are several auto modeling tools for various tasks.  After 

close fits for the measured data versus the modeled data was achieved, the data was then 

manually adjusted by tweaking various parameters found in the photon physics tools.  

The commissioning process is very long and tedious.  Any adjustment requires the 

selected parameter to be recalculated.   

Once the ADAC has been properly modeled and the commissioning process 

complete, the treatment planning model has to be validated by comparing calculated 

doses to actual measured doses for various field sizes and depths.   

3.8 Beam Validation 

 Once the beam model is acceptable and commissioned in ADAC, the beam model 

needs to be validated for the commissioning process to be complete.  A series of 

treatment plans will be calculated in ADAC with various field sizes and depths.  ADAC 

has a virtual water phantom within the program which will be used for dose calculation.   

The first series was calculated using a SSD technique setting the beam at 100 ssd 

to the top of the phantom and various points placed at d-max, depth of 10 cm and a depth 

of 20 cm along the central axis.  The dose was then calculated for various field sizes of 

5x5 cm, 10x10 cm, 15x15 cm, 20x20cm and 25x25cm.  In the second series, the beam 
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was placed using a SAD technique, setting the beam to 90 cm ssd and calculating to a 

depth of 10 cm.  All calculations were performed by setting 100 mu’s.  

   3.8.1 Ion Chamber 

 The PTW 23333 ion chamber was placed in the Med-Tec water phantom at the 

above depths and field sizes. The readings were obtained using the Keithley electrometer. 

The dose was calculated and compared to the expected readings calculated by the ADAC 

treatment planning system.  These are only central axis calculations.   

   3.8.2 Mapcheck 

  For proper assessment of the dose profile, the Sun Nuclear Mapcheck model 1175 

will be used.  Mapcheck is the premier measuring device used for IMRT quality 

assurance.  Mapcheck is a two-dimensional measuring device that contains 445 silicon 

diode detectors located 1.35 cm below the surface.  Mapcheck has an inherent buildup of 

2.0 g/cm2 due to the materials used between the surface and the diode detectors which 

effectively cause the 1.35 cm depth to be 2 cm tissue equivalent (Mapcheck, 2004).   
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Figure 3.10  (Left) Mapcheck diode array.  (Right) Mapcheck setup with 8cm virtual water. 
 

The beam will be set up to 100 ssd to the surface of the Mapcheck and 8cm of buildup 

material will be added to equal 10 cm buildup total.  For comparison of the Mapcheck to 

the ADAC, planar doses were calculated in ADAC, simulating the Mapcheck setup.  

Planar doses will be calculated for the above field sizes and exported to the Mapcheck 

software for side by side comparison of the dose fluences across each field.  The software 

can display the dose in absolute or relative dose, isodose contours or 3-dimensional plots 

and the percentage dose differences between the planned and measured dose.   

 The Mapcheck must first be calibrated for the 600C/D accelerator.  The first 

calibration (labeled calibration 1) was performed using the open field for the array 

calibration and then inserting the 3 cm brass slab for the dose calibration.  The second 

calibration (labeled calibration 2) was performed using the 3 cm brass slab for the array 
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and the dose calibration.   The results were evaluated setting the Mapcheck to absolute 

dose, gamma, % difference to 3, distance to agreement to 3 mm, and the threshold to 10. 
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Chapter 4 Results 

4.1 .Decimal Implementation 

 Below is the actual effective attenuation form used for the commissioning of 

.decimal.   

Figure 4.1 Actual .Decimal p.d attenuation worksheet 

The higher z material, brass, has the higher effective attenuation than that of aluminum.  

The peak attenuation is around the 5cm field size for all materials and thicknesses used.  
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The attenuation is lower with lower field sizes, peaks around 5-10 cm then gradually 

declines as the field size increases.   This worksheet is in good agreement with Butler’s et 

al.25 work with respect to µ. 

4.2 Brief Characterization of Aluminum 

The attenuation of a 6 MV photon beam traversing a 1 inch aluminum block with 
respect of field size is as follows: 
 
Table 4.1 6MV transmission through a 1 inch Aluminum slab 
Field size  R1-open R2-Aluminum 1inch  Al/open 
5x5 10.80 8.04 0.744 
10x10 12.167 9.05 0.745 
20x20 13.45 10.12 0.752 

 
With respect of beam quality or beam hardening we have with changing field size: 
 
Table 4.2 6MV spectrum change traversing 1 inch Aluminum slab 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Aluminum 
d10 

Aluminum 
d20 

Ratio 
d20/d10 Al 

% diff 
Al/open 

5x5 10.80 5.96 0.5519 10.78 6.02 0.5584 1.18 % 
10x10 12.167 7.00 0.5753 12.13 7.07 0.5826 1.26 % 
20x20 13.45 8.19 0.6089 13.56 8.33 0.6143 0.9 % 

 (Note: above readings for Al are normalized to the open field reading by using 134 mu’s as previously mentioned) 
 

 

As expected the introduction of a high z material such as aluminum into a photon field 

changes the energy spectrum of the field.  Many have stated that there is not a significant 

change in the beam hardening effect to lead to further modeling of the beam.  This 

finding of at least a 1% change in the energy spectrum when using aluminum led to 

further investigating the effects of a higher z material such as brass.  

 

 

 

 

 



 59

4.3 Beam Characterization of Slab materials (2300iX) 

4.3.1 Energy Spectrum 
 

The beam characterization for each commissioning slab material is listed below: 
 
Table 4.3 6MV spectrum change w/ 1 inch Aluminum for field sizes 3-30. 

 
 
 
 
 
 
 
Table 4.4 6MV spectrum change w/ 1cm Brass for field sizes 3-30. 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 1cm 
d10 

Brass 1cm 
d20 

Ratio 
d20/d10 B-1 

% diff 
B-1/open 

3x3 10.045 5.410 0.539 10.071 5.530 0.549 1.4% 
4x4 10.62 5.770 0.543 10.619 5.862 0.552 1.7% 
5x5 11.015 6.025 0.547 11.011 6.134 0.557 1.8% 
8x8 11.940 6.735 0.564 11.920 6.829 0.573 1.6% 
10x10 12.380 7.110 0.574 12.375 7.202 0.582 1.4% 
12x12 12.745 7.440 0.584 12.752 7.545 0.592 1.4% 
15x15 13.175 7.835 0.595 13.216 7.960 0.602 1.2% 
17x17 13.395 8.055 0.601 13.482 8.192 0.608 1.2% 
20x20 13.675 8.325 0.609 13.831 8.498 0.614 0.8% 
25x25 14.040 8.690 0.619 14.355 8.932 0.622 0.5% 
30x30 14.335 8.955 0.625 14.809 9.275 0.626 0.2% 

 
 
 
 
 
 
 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Aluminum 
d10 

Aluminum 
d20 

Ratio 
d20/d10 Al 

% diff 
Al/open 

3x3 10.045 5.410 0.539 10.055 5.480 0.545 1.1% 
4x4 10.62 5.770 0.543 10.600 5.835 0.550 1.3% 
5x5 11.015 6.025 0.547 11.000 6.105 0.555 1.5% 
8x8 11.940 6.735 0.564 11.895 6.805 0.572 1.4% 
10x10 12.380 7.110 0.574 12.345 7.185 0.582 1.4% 
12x12 12.745 7.440 0.584 12.740 7.515 0.590 1.0% 
15x15 13.175 7.835 0.595 13.195 7.925 0.601 1.0% 
17x17 13.395 8.055 0.601 13.460 8.160 0.606 0.8% 
20x20 13.675 8.325 0.609 13.795 8.455 0.613 0.7% 
25x25 14.040 8.690 0.619 14.285 8.880 0.622 0.5% 
30x30 14.335 8.955 0.625 14.720 9.220 0.626 0.2% 
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Table 4.5 6MV spectrum change w/ 3cm Brass for field sizes 3-30. 
 
Field size 

Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 3cm 
d10 

Brass 3cm 
d20 

Ratio 
d20/d10 B-3 

% diff 
B-3/open 

3x3 10.045 5.410 0.539 10.073 5.664 0.562 4.3% 
4x4 10.62 5.770 0.543 10.577 5.976 0.565 4.1% 
5x5 11.015 6.025 0.547 10.959 6.248 0.570 4.2% 
8x8 11.940 6.735 0.564 11.867 6.954 0.586 3.9% 
10x10 12.380 7.110 0.574 12.360 7.357 0.595 3.7% 
12x12 12.745 7.440 0.584 12.802 7.720 0.603 3.3% 
15x15 13.175 7.835 0.595 13.391 8.172 0.610 2.5% 
17x17 13.395 8.055 0.601 13.764 8.454 0.614 2.2% 
20x20 13.675 8.325 0.609 14.275 8.851 0.620 1.8% 
25x25 14.040 8.690 0.619 15.101 9.426 0.624 0.8% 
30x30 14.335 8.955 0.625 15.857 9.930 0.626 0.2% 

 
 
Table 4.6 6MV spectrum change w/ 5cm Brass for field sizes 3-30. 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 5cm 
d10 

Brass 5cm 
d20 

Ratio 
d20/d10 B-5 

% diff 
B-5/open 

3x3 10.045 5.410 0.539 9.992 5.701 0.571 5.9% 
4x4 10.62 5.770 0.543 10.496 6.024 0.574 5.7% 
5x5 11.015 6.025 0.547 10.879 6.306 0.580 6.0% 
8x8 11.940 6.735 0.564 11.846 7.031 0.594 5.3% 
10x10 12.380 7.110 0.574 12.380 7.454 0.602 4.9% 
12x12 12.745 7.440 0.584 12.893 7.837 0.608 4.1% 
15x15 13.175 7.835 0.595 13.623 8.383 0.615 3.4% 
17x17 13.395 8.055 0.601 14.106 8.726 0.619 3.0% 
20x20 13.675 8.325 0.609 14.799 9.214 0.623 2.3% 
25x25 14.040 8.690 0.619 15.948 9.940 0.623 0.7% 
30x30 14.335 8.955 0.625 16.896 10.625 0.629 0.6% 

 
With the aluminum and 1cm brass compensator, the change in the energy spectrum builds 

up to the highest degree of change seen with the 5x5 cm field size and then gradually 

decreases with increasing field size.  In contrast, the 3cm and 5cm brass compensator 

achieves a relatively high difference with a 3x3 cm field size, decreases with a 4x4 cm 

field size, then increases to the highest with a 5x5 cm field size and then gradually 

decreases as field size increases.  All compensators achieve the highest difference in the 

energy spectrum with a 5x5 cm field size.  Comparatively, the 3cm brass compensator 

has a 1.3% and 1.2% difference between the 1cm and 5cm brass compensator, 
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respectively.   A comparison of the derivation of energy from that of an open 6 MV beam 

below in figure 4.2. 
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Figure 4.2 Energy deviation of all commissioning slabs as compared to the 6MV open field with   

respect to field size. 
 

4.3.2 Output Factors 

Table 4.7 6MV output factors for all compensator materials for field sizes 3-30. 
Field size Open 

 
Aluminum 

2.54cm 
Brass 
1cm 

Brass 
3cm 

Brass 
5cm 

3x3 0.811 0.814 0.814 0.815 0.807 
4x4 0.858 0.859 0.864 0.856 0.848 
5x5 0.890 0.891 0.890 0.887 0.879 
8x8 0.964 0.964 0.963 0.960 0.957 

10x10 1.000 1.000 1.000 1.000 1.000 
12x12 1.029 1.031 1.030 1.035 1.041 
15x15 1.064 1.068 1.067 1.083 1.100 
17x17 1.082 1.090 1.089 1.113 1.139 
20x20 1.105 1.117 1.117 1.154 1.195 
25x25 1.134 1.157 1.160 1.222 1.288 
30x30 1.158 1.192 1.196 1.283 1.364 
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2300ix 6MV Output Factors
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Figure 4.3 Output factor comparison of the 2300iX 6MV traversing all commissioning slabs. 

The output factors are relatively the same for the 1 inch aluminum and the 1cm 

brass slabs.  The open, aluminum and 1cm brass have relatively the same output factors 

for field sizes less than 20 cm.  Interestingly, the brass compensator material tends to 

have relatively no significant change in output compared to the open field with field sizes 

of less than 12cm, in contrast field sizes greater than 12 cm have dramatic increases in 

scatter contribution with the increase in field size.  Again, the 3cm brass compensator is 

relatively the average of the 1cm and 5cm brass compensator with respect to scatter 

contribution.  Based on the physical dimensions of brass compensators used for patient 

treatments, a good average thickness of brass, in which radiation modulation is traversed, 

tends to be approximately 2-3cm.  With the previous and above findings, the 3cm brass 

slab characteristics will be used for commissioning the ADAC Pinnacle treatment 
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planning system for use of .decimal solid compensators for IMRT using the Varian 

600C/D 6MV linear accelerator. 

4.4 Determination of backscatter contribution to the ion monitor chamber 

With smaller field sizes there appears to be a possibility of premature exposure 

termination due to the scatter dose contributing to the dose read by ionization chamber 

therefore a higher reading resulting in early termination.  After these findings, I then 

expected to see a difference when introducing the compensator. The results are fairly 

conclusive that there is some contribution of dose back to the ionization chambers due to 

backscatter from the secondary collimators.  There is no noticeable detection of 

backscatter to the chambers due to the introduction of a brass compensator into the wedge 

position. 

Table 4.8  Effect of backscatter from the compensator to the ion monitor chambers. 
Field Size MU1 MU2 
Closed 1000 1014 
2.5 x 2.5 1000 1013.7 
5 x 5 1000 1012.7 
10 x 10 1000 1011 
20 x 20 1000 1006.7 
30 x 30 1000 1004 
30 x 30 w/3cm brass comp 1000 1004 

 

The findings are quite noticeable for the introduction of backscatter produced from the 

collimators, although it would be of interest to do various rectangular fields due to the y-

jaws being closer to the ionization chambers than that of the x-jaws.  For the purposes of 

this study, the findings conclude that the introduction of the compensator material has no 

effect on premature shut off due to backscattered radiation to the ionization chambers 

relative to the exposure without the compensator. 
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4.5 Beam Data Collection (600C/D) 

   4.5.1 Beam Profiles  

 At an earlier date, beam scanning was performed and found the flatness of the 

cross-plane profiles to be 0.5% and the in-plane profiles to be 1.2%.  According to 

Kutcher et al.30, the beam flatness should be within 2%.  These values were within 

tolerance but for commissioning purposes needed to be better.  Varian service was then 

called and the beam was adjusted to correct for the flatness.   

The beam was scanned and profiles were obtained and found to be in very good 

agreement of machine flatness tolerances, being less than 0.5% in any direction.   The 

energy of the machine was found to be somewhat softer than normally defined for a 6 

MV accelerator.  Our %dd at 10 cm was found to be 65.8% with the 3 cm brass in place. 

TG-51 defines the % dd for a 6 MV beam at 10 cm depth to be 67% for an open field, 

which defines the beam energy.  D-max for the open fields was shifted to 1.3 cm instead 

of the 1.5 cm d-max specified for 6 MV energies.  All of these findings lead to the 

conclusion of our nominal beam energy being less than or “softer” than expected.   

    The new spectrum and inplane and crossplane scans using the 3cm brass 

compensator, were noticeably different.  There was a change in the spectrum but a greater 

change was noticed in the distance to the field edge found in the planar fluences.  Open 

field dose profiles exhibit pronounced “horns” at shallow depths and with increasing field 

size.  The beam profile then becomes generally flat at a depth of 10 cm and with a 10x10 

field size and becoming more forward peaked with larger depths and smaller field sizes.  

The introduction of the brass compensator took away the horns, therefore flattening the 

beam at all depths and field sizes.   
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Figure 4.4  Wellhofer scan, 25x25fs, 1.5cm depth, Open vs 3cm Brass Compensator 

 
 

 
Figure 4.5 Wellhofer scan, 25x25fs, 5cm depth, Open vs 3cm Brass Compensator 
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Figure 4.6  Wellhofer scan, 25x25fs, 10cm depth, Open vs 3cm Brass Compensator 

 

 
Figure 4.7  Wellhofer scan, 25x25fs, 20cm depth, Open vs 3cm Brass Compensator 
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Figure 4.8  Wellhofer scan, 25x25fs, 30cm depth, Open vs 3cm Brass Compensator 

 

In the above figures 4.4-4.8, these effects can be seen.  The blue line represents the open 

fields and the red represents the planar doses when a 3cm brass slab is introduced in the 

beam.  The horns are caused by the electron contamination and the off axis softening due 

to the shape of the flattening filter.  The energy of the beam also deceases with distance 

from the central axis.   The addition of a high z material into the beam “flattens” the 

flattening filter, decreasing the electron contamination in the buildup region, increasing 

the photon energy, and decreasing the rate of energy change as a function of the distance 

from central axis.   All of these changes were as predicted but a little more pronounced 

than anticipated.   
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4.5.2 Output Factors  

 Below are the output factors, obtained during the beam data collection process for 

the 600 C/D.  Various other slab materials were also included to compare against the 

values obtained for the 2300 iX machined shown in section 4.3. 

Table 4.9 6MV output factors for all compensator materials for field sizes 2-28. 
Field size Open 

 
Aluminum 

2.54cm 
Brass 
1cm 

Brass 
3cm 

Brass 
5cm 

2x2 0.781 0.785 0.783 0.780 0.775 
3x3 0.828 0.830 0.829 0.827 0.822 
4x4 0.865 0.865 0.865 0.861 0.857 
5x5 0.894 0.895 0.895 0.891 0.886 
8x8 0.966 0.965 0.967 0.964 0.960 

10x10 1.000 1.000 1.000 1.000 1.000 
15x15 1.058 1.062 1.064 1.076 1.091 
20x20 1.096 1.107 1.111 1.141 1.175 
25x25 1.125 1.144 1.149 1.201 1.259 
28x28 1.138 1.164 1.168 1.236 1.309 

Figure 4.9 Output factor comparison of the 600C/D 6MV traversing all commissioning slabs. 
 

 

 

600 C/D Output Factors

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Field Size

O
pf

's

Open

Aluminum 2.54cm

Brass 1cm

Brass 3cm

Brass 5cm



 69

The output factors are similar in shape to those of the 2300iX.  All compensators behave 

similar to the open field until reaching 112-122 field size.   Here the scatter tends to be 

heavily dependent on the z of the material, thickness and energy of the beam.  On the 

600C/D, the scatter is not as pronounced as with the 2300iX but this is due to the 

difference in the initial energy spectrum. 

4.5.3 Energy Spectrum 

   The beam characterization for each commissioning slab material is listed below: 

Table 4.10  6MV spectrum change w/ 1 inch Aluminum for field sizes 2-28. 

 

 

Table 4.11  6MV spectrum change w/ 1cm Brass for field sizes 2-28 

 

 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Aluminum 
d10 

Aluminum 
d20 

Ratio 
d20/d10 Al 

% diff 
Al/open 

2x2 1.863 0.974 0.523 1.382 0.728 0.527 0.8 % 
3x3 1.974 1.038 0.526 1.460 0.776 0.532 1.1 % 
4x4 2.062 1.094 0.531 1.523 0.816 0.536 0.9 % 
5x5 2.133 1.146 0.537 1.575 0.855 0.543 1.1 % 
8x8 2.303 1.278 0.555 1.699 0.953 0.561 1.1 % 
10x10 2.385 1.350 0.566 1.760 1.005 0.571 0.9 % 
15x15 2.524 1.487 0.589 1.869 1.110 0.594 0.8 % 
20x20 2.614 1.582 0.605 1.949 1.186 0.609 0.7 % 
25x25 2.683 1.653 0.616 2.014 1.246 0.619 0.5 % 
28x28 2.713 1.686 0.621 2.048 1.275 0.623 0.3 % 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 1cm 
d10 

Brass 1cm 
d20 

Ratio 
d20/d10 Br 

% diff 
B-1/open 

2x2 1.863 0.974 0.523 1.288 0.682 0.530 1.3 % 
3x3 1.974 1.038 0.526 1.363 0.728 0.534 1.5 % 
4x4 2.062 1.094 0.531 1.422 0.767 0.539 1.5 % 
5x5 2.133 1.146 0.537 1.472 0.801 0.544 1.3 % 
8x8 2.303 1.278 0.555 1.589 0.891 0.561 1.1 % 
10x10 2.385 1.350 0.566 1.644 0.941 0.572 1.1 % 
15x15 2.524 1.487 0.589 1.750 1.040 0.594 0.8 % 
20x20 2.614 1.582 0.605 1.827 1.111 0.608 0.5 % 
25x25 2.683 1.653 0.616 1.889 1.169 0.619 0.5 % 
28x28 2.713 1.686 0.621 1.921 1.198 0.624 0.5 % 
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Table 4.12  6MV spectrum change w/ 3cm Brass for field sizes 2-28. 

 
 
 
Table 4.13  6MV spectrum change w/ 5cm Brass for field sizes 2-28. 

 

 

 

 

 

 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 3cm 
d10 

Brass 3cm 
d20 

Ratio 
d20/d10 B-3 

% diff 
B-3/open 

2x2 1.863 0.974 0.523 0.627 0.340 0.542 3.6 % 
3x3 1.974 1.038 0.526 0.665 0.362 0.544 3.4 % 
4x4 2.062 1.094 0.531 0.692 0.380 0.549 3.4 % 
5x5 2.133 1.146 0.537 0.716 0.396 0.553 3.0 % 
8x8 2.303 1.278 0.555 0.775 0.442 0.570 2.7 % 
10x10 2.385 1.350 0.566 0.804 0.468 0.582 2.8 % 
15x15 2.524 1.487 0.589 0.865 0.521 0.602 2.2 % 
20x20 2.614 1.582 0.605 0.917 0.562 0.613 1.3 % 
25x25 2.683 1.653 0.616 0.966 0.600 0.621 0.8 % 
28x28 2.713 1.686 0.621 0.994 0.618 0.622 0.2 % 

Field size Open d10 Open 
d20 

Ratio  
d20/d10 open 

Brass 5cm 
d10 

Brass 5cm 
d20 

Ratio 
d20/d10 Al 

% diff 
B-5/open 

2x2 1.863 0.974 0.523 0.314 0.172 0.548 4.8 % 
3x3 1.974 1.038 0.526 0.333 0.183 0.550 4.6 % 
4x4 2.062 1.094 0.531 0.347 0.193 0.556 4.7 % 
5x5 2.133 1.146 0.537 0.359 0.201 0.560 4.3 % 
8x8 2.303 1.278 0.555 0.389 0.225 0.578 4.1 % 
10x10 2.385 1.350 0.566 0.405 0.238 0.588 3.9 % 
15x15 2.524 1.487 0.589 0.442 0.268 0.606 2.9 % 
20x20 2.614 1.582 0.605 0.476 0.294 0.618 2.1 % 
25x25 2.683 1.653 0.616 0.510 0.316 0.620 0.6 % 
28x28 2.713 1.686 0.621 0.530 0.330 0.623 0.3 % 
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Figure 4.10 Energy deviation of all commissioning slabs as compared to the 6MV open field with     
respect to field size. 

 

 The curves for the brass are similar in appearance.  Notice the maximum change 

in energy spectrum now occurs at the 4 cm field size for all brass compensators.  All 

brass curves have a fairly linear decrease with field size but a slight increase is noticed 

with the 10 cm field size.  The tail of the curve reveals all brass compensators having the 

same value with a 27 cm field size, which is below that found for aluminum.  The 

aluminum compensator has approximate values as found for the 1 cm brass.  The 

aluminum in many ways resembles the reciprocal to that of the 1cm brass in regard to the 

findings above.  The change of energy spectrum decreases at 4cm then remains fairly 

constant until decreasing at a field size of 10 cm.   However, the energy spectrum of 

interest for treatment planning commissioning is the 3cm brass.   
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4.6 ADAC Commissioning 

 The 600CD machine was copied as mentioned earlier in 3.7 and compared with 

the new beam data.  As seen with the Wellhofer scan data in figures 4.4 - 4.8, the profiles 

are quite different and fail with distance from the central axis.   

 The measured data was smoothed by using the Gaussian function.  The noise 

window width was adjusted to 0.09 cm for small field sizes, 0.15 cm for larger field sizes, 

the magnitude cutoff was set to 0.03cm, and the re-sample resolution was set to 0.06 cm.  

The smoothing had to be performed to allow for auto-modeling.  

 All data was auto-modeled using the “E_TuneAllinSections.OptSequence”.  This 

process took over 24 hours to complete.  The results were less than desirable but a good 

place to start.  The “FineTuneECandSpectrum.OptSequence” was ran first to establish the 

electron contamination and try to define the spectrum more accurately.  This had a very 

good agreement of less than 1% compared with measured data at depths deeper than d-

max.  The photon model editor allows for manual adjustment of field parameters.  Under 

the depth dose tab, which adjusts the tail of the energy spectrum, all parameters were left 

as they had been auto-modeled, due to the good agreement.   

The electron contamination for depths less than d-max was well within TG-5330 

recommendation of 20%, but over the 5% obtained by Starkschall et al.29   The auto-

modeling of the energy spectrum of depths less than d-max was within 10% but failed 

with greater field sizes.  The next tab in the photon model editor is the buildup tab, which 

allows for manual adjustments of electron contamination in the buildup region of the 

spectrum by adding electron dose to the photon dose.  The maximum depth of electron 

contamination to the photon beam was set to 2.5 cm, which is 1 cm beyond d-max.  The 
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electron contamination surface dose (D/Flu) which changes the dose for very shallow 

depths was decreased and the depth coefficient [K] (1/cm), which by increasing this value 

decreases the amount of electron contamination at depths beyond the surface, was 

increased until a very good match in the buildup region for all field sizes was achieved.  

All factors were adjusted, but were set back to the original auto-modeled values as little 

change was realized. 

     After very good agreement in regards to the energy spectrum, focus was turned to 

the inplane and crossplane models where the “FineTuneCrossBeam.OptSequence” was 

ran.  Most of the auto-modeling functions take many hours to calculate but manually 

adjusting each parameter would take days.  The inplane and crossplane profiles showed 

overall improvement.  The ADAC still had trouble modeling the off-axis regions of each 

profile.  The in field parameters found under the in field tab in the photon model editor, 

model the flattening filter attenuation and beam hardening characteristics within the 

actual field.  When modeled as a cone, changing the cone radius made little difference.  

Changing the fluence increase/cm and the spectral off-axis softening factor had the 

greatest impact.  The fluence increase/cm changes the magnitude of the off axis profile at 

all distances from the central axis and the spectral off-axis factor changes the value of the 

off-axis profile at large distances from central axis for shallow depths (Starkschall et al., 

2000).  Various iterations of these two parameters yielded unsatisfying results.  Modeled 

as a cone, the best fit came using the 28.5 cone radius, a fluence increase/cm of 0.003 and 

a spectral off-axis softening factor of 0.82.  This achieved good results at depths of 0-20 

cm for a 10x10 field size but greater discrepancies at depth of 30 cm and for larger field 

sizes.  This suggests the need for spectral softening which will increase the value at 
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shallow depths.  The cone model increases the fluence as a linear function of distance 

from central axis.  The actual flattening filter is not linear in shape and therefore changes 

the energy spectrum in a non-linear fashion.  The spectral off-axis softening factor adjusts 

the spectrum of the beam away from central axis with respect to depth.  The problem lies 

again with the structure of the flattening filter.  With the increasing distance from the 

center of the flattening filter, the filter becomes thinner, therefore the spectrum of the 

beam also changes with each incremental distance from the central axis.   

 Not able to achieve satisfying results, the flattening filter was then modeled as an 

arbitrary profile.  The arbitrary profile allows the fluence increase/cm to become a non-

linear function.   Various distances were created that have different incremental fluence 

changes/cm.  The shape of the arbitrary profile should be similar to the shape of the 

actual flattening filter.  The degree of similarity is dependent on the value of the spectral 

off-axis hardening that is determined.  Setting the spectral off-axis softening factor to 

zero achieved the best fit.  The incremental fluence was adjusted using the arbitrary 

profile editor. The incremental fluence was adjusted and various field sizes recalculated 

at a depth of 10 cm until good dose uniformity within the field was achieved.  

The incremental values used for adjusting the off-axis fluence/cm and the shape of the 

arbitrary profile are shown below in figure 4.11. 
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Figure 4.11 Arbitrary profile editor 

 
The penumbra and tails of the beam profiles were then adjusted using the 

parameters listed under the out of field tab in the photon model editor.  The penumbra 

was adjusted by changing the effective source size in the x (perpendicular to gantry axis 

and y (parallel to gantry axis) direction.  These values were set to 0.14 cm for the x and 

0.13 cm for the y direction.  The out of field parameters are modeled by adjusting the 

parameters of the flattening filter scatter source and the transmission factor through the 

secondary collimators.  The flattening filter scatter source is adjusted by changing the 

Gaussian height and the Gaussian width.  Both values are intertwined with each other.  

The ratio of these two factors must be maintained to keep the dose of the in field x and y 

profiles the same.  Changes can also be seen in various field sizes while not in others. 

The iteration of these parameters was quite confusing and painstakingly tedious.  
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Changing of one parameter changes the ratio of the Gaussian height and Gaussian width, 

which changes the ratio of the x and y planar doses within the field and also changes can 

be seen for some field sizes while not in others.  The values of 0.225 Gaussian height and 

5.0 Gaussian width needed to obtain a good fit of the tail for all field sizes resulted in 

poor agreement within the field.   The planar profiles had differences in dose between the 

x and y profiles of 1.8% with the 15x15 and 20x20 field size.  It was decided to keep the 

in field parameters as accurate as possible and allow larger errors outside the field due to 

the increased scatter contribution from the compensator.  The Gaussian height was set to 

0.03 and the Gaussian width set to 1.3.  This resulted in very good in field agreement 

between the x and y profiles for all field sizes to within +/- 0.2%.  The tail was 

normalized at depth of 10 cm for a 10x10 field size by setting the x and y jaw 

transmission to 0.03, realizing the overestimation at smaller field sizes and the 

underestimation for larger field sizes.   

 A fluence grid resolution of 0.40 cm was used and a 50x50 phantom size was 

used for calculation under the phantom tab of the photon model editor.   

A list of the treatment parameters used in this beam model for a 3cm brass slab 

are listed below in table 4.14.   
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Table 4.14  ADAC photon model parameters. 
Buildup Values
Maximum depth (cm) 2.5 
EC surface dose (D/Flu) 0.32 
Depth coefficient [K] (1/cm) 2.5 
Off axis Coef [OAC] (1/rad2) 0 
DF 0.0026 
SF 0.8465 
C1 (D/Flu) 0.0095 
C2 (D/Flu) 0.0507 
C3 (1/cm) 0.3767 
In Field   
“Arbitrary profile”  
Spectral off-axis softening factor 0 
Out of Field  
x (perpendicular to gantry axis) (cm) 0.14 
y (parallel to gantry axis) (cm) 0.13 
Guassian height 0.03 
Guassian width 1.3 
Jaw transmission 0.03 
Phantom  
Fluence grid resolution (cm) 0.40 
Phantom size-lateral (cm) 50 
Phantom size-depth (cm) 50 

 

All field sizes and depths were examined to assure conformance to TG-53 

guidelines.  The maximum deviation for each field size and depth was recorded and listed 

below in table 4.15. 
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Table 4.15 Maximum deviation between measured and calculated profiles. 

 
        After a sufficient model was accepted, the output factors obtained during the beam 

data collection process section 4.5.2 listed for the 3cm brass, had to be entered into the 

output factor section in the photon physics tools.  Once calculated, the 600C/D machine 

was then commissioned in ADAC.  The beam model will then be validated to assure the 

correct dose is being delivered. 

4.7 Beam Validation 

   4.7.1 Ion Chamber Measurements 

The doses calculated for various field sizes and depths by ADAC using a SSD 

technique as compared to the actual measurements taken with an ion chamber were as 

follows: 

 

 

 

 

 

 

 In Field Out of field 
Field 
Size 

d-max Max. dev 
d=1.5 

Max. dev 
d=10 

Max. dev 
d=30 

Scatter 
Dose 

Max dev 
% 

2x2 1.37 1.38 % 1.04 % -0.94 % 1.13 2.17 
3x3 1.40 -1.44 % -0.67 % -0.34 % 1.8 2.17 
4x4 1.37 -0.28 % -0.43 % 0.93 % 2.45 2.04 
5x5 1.37 0.23 % 0.39 % 1.51 % 3.42 1.63 
8x8 1.37 -0.37 % 0.44 % 1.05 % 4.78 0.39 
10x10 1.31 -0.30 % 0.25 % 1.07 % 5.23 0.0 
15x15 1.37 -0.47 % -0.57 % 0.79 % 6.32 -1.77 
20x20 1.31 -0.70 % -0.51 % 0.93 % 9.82 -4.36 
25x25 1.31 0.93 % -0.59 % 0.78 % 12.18 -6.00 
28x28 1.25 1.34 % 0.80 % 0.93 % 13.12 -6.67 
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Table 4.16 ADAC calculated dose relative to measured dose in cGy. 
 d=1.5 d=10 d=20 

Field Size Adac Ion  % Adac Ion  % Adac Ion  % 

5x5 92.3 91.2 -1.2 58.5 58.9 0.7 32.3 32.8 1.5 

10x10 97.5 97.4 -0.1 65.8 66.1 0.5 38.0 38.6 1.6 

15x15 102.0 102.3 0.3 70.6 71.2 0.8 42.3 42.9 1.4 

20x20 106.6 107.5 0.8 74.9 75.4 0.7 45.9 46.4 1.1 

25x25 111.0 112.8 1.6 78.8 79.4 0.8 49.0 49.3 0.6 

 

The above was calculated using the following formula derived from TG-51: 

(Rdg)(Ctp)(Ppol)(Pelec)(Pion)(KQ)(ND,W)(Opf)/(Tf10x10) = Dose 

where: 

Rdg:  the raw electrometer reading. 
Ctp:    the temperature, pressure correction for the chamber. 
Ppol:   the polarity correction factor which takes into account any polarity effect in     

chamber response. 
Pelec:  the electrometer calibration factor 
Pion:   the recombination correction factor which takes into account the incomplete 

collection of charge to the chamber. 
KQ:    the quality conversion factor which accounts for the change in the absorbed dose to   

water calibration factor between the beam quality of interest and the calibrated 
beam quality usually Co-60. 

ND,W:  the absorbed dose to water calibration factor for an ion chamber located under 
reference conditions. 

Opf:  the difference of the known output and the effective output for a given machine. 
Tf10x10:  the transmission factor for the 3cm brass slab referenced to a 10x10 cm field 

size. 
 

The temperature was 20.5 C and the barometric pressure was 737.0 mmHg, which 

calculates to 1.026 Ctp.  The ion chamber and ADAC calculations are in good agreement 

with a -1.2% to +1.6% range.  The ion chamber tends to be slightly higher as a whole 
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than the ADAC plan.  The percentage of dose is a little miss leading with the relatively 

low readings.  The highest discrepancy in regards to dose is 1.8 cGy at d-max.  The 

highest discrepancy in dose at 10 cm depth is 0.6 cGy and 0.7 cGy for 20 cm depth.  The 

change in the energy spectrum is noticed with the change of field sizes with varying 

depths.  

4.7.2 MapCheck Measurements 

 The results for calibration 1 using the open field array calibration and the 

compensator for the dose calibration were as expected.  The central axis agreement was 

good but the dose began to drift with distance to the periphery.  The dose began to round 

in the field corners.  The horns were again visible in the array calibration file. 

 
Figure 4.12  Mapcheck array calibration  (Right) calibration 1 (Left) calibration 2 

 

Calibration 2 using the brass compensator for the array and the dose calibration, 

gave excellent results.  The profiles flattened becoming more representative of the actual 

dose  delivered.  The dose off axis was in very agreement to the planar dose expected 
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with the planar dose model of ADAC.  The dose was very well represented in the corners 

and edges.   

 Using the calibration 2 file for comparison to the ADAC planar doses, all field 

sizes were in excellent agreement within the field, with no point failures.  The 20x20 and 

25x25 field sizes began to fail outside the field due to the ADAC model’s inability to 

match the tail of the curve while keeping the dose inside the field accurate as mentioned 

in section 3.8.   Changing the threshold from 10 to 15 for the 15x15 field size and larger, 

solved this problem.  The threshold value allows one to exclude detectors that are outside 

the area of interest.  The default value is 10, which means that detectors which fall within 

the 0-10% normalized values will be excluded (Mapcheck, 2004).  Mapcheck results for 

all field sizes are shown below. 

 

 
      Figure 4.13 Mapcheck results for a 5x5 field size 
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      Figure 4.14 Mapcheck results for a 10x10 field size 
 
 

 
      Figure 4.15 Mapcheck results for a 15x15 field size 
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      Figure 4.16 Mapcheck results for a 20x20 field size 
 
 

 
     Figure 4.17 Mapcheck results for a 25x25 field size 
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 The central axis measurements were in good agreement, with a total range of  

2.8 cGy and normalized to a 10x10 field size with 5x5 and 25x25 cm field size resulting 

in -1% and +1.8% , respectively.   

Table 4.17  ADAC calculated and Mapcheck measured doses. 
 

 

 

 

 

 

 

  
 

Chapter 5 Discussion 

5.1 The problem 

 The implementation of solid compensators for IMRT was quite painless with a 

“turn key” operation, which is optimal given the shortage of medical physicists in 

radiation oncology at the present time.  It was noticed that the validation of dose while 

using the Mapcheck system was approximately 3-7% low.  After further investigation 

and many phone calls later, it was discovered that many centers across the country were 

experiencing the same results.  Many of these centers have built in “fudge factors” for 

validation of dose when using solid compensators.  For field sizes up to approximately 12 

cm the factor used is 3%, for field sizes approximately 12-20cm, the factor used is 5% 

and larger field sizes may see a factor of 7%.  These are just approximations of the 

“fudge factor system” used, but highly representative of the problem.  The factors seem 

 d=10, 100 SAD 

Field Size Adac Mapcheck % 

5x5 70.4 69.69 -1.0 

10x10 78.6 78.59 -0.01

15x15 84.3 84.95 0.77 

20x20 89.3 90.81 1.69 

25x25 94.0 95.67 1.78 
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to be independent of the vendor of the treatment planning system, linear accelerator 

and/or validation system used, indicating more of a systematic error. 

5.2 The investigation 

Due to the distance, the first work was performed on the 2300iX.  It was these 

experiments that gave insight to the extent of the change of the energy spectrum and 

increase in scatter contribution evident in the drastic increase in output factors.  The 

initial experiment with aluminum demonstrated a 1.26% change in the energy spectrum 

with a relatively low z material.  The next experiment demonstrated a 1.8% change of the 

energy spectrum through a 1cm brass slab, 4.3% through a 3cm brass slab and 6% 

through a 5cm brass slab at smaller field sizes.  On the contrary, the output factors for the 

higher z material and greater thickness increased rapidly at field sizes greater than 12 

cm2.  Increases as compared to an open 6MV field, were on the order of 3%, 11%, and 

17% for 1cm, 3cm and 5cm brass, respectively.  The possibility of premature exposure 

termination due to backscatter contribution from the compensator to the ion chamber in 

the treatment head of the linac, was also explored and found to be negligible to non-

existent.  After evaluating the above results it was determined that the 3cm brass was the 

thickness of interest.  It was these exploratory experiments that gave the study direction 

and merit. 

Many physicists believe that “6x is 6x is 6x”.  Again, due to the logistics and the 

availability of a 2100C linear accelerator, it was believed that much of the research and 

beam modeling could be performed on the 2100C locally, with spot checks performed on 

the 600C/D (90 miles away) for beam validation.  In other words, the beam model should 

be basically the same with some minor tweaking.  After scanning open fields, all 
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compensators and a brass wedge, over 700 scans later, and importing to ADAC, this was 

found not to be the case.   

A Varian service representative, while decommissioning the 2100C, explained 

that the flattening filter is designed differently for the two accelerators.  There are various 

flattening filter shapes and material compositions between Varian linac models.  Also due 

its low energy, the Varian 600C/D incorporates a magnetron instead of a klystron and the 

accelerator structure is vertical to the patient support assembly therefore the beam does 

not pass through a bending magnet.  The lack of a bending magnet causes the beam to 

have a broader energy spectrum, on the order of +/-3% as opposed to +/- 1% achieved 

with the 270º bending magnets.   

The Wellhofer and all the physics equipment was taken to the satellite facility for 

scanning over the weekend.  Upon initial scanning it was realized that the flatness of the 

beam was off by 1.2% in the x direction and 0.5% in the y direction, within specifications 

but not ideal.  Approximately 170 scans were performed, imported to ADAC and 

confirmed not to be suitable for commissioning.  The Varian service representative was 

contacted and arrangements were made to adjust the flatness the following weekend. 

The scans were then performed, first scanning open fields for comparison and 

then introducing a 3 cm brass slab into the beam.  The scans demonstrated striking 

differences in the fluences across the beam and especially true for depths 10cm and less.  

It was also noticed that the energy for this 6MV beam is softer than expected.  D-max is 

now shifted to approximately 1.3 cm and the %dd at 10 cm is 65.8%.  This softening of 

the beam resulted in variation of the spectrum and the fluence.  When compared to the 
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2300iX, the output factors and the change in the energy spectrum is lower for the 

600C/D.   

The scans were later imported to ADAC Pinnacle.  ADAC had trouble modeling 

the beam.  There are no models for traversing solid compensators.  The auto-modeling 

functions were performed.  The beam was then manually adjusted using the photon editor 

tool.  The spectrum was modeled first, then the cross plane models.  The profiles were 

difficult to model due to the beam hardening and increased scatter contribution outside 

the field.  The off-axis spectrum is not linear across the field.  The arbitrary profile editor 

had to be used to account for these changes.  The shape of the arbitrary profile mimicked 

the actual shape of the flattening filter.  When using a high off-axis spectrum such as 4.9, 

the shape of the profile was more pronounced, when using 0 for the spectrum the shape 

became less pronounced.  Then remembering the conversation with the Varian 

representative concerning the difference in the shape of the flattening filter between 

accelerators, and realizing how the arbitrary profile, which changes the energy spectrum 

as a function of distance across the field takes the shape of the actual flattening filter, one 

would have to reassess the rationale of “6x is 6x is 6x”.  Once a good fit to all field sizes 

and depths was achieved, the treatment planning system was commissioned.   

The accuracy of the ADAC Pinnacle was then verified with an ion chamber in a 

water phantom and validated using the Sun Nuclear Mapcheck device.  The ion chamber 

readings were within the 2% required.  During the calibration of the Mapcheck, another 

possible problem was realized.  If the array calibration is not performed with a solid 

compensator in place, then the array calibration will cause the device to underestimate the 

dose to the periphery.  Most dose point failures during solid compensator QA happens 
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around the periphery of the beam.  The range of the dose accuracy was 2.8%, which is a 

vast improvement. 

Chapter 6 Conclusion and Future Work 

6.1 Conclusion 

 The availability of IMRT to all areas of the world by way of solid compensators is 

a wonderful thing.  Solid compensator IMRT is shown also to achieve better dose 

uniformity than the conventional MLC based IMRT.  That said, the use of solid 

compensators in the clinic needs to be seriously evaluated by the physicist and clinician.  

The change of the energy spectrum and scatter contribution should be thoroughly 

understood and not taken lightly.  Photons traversing a high z material changes the 

characteristics of the beam and should be commissioned as such.   

 Due to the high dependence of the energy fluence to the shape of the flattening 

filter and the initial energy of the beam, each beam should be scanned, commissioned and 

validated, accordingly.  Small variances in energy usually do not affect an open field, but 

when traversing a high z material, larger variances can be observed, especially in the off-

axis spectrum.  The highest difference in dose occurs at depths shallower than 10cm, the 

area where most tumors are treated.   

 The majority of treatment planning systems use data look-up tables for dose 

calculation.  ADAC is model based and therefore has a real need for scanned solid 

compensator beam profiles to be entered and commissioned.   

 The Mapcheck array and dose calibrations need to be performed with a solid 

compensator in place to achieve the correct dose profiles.  Calibration of the array in an 
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open field can over exaggerate the expected dose to the periphery resulting in dose failure 

due to “cold spots” around the periphery of the beam. 

 

6.2 Future Work 

 All commissioning and dose validation was performed for this work while using a 

solid 3cm brass slab.  The actual compensators used for patient treatments are sculpted 

for dose modulation to various thicknesses.  It is still uncertain what the median thickness 

of the compensators will be.  Constant evaluation of the solid compensator IMRT QA 

over time will provide valuable information for possible tweaking of the model.   

 Further investigation of the true effects of the beam parameters located within the 

photon model editor in ADAC, may provide a closer fit for out of field scatter. 

The C1, C2, and C3 functions which change the electron contamination with field size 

may help model the change of the of the off-axis hardening seen between field sizes. 

 The actual Mapcheck device will be scanned in CT and the images exported to 

ADAC, for better dose validation.  The Mapcheck device would then be used for dose 

calculation instead of the water phantom used for this study.  ADAC should be capable of 

calculating for the different inherent densities overlying the diode detectors and therefore 

calculating the expected dose measured. 
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IMRT with Compensators for Head-and-Neck Cancers 
Treatment Technique, Dosimetric Accuracy, and Practical Experiences 

Henning Salz, Tilo Wiezorek, Marcel Scheithauer, Michael Schwedas, Jochen Beck, Thomas Georg Wendt1 

Background and Purpose: With three-dimensional conformal intensity-modulated radiotherapy (3D-c-IMRT) a heterogeneous 
dose distribution can be achieved in both planning treatment volume and in adjacent normal tissues and organs to be spared. 
3D-c-IMRT demands for modified photon fluence profiles which can be accomplished with different techniques. This report deals 
with the commissioning of metal compensators and the first experiences in clinical use. Dosimetric accuracy, dose coverage and 
practical experience like treatment delivery time, monitor units and dose outside the treated volume are evaluated. 
Patients and Methods: From January 2002 to April 2004, 24 patients with head-and-neck cancers were treated with 3D-c-IMRT 
using tin-wax compensators. The dose prescription included a simultaneously integrated boost (SIB). High-dose volume was ir-
radiated with 60–70 Gy (median 66 Gy), low-dose volume with 48–54 Gy (median 52 Gy) administered by a standardized sev-
en-portal coplanar beam arrangement. Dose at one parotid gland was aimed at 26 Gy. The compensators used consisted of tin 
granules embedded in wax; recalculation was performed with compensators made of the alloy MCP96 as well. 
Results: In 21 of 24 patients 3D-c-IMRT with tin-wax compensators reduced the median dose to one parotid gland to < 30 Gy. 
Recalculation with compensators with higher density which allowed higher attenuation revealed better protection of the parotid 
gland. The treatment delivery time per fraction was between 6 and 12 min (plus time for patient positioning), approximately 300 
MU per 2 Gy were applied. The dose outside the treated volume was increased with regard to open fields and comparable with a 
physical wedge of 15–30°. Quality assurance and treatment of patient were fast and simple. It was shown, that calculated dose 
distribution corresponded to measured dose distribution with high accuracy. 
Conclusion: The described method offers facilities for a good dose coverage of irregular target volumes with different prescribed 
doses and a considerable dose reduction in adjacent organs at risk. The dose sparing of organs at risk can be further improved, if 
a compensator material with higher density is used. 

Key Words:  Intensity-modulated radiotherapy · Compensators · Dose coverage · Quality assurance · Treatment 
delivery time 
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IMRT mit Kompensatoren für Kopf-Hals-Tumoren. Bestrahlungstechnik, dosimetrische Genauigkeit und 
praktische Erfahrungen

Hintergrund und Ziel: Mit der dreidimensionalen konformalen intensitätsmodulierten Strahlentherapie (3D-c-IMRT) kann eine 
heterogene Dosisverteilung sowohl im Planungszielvolumen als auch in benachbartem Normalgewebe und zu schonenden Organen 
erreicht werden. Die 3D-c-IMRT erfordert modifizierte Photonenfluenzprofile, die mit verschiedenen Technologien zustande ge-
bracht werden. Diese Arbeit befasst sich mit der Erprobung der Metallkompensatoren und den ersten Erfahrungen in der klinischen 
Anwendung. Dosimetrische Genauigkeit, Dosiserfassung und praktische Erfahrungen wie Bestrahlungszeit, Monitoreinheiten und 
Dosis außerhalb des bestrahlten Volumens werden beurteilt. 
Patienten und Methodik: Von Januar 2002 bis April 2004 wurden 24 Patienten mit einem HNO-Tumor mit der 3D-c-IMRT-Technik 
mit Zinn-Wachs-Kompensatoren behandelt. Die Dosisverordnung schloss einen gleichzeitigen integrierten Boost ein. Das Hoch-
dosisvolumen wurde mit 60–70 Gy (median 66 Gy), das Niedrigdosisvolumen mit 48–54 Gy (median 52 Gy) mit einer koplanaren 
standardisierten Sieben-Felder-Technik behandelt. Die Zieldosis an einer Glandula parotidea betrug 26 Gy. Die verwendeten Kom-
pensatoren bestanden aus Zinngranulat, eingebettet in Wachs; zudem wurden Neuberechnungen mit Kompensatoren aus einer 
MCP96-Legierung durchgeführt. 
Ergebnisse: Für 21 von 24 Patienten reduzierte die 3D-c-IMRT mit Zinn-Wachs-Kompensatoren die Mediandosis für eine Glandula 
parotidea auf < 30 Gy. Eine Neuberechnung mit Kompensatoren höherer Dichte, die eine höhere Schwächung ermöglichen, ergab 
eine bessere Schonung der Glandula parotidea. Die Behandlungszeit pro Fraktion betrug 6–12 min (zuzüglich Patientenlagerung); 
etwa 300 MU wurden für 2 Gy appliziert. Die Dosis des Patienten außerhalb des bestrahlten Volumens war gegenüber offenen 
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Introduction 
Since their introduction, modulators have been mostly used to 
generate a uniform dose distribution on a specified plane in-
side of the patient. For calculation of the compensator design 
missing tissue or internal tissue inhomogeneities have been 
taken into account [7, 12, 21]. By contrast, for three-dimen-
sional conformal intensity-modulated radiotherapy (3D-c-
IMRT) a compensator is used as a beam intensity modifier to 
achieve the photon fluence distribution generated by the in-
verse planning procedure [6, 15, 20]. 

The use of modulators allows for safe and easy-to-handle 
high-quality IMRT. It was shown, that calculation of dose dis-
tribution can be realized very exactly [23, 29]. Furthermore, 
the spatial resolution can be chosen very high and a sufficient 
quality assurance management can be realized fast and simple. 
A detailed overview is given in [5]. 

From January 2002 to April 2004, 24 patients with head- 
and-neck cancers were irradiated with the use of compensa-
tors. 23 of them had been irradiated with a “simultaneously 
integrated boost” (SIB). 

This article describes the used compensator technolo-
gies including the dosimetric accuracy, the results of the qual-
ity assurance measurements, and the practical experiences 
gained. In addition, the dose distributions achieved will be 
analyzed. 

Patients and Methods 
Treatment Planning 

For the treatment planning procedure and dose calculation 
the three-dimensional treatment planning system Helax®-TMS 
(Nucletron B.V., Veenendaal, The Netherlands), a modula-
tion-matrix software tool Modifix® (Bebig Isotopen- und 
Medizintechnik, Berlin, Germany) and, since 2004, the IMRT 
application KonRad® (Siemens OCS, Heidelberg, Germany) 
were used. 

First, planning treatment volumes as well as organs to be 
spared are defined in contiguous axial computed tomography 
slices of the volume of interest in Helax®-TMS. The following 
total dose prescriptions were made: high-dose planning target 
volume (PTV): 60–70 Gy (median 66 Gy), low-dose PTV: 
48–54 Gy (median 52 Gy), median dose at one parotid gland: 
26 Gy. 

Second, the isocenter as well as the field arrangement and 
geometry are defined. Planning was performed using the in-
verse treatment planning module of Helax®-TMS. Helax gen-
erates dose profiles which steer the milling machine [1, 2, 9]. 
According to other publications [3], a detailed validation of 
the algorithm had been performed, which has been reported 
previously [23]. This included the use of well-defined compen-
sators like wedges, stripes, and special steps. 

For the treatment planning of 3D-c-IMRT the inverse 
treatment planning module of Helax®-TMS was felt subopti-
mal. Both speed and results of the automated optimization 
process did not completely meet clinical demands. Additional 
manual optimization steps carried out by an experienced 
physicist resulted in improved dose distribution. 

From April 2004 on, the inverse planning tool of Helax®- 
TMS was replaced by the commercially available stand-alone 
IMRT application program KonRad®. Using the calculated 
fluence profiles, depth profiles of the compensator and dose 
distribution were furthermore calculated with Helax®-TMS. 
A typical treatment plan is shown in Figure 1. 

Compensator Set-up and Manufacturing 
The use of compensators in clinical routine has to allow for 
accurate dose delivery and sufficient quality assurance man-
agement. Extra time needed for treatment planning and 
manufacturing should be acceptable. 

The compensators consist of tin granules embedded in 
wax. Tin granulate is recommended for compensators, be-
cause it is easy to handle, recycable and homogeneous. 

After completing the treatment planning, the thickness 
value matrix is entered into the programmable milling ma-
chine AUTIMO 3D® (Bebig Isotopen- und Medizintechnik). 
This system cuts the shape of the compensation filter into a 
styrofoam block. The matrix pixel size (3 mm in source-com-
pensator distance) and divergence of the beam have been 
taken into account. A typical compensator profile is shown in 
Figure 2. The maximum thickness of a compensator amounts 
to 40 mm. 

Pretreatment Quality Assurance 
The pretreatment quality assurance encompassed the plan-
ning system, the accuracy of the compensator manufacturing 

Feldern erhöht und vergleichbar mit einem physikalischen Keil von 15–30°. Qualitätssicherung und Patientenbestrahlung waren 
einfach und schnell. Es wurde gezeigt, dass berechnete und gemessene Dosisverteilung mit sehr hoher Genauigkeit überein-
stimmten. 
Schlussfolgerung: Die beschriebene Methode ermöglicht eine gute Dosiserfassung irregulärer Zielvolumina mit unterschiedlicher 
verordneter Dosis und eine beträchtliche Dosisreduktion in angrenzenden Risikoorganen. Die Dosisschonung der Risikoorgane 
kann weiter verbessert werden, wenn ein Kompensatormaterial mit höherer Dichte verwendet wird. 

Schlüsselwörter:  Intensitätsmodulierte Strahlentherapie · Kompensatoren · Dosiserfassung · Qualitätssicherung · 
Bestrahlungszeit
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including the characteristics of the compensator material, and 
the accuracy of the quality assurance methods used. 

The checks of the milling process were carried out manu-
ally and included accuracy of the depth, position of the central 
axis, and the divergence. Additional checks of some important 
characteristics of the absorbent material like homogeneity 
had been done with a number of plane compensators. For 
these measurements phosphorizing screens (AGFA digital 
storing system) and films (Kodak X-omat® and EDR2®) had 
been used. 

For dosimetric quality assurance, line doses in water (ion-
ization chambers, PTW Freiburg, Germany) and two-dimen-
sional dose distributions (film Kodak X-omat® and EDR2®, 
Kodak and Array seven29®, PTW Freiburg) are measured 
[28]. The analysis of two-dimensional distributions was real-
ized with an in-house developed software [31].

The checks of the planning system were performed with 
even and extremely shaped compensators. In addition, some 
final checks with “typical clinical” compensators had been 
performed. Finally, for an anthropomorphic phantom a com-
plete treatment plan was calculated and dose distribution 
achieved was compared with that measured with ionization 
chambers and thermoluminescent rods calibrated specifically 
for compensators. 

Quality Assurance in Routine 
For compensators used for clinical treatments, the dosimetric 
quality assurance program had been simplified depending on 
the available technical equipment and increased experiences. 
At the beginning, we checked line dose distributions of each 
compensator field. These measurements had been replaced by 
at least two point dose measurements per field with ionization 
chambers in a flat phantom. The implementation of the soft-
ware Verisoft@ (PTW Freiburg) allowed for analysis of film 
measurements and dosimetric quality assurance with high spa-
tial resolution. 

After getting confidence in the accuracy and reproduc-
ibility of different steps described above, for routine use of 
compensators the quality assurance program comprises: 
(1)  manual check of depth and position during manufacturing 

a compensator; 
(2)  an X-ray picture (6 MV) with film, later with a phosphoriz-

ing plate to assure that a compensator is not erroneously 
used with a wrong field; 

(3)  one point dose measurement in the high-dose region on a 
three-dimensional phantom after recalculation. This phan-
tom is rebuilt similar to a phantom reported by Rhein et al. 
[22]. 

Treatment Delivery 
The treatments were performed with an accelerator Mevatron 
KD2 (Siemens Medical Systems) without multileaf collima-
tor. The compensators are positioned on a tray with a code 
to identify the compensator. This tray code is verified by 

the therapy verification system LANTIS® (Siemens Medical 
Systems). 

Additionally, the treatment delivery time per fraction 
(without patient positioning) was analyzed retrospectively. 

Figure 1. Dose distribution of a cancer of tonsils. The prescribed doses 
are 66 Gy (= 100%, high-dose planning target volume) and 52.8 Gy 
(low-dose planning target volume). The 95% isodose line circum-
scribes the planning target volume; the maximum dose of the spinal 
cord is approximately 40 Gy. 

Abbildung 1. Dosisverteilung eines Tonsillenkarzinoms. Die verschrie-
bene Dosis beträgt 66 Gy (= 100%, Hochdosis-Planungszielvolumen) 
und 52,8 Gy (Niedrigdosis-Planungszielvolumen) Die 95%-Isodosis-
linie umschreibt das Planungszielvolumen; die Maximaldosis des 
Rückenmarks beträgt ca. 40 Gy. 

Figure 2. Milled compensator profile. The added holes mark the laser 
position. 

Abbildung 2. Gefrästes Kompensatorprofil. Die zusätzlichen Bohrun-
gen markieren die Position des Lasers. 
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The treatment delivery time is the time elapsed from the be-
ginning of the first field irradiation to the end of the last field 
irradiation. We analyzed the mean value of fraction 6, 12, and 
18 of every patient irradiated in the Lantis® treatment record 
& verify system (Siemens Medical Systems).

Patient Accrual
In a pilot phase selected patients with advanced squamous cell 
cancer of the head and neck (bilateral PTV, curative inten-
tion, PTV extension to the base of scull) were irradiated using 
the 3D-c-IMRT performed with compensators. Quantitative 
analysis of PTVs was made using dose-volume histograms 
(DVHs).

Results 
Treatment Planning 

Table 1 shows details and the results of the treatment planning 
procedure for 24 patients treated with tin-wax compensators.   

In April 2004 compensators made of the low melting alloy 
MCP96 which allow higher attenuation (up to 84%) were in-
troduced in the department. Retrospectively, the treatment 
plans of seven randomly selected patients treated with tin-wax 
compensators were recalculated using MCP96. As shown in 
Table 2, coverage of PTVs and dose sparing of organs at risk 
can be improved with this material. 

Figure 3 shows the DVHs obtained by either tin-wax or 
MCP96 compensators for a patient with cancer of the naso-

pharynx. The doses prescribed are: 
PTV1: 66 Gy, PTV2: 52.8 Gy. Curves of 
PTV2 end at 66 Gy. This is due to the 
policy of designing the PTVs: PTV1 is 
encompassed by PTV2; tail of the curve 
of PTV2 represents voxels lying next to 
PTV1. Tail of the curve of PTV2 does 
not exceed 66 Gy, which means hot spots 
are lying all within the boundaries of 
high-dose volume. 

Due to manual changes of the cal-
culated fluence maps mandatory to 
achieve acceptable dose distribution with 
Helax®-TMS alone, treatment planning 
took 4–8 h. After implementation of 
KonRad®, time for treatment planning 
process was shortened to 1–2 h. 

Quality Assurance 
As shown, compensators consisting of 
tin granules embedded in wax have a 
sufficient homogeneity and allow for 
reproducible results (see [24]). So, for 
example, all compensators of a set of 16 
compensators with a homogeneous flu-
ence distribution revealed a deviation 
of central axis dose of ≤ 1.5%. Similar 
measurements had been carried out 
with the low melting alloy MCP96 as 
well. The measurements of line doses in 
water as well as two-dimensional mea-
surements with film and phosphorizing 
plates show a high homogeneity for 
compensators with different depths. 
There are no dose deviations due to in-
homogeneities exceeding 2% of the tar-
get dose. 

The checks of the milling process re-
veal that the shape of the compensators 
profile can be manufactured with an ac-
curacy of depth of 0.5 mm. In any case, 

Table 1. Details and results of the treatment planning of 24 patients with head-and-neck cancer 
irradiated with tin compensators. PTV: planning target volume. 

Tabelle 1. Details und Ergebnisse der Bestrahlungsplanung von 24 Patienten mit Kopf-Hals-
Tumor, behandelt mit Zinnkompensatoren. PTV: Planungszielvolumen. 

Dose prescription
Patients (n) 24
Patients with “integrated boost” (n) 24
Prescribed dose in high-dose PTV 60–70 Gy, median 66 Gy
Dose per fraction in high-dose PTV 1.8–2.5, mostly (n = 21) 2.0
Prescribed dose in low-dose PTV 48–54 Gy, median 52 Gy
Treatment technique
Number of fields (without field for lower neck) Mostly 7
Separate field for lower neck 12
Dose distribution
Coverage high-dose PTV (D95, D90) Median 88%/96%
Coverage low-dose PTV (D95, D90) Median 90%/96%
Dose parotid gland (contralateral) Median 26.2 Gy
 1 patient 46.8 Gy (high-dose  
 volumes next to both glands)
 2 patients > 30 Gy and < 32 Gy
 21 patients < 30 Gy
Dose maximum spinal cord (including margin 5 mm) 35.5–43.5 Gy, median 39.8 Gy
Monitor units per 2 Gy (separate fields for lower neck not included) 263–326 MU

Table 2. First results of the treatment planning with KonRad® and MCP96 compensators com-
pared with tin compensators. Seven patients were recalculated. 

Tabelle 2. Erste Ergebnisse der Bestrahlungsplanung mit KonRad® und MCP96-Kompensato-
ren, verglichen mit Zinnkompensatoren. Sieben Patienten wurden nochmalig berechnet. 

 Compensator  Compensator
 (tin granules + wax)  (MCP96)

IM range (photons 6 MV) 45–100% 16–100%
Inverse planning Helax®-TMS KonRad®
Manual changes of fluence profile after inverse planning Yes No
Coverage high-dose PTV (D95, D90) Median 87%/96% Median 93%/99%
Coverage low-dose PTV (D95, D90) Median 88%/96% Median 89%/96%
Dose contralateral parotid gland Median 26.3 Gy Median 23.8 Gy
Monitor units per 2 Gy (separate fields for lower neck  263–314 343–436
not included)
Additional block shielding Yes (recommended) No
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the accuracy of the position relative to 
the central axis is 1 mm or better at the 
isocenter. 

Before clinical use of compensators, 
the dose calculation algorithm with a 
validation instruction and additional flu-
ence profiles was checked. We compared 
monitor units and dose distribution for 
flat and for extremely formed compen-
sators. Figure 4 shows a comparison of 
an “extreme” compensator with high 
dose gradients. The dose deviation is 
< 4% (related to local dose) even in this 
case. The further compensator measure-
ments (wedge-like, “clinical”) confirm 
this result. 

Finally, we carried out a final check 
with an anthropomorphic phantom. This 
included treatment planning, compensa-
tor manufacturing, quality assurance, 
and irradiation of the phantom. Inside of 
the phantom thermoluminescent rods 
had been placed and analyzed. The re-
sults of the measurements with 21 ther-
moluminescent rods and MCP96 com-
pensators are shown in Figure 5. Because 
of the results of the pretreatment quality 
assurance we decided to use compensa-
tor for clinical irradiation. 

The dosimetric quality assurance in 
clinical routine was carried out with line 
dose measurements, later with radio-
graphic films in a flat phantom. It can be 
summarized, that deviations amount to 
≤ 3% in the high-dose region, except for 
dose gradients. The deviations are found 
to be larger (up to 6%) for small areas 
(< 2 cm × 2 cm) with a much higher or 
lower fluence. 

Treatment Delivery 
Treatment delivery with compensators 
is comparable to irradiations with blocks 
or physical wedges. For small target vol-
umes it is possible that one compensator 
contains the fluence profiles of two 
asymmetric fields, so the treatment room 
must be entered after two consecutive 
portals have been irradiated. Such “two- 
field compensators” were used in eleven 
patients. Irradiations with compensators 
take between 6 and 12 min per fraction 
(median 9 min; time for patient position-
ing not included). 
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Figure 3. Dose-volume histogram of a patient with nasopharyngeal carcinoma, planned with 
tin granulate compensators (dotted line) and MCP compensators (solid line). Both materials 
allow a sufficient dose distribution, but with MCP96 the coverage of the planning target vol-
ume and the dose sparing of the left parotid gland can be improved. 

Abbildung 3. Dosis-Volumen-Histogramm eines Patienten mit Nasopharynxkarzinom, geplant 
mit Zinngranulatkompensatoren (gepunktete Linie) und MCP96-Kompensatoren (durchgezo-
gene Linie). Beide Materialien ermöglichen eine hinreichende Dosisverteilung, aber mit MCP96 
können die Erfassung des Planungszielvolumens und die Dosisschonung der linken Glandula 
parotidea verbessert werden. 
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Figure 4. Comparison of measured (line) and calculated (small circles) line doses with MCP96 
compensators in water. The following parameters were used: field size 22 cm × 22 cm, energy 
6 MeV, source-surface distance 90 cm. 

Abbildung 4. Vergleich zwischen gemessener (Linie) und berechneter (kleine Kreise) Liniendo-
sis mit MCP96-Kompensatoren in Wasser. Folgende Parameter wurden verwendet: Feldgröße 
22 cm × 22 cm, Energie 6 MeV, Quelle-Oberflächen-Abstand 90 cm. 
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A point which should not be ignored is the dose outside 
the target volume. That is why we measured the line dose in 
water and in air beginning from the isocenter toward far out-
side the fields. The results in Figure 6 show, that compensators 
increase the dose outside the field. This amounts to a factor 
between 2 and 3, depending on the depth and the material of 
the compensator. 

The additional dosage corresponds to the monitor units: 
with tin-wax compensators we calculated between 263 and 326 
MU per 2 Gy; with compensators consisting of MCP96 be-
tween 343 and 436 MU are needed (see Table 2). 

Discussion 
According to other methods of 3D-c-IMRT (overview [28], 
clinical and biological examples [8, 11, 26]), with compensa-
tors a prescribed dose distribution can be achieved in both ir-
regular PTVs and in adjacent normal tissues and organs to be 
spared. A more detailed comparison between 3D-c-IMRT 
with compensators and with segmental multileaf collimator 
IMRT technologies is presented in [4] and [5]. 

Treatment Planning 
As shown in Table 1 for 24 patients treated with tin-wax com-
pensators, 90% of the PTVs was encompassed by the 95% 
isodose. In 21 of 24 patients 3D-c-IMRT with tin-wax com-
pensators reduced the median dose to one parotid gland to 
< 30 Gy. 

Our aim is, that the PTV is irradiated with a dose of 
95–107% of the prescribed dose. A detailed analysis showed 
that underdosage of high-dose volumes mainly occurs in the 
built-up region underneath the skin and to a lesser extent at 
their borders to the surrounding low-dose volume. With in-
creased experiences and the use of the MCP96 for compensa-
tors, the dose coverage of the PTV is improved. However, cold 
or hot spots are not accepted, if they are of a larger value. 

Using the inverse treatment tool of Helax®-TMS includ-
ing manual improvements of the fluence profiles, the proce-
dure was very time-consuming, but the obtained dose distribu-
tion resulted both in a better dose coverage of the target 
volumes and better dose sparing of one parotid gland in com-
parison with non-IMRT treatment plans. Since the implemen-
tation of a tool especially for inverse treatment planning in 
2004 (KonRad®), high-quality dose distributions have been 
achieved without manual changes of the fluence profiles. The 
time for treatment planning was diminished and is approxi-
mately between 1 and 2 h. 

Compensator Set-up and Manufacturing 
For compensators, different materials have been suggested 
and used. Most important are lead [14, 32], a mixture of lead 
and polyethylene [16], cerrobend [10, 17], steel granulate [27], 
tin granulate [4, 5], tin granulate and wax [24, 25], and light 
polymers [13]. A detailed overview about different materials 
and methods is reported in [5]. 

Tin granulate was used, because it is 
easy to handle, recycable and homoge-
neous. The alloy MCP96 has a higher 
density (rho = 9.8 g/ml) and finished the 
“tin-wax era”. Both materials can be rec-
ommended for compensator fabrication, 
the spatial resolutions of 7 mm (tin-wax, 
source-compensator-distance = 41.3 cm) 
and 5 mm (MCP96, source-compensa-
tor-distance = 56.5 cm) are sufficient for 
IMRT. Because of the wider IM range 
(16–100%), the use of MCP96 allows for 
a better dose conformation and dose 
sparing of organs at risk. 

For the manufacturing and quality 
assurance of the compensators, approxi-
mately 4 h per patient are required. Ad-
ditional time is needed for automatic 
milling process and the cooling of the 
filled mold. 

In the study by Meyer et al. [19], 
some limitations are reported because 
of a maximum slope of the machining 
process and the use of spherical cutter. 
These effects depend on the machine 
used. They can be neglected, if beam 
divergence is taken into account and 
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Figure 5. Deviations between measured and calculated point doses on 21 points in the high-dose 
region of a head-and-neck treatment plan, irradiated on a phantom. The dose measurements 
had been carried out with thermoluminescent detectors (95% confidence interval: 1.0%). 

Abbildung 5. Abweichungen zwischen gemessenen und berechneten Punktdosiswerten an 21 
Punkten in der Hochdosisregion eines Kopf-Hals-Bestrahlungsplans, bestrahlt an einem Phan-
tom. Die Dosismessungen wurden mit Thermolumineszenzdetektoren (95%-Vertrauensinter-
vall: 1,0%) durchgeführt. 
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interpolations between two adjacent pixel positions are 
avoided. 

Quality Assurance in Routine 
Because of the static nature of compensators, the quality as-
surance program with compensators is easy to realize, for in-
stance with X-ray pictures with only few monitor units, mea-
surements of line dose in water and the analysis of the depth 
profile during compensator manufacturing. 

It has been shown that the quality assurance program 
could be simplified with increasing experience without com-
promising the results. So, the dosimetric quality assurance 
takes between 30 and 60 min per patient. 

For dose measurements, the energy dependence of the 
sensitivity of the detector material, especially for MCP96 
compensators, can change. So for extreme cases is was 
measured, that the deviation of film X-omat® and EDR2® 
is approximately 5% between small (3–4 mm) and large 
(30–35 mm) compensator thicknesses of MCP96. Further-
more, the use of thermoluminescent rods should implement 
a calibration with compensators as well. According to that 
it can be concluded, that low-energy photons are preferen-
tially absorbed by the compensator. Because of a fast but 
safe quality assurance management system, it is recommend-
ed to prefer methods based on more energy-independent 
detectors (ionization chambers, special 
two-dimensional arrays, film Gafchro-
mic EBT® [ISP]) or to take nonlinear 
fluence dependence of detectors into 
account [18, 30]. 

Treatment Delivery 
With compensators, the treatment pro-
cedure is similar to the use of physical 
wedges or blocks, so that this method is 
well accepted in clinical routine. The use 
of “two-field compensators” simplifies 
the procedure. “Multiportal compensa-
tor systems” [21, 33] can reduce the frac-
tional treatment delivery time as well. 
Hence it can be concluded, that the treat-
ment delivery does not take more time 
in comparison with non-IMRT proce-
dure. 

The irradiated monitor units amount 
to approximately 300 MU (263–326 MU, 
see Table 1) for tin-wax compensators 
and about 400 MU (343–436 MU, see 
Table 2) for MCP96 compensators. 
Compared with open fields the dose out-
side the target volume is increased and 
comparable with a physical wedge of 
15–30° (see Figure 6), which seems ac-
ceptable for patient treatments. 

Conclusion 
After growing experience we state compensators allow for 
3D-c-IMRT of high quality without multileaf collimator. The 
irradiation is safe and easy to perform. Total treatment deliv-
ery time needed for one fraction is comparable with confor-
mal field treatments without compensators. The verification 
measurements show, that dose calculation and compensator 
manufacturing work safe and accurate. 

The quality assurance program is easy to realize because 
of static fluence distribution with compensators and the pos-
sibility of checking the depth profiles during manufacturing. 
For the dose measurements at present between 30 and 60 min 
are needed. We expect this time will diminish with further ex-
perience.

For 24 patients with head-and-neck cancer treated with 
compensators consisting of tin granulate embedded in wax, 
90% of the PTVs were encompassed by the 95% isodose. In 
21 of 24 patients 3D-c-IMRT with tin-wax compensators re-
duced the median dose to one parotid gland to < 30 Gy. 

With low-density material like tin granulate and wax, the 
dose sparing of organs at risk for extreme cases can be limited. 
After switching to MCP96, better coverage of target volumes 
and improved sparing of the parotid gland are accomplished. 

At present, the compensator technology is not only used 
for IMRT in the head-and-neck region, but also for cancers of 
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Figure 6. Measurements of the dose outside the field in water. The field size is 20 cm × 20 cm. 
The mean dose inside the fields amounts to 100%. Open field (open squares), physical wedge 
30° (open triangles up), physical wedge 45° (open triangles down), clinically used tin compen-
sator (filled circles), and MCP96 compensator with maximum depth of 4 cm (filled squares) are 
compared. 

Abbildung 6. Messungen der Dosis außerhalb des Feldes in Wasser. Die Feldgröße beträgt 
20 cm × 20 cm. Die mittlere Dosis innerhalb der Felder beträgt 100%. Verglichen werden offe-
nes Feld (offene Quadrate), fester 30°-Keil (offene Dreiecke, Spitze nach oben), fester 45°-Keil 
(offene Dreiecke, Spitze nach unten), klinisch eingesetzter Zinnkompensator (gefüllte Kreise) 
und MCP96-Kompensator mit der Maximaltiefe von 4 cm (gefüllte Quadrate). 
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the anal region (including inguinal lymph nodes) and prostate. 
The technology is now matured for treatment of a larger num-
ber of patients simultaneously. 
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