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Abstract
Purpose: To assess the accuracy of dose calculations in the near-surface region for different treatment planning systems (TPSs), treat-
ment techniques, and energies to improve clinical decisions for patients receiving whole breast irradiation (WBI).
Methods and Materials: A portable custom breast phantom was designed for dose measurements in the near-surface regions. Treat-
ment plans of varying complexities were created at 8 institutions using 4 different TPSs on an anonymized patient data set (50 Gy in 25
fractions) and peer reviewed by participants. The plans were recalculated on the phantom data set. The phantom was aligned with
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predetermined shifts and laser marks or cone beam computed tomography, and the irradiation was performed using a variety of linear
accelerators at the participating institutions. Dose was measured with radiochromic film placed at 0.5 and 1.0 cm depth and 3 locations
per depth within the phantom. The film was scanned and analyzed >24 hours postirradiation.
Results: The percentage difference between the mean of the measured and calculated dose across the participating centers was -0.2 % §
2.9%, with 95% of measurements within 6% agreement. No significant differences were found between the mean of the calculated and
measured dose for all TPSs, treatment techniques, and energies at all depths and laterality investigated. Furthermore, no significant dif-
ferences were observed between the mean of measured dose and the prescription dose of 2 Gy per fraction.
Conclusion: These results demonstrate that dose calculations for clinically relevant WBI plans are accurate to within 6% of measure-
ments in the near-surface region for various complexities, TPSs, linear accelerators, and beam energies. This work lays the necessary
foundation for future studies investigating the correlation between near-surface dose and acute skin toxicities.
� 2022 American Society for Radiation Oncology. Published by Elsevier Inc. All rights reserved.
Introduction
Radiation-induced skin toxicities (RISTs) are a com-
mon side effect of breast radiation therapy, and the sever-
ity has been shown to correlate with higher treatment
dose.1-4 These side effects can occur during or after radia-
tion treatment and ultimately reduce the patient’s quality
of life.5 RISTs manifest in the form of erythema, moist/
dry desquamation, and pain, among other toxicities. The
severity of the reaction is commonly graded using 2 scales:
the Radiation Therapy Oncology Group/European Orga-
nization for Research and Treatment of Cancer (RTOG/
EORTC) and the National Cancer Institute Common
Toxicity Criteria for Adverse Events (NCI CTCAE
v5.0).1,6,7 Risk factors that predispose patients to the
development of RISTs are generally in 2 categories:
patient-related risk factors and treatment-related risk fac-
tors.1 Patient-related risk factors include breast size,
smoking, body mass index (BMI), comorbidities, and
genetic predispositions,8-15 and treatment-related risk fac-
tors are more technical and include treatment dose, frac-
tionation scheme, treatment technique used, beam
quality, energy, and systemic therapy use.16-19

Technical treatment-related risk factors may be easily
adjusted to reduce a patient’s risk of RISTs. Thus, research
studies have investigated the correlation between treat-
ment-related risk factors and RISTs, and how adjusting
them affects treatment outcomes and quality of life for
patients. Hypofractionated treatments (eg, 40.0 Gy in 15
fractions or 42.6 Gy in 16 fractions) have become a widely
used treatment option for adjuvant WBI.20 Randomized
trials and prospective studies have shown that hypofrac-
tionated treatment regimens can provide comparable dis-
ease control relative to conventional fractionation and
reduce the rate of RISTs.19,21,22 Additionally, several stud-
ies have demonstrated that intensity modulated radiation
therapy (IMRT), whether forward or inverse planned,
reduces the occurrence of RISTs compared with 2-dimen-
sional (2D) or 3-dimensional (3D) conformal radiation
therapy (CRT), including wedge techniques.9,23-25 How-
ever, these studies are unable to correlate their findings to
surface or near-surface dose, and instead rely on the pre-
scription dose. Unfortunately, there is a knowledge gap in
this space arising from the lack of confidence in the treat-
ment planning system (TPS) to accurately calculate dose
in the surface and near-surface region.

Surface dose measurements require specialized dosimet-
ric methods and may not be routinely addressed in
commissioning of a TPS. Clinical trials such as RTOG
1004 address the lack of confidence in surface dose calcula-
tions through the creation of an evaluation structure for
dose assessment. Other investigators have reported on dis-
crepancies between dose calculations and measurements at
depths of 2 to 3 mm.26,27 The Michigan Radiation Oncol-
ogy Quality Consortium (MROQC) is a multicenter collab-
orative quality initiative. A preliminary retrospective
analysis within MROQC showed interesting correlations
between acute skin toxicities and the mean dose in the
near-surface region (0.5-1.0 cm) for different plan com-
plexities.

In this work, we present the results from breast
plans created for a common patient geometry and
then delivered to a custom breast phantom at 8 clinics
within the state of Michigan with a variety of TPSs.
The goal of this study was to assess the agreement
between the calculated dose from the TPS and the
measured dose from the phantom across all the partic-
ipating institutions for different TPSs, treatment tech-
niques, energy, and measurement location laterality at
the near-surface depths of 0.5 cm and 1.0 cm. This
work was motivated by a panel discussion among
physicists and physicians at one of our consortium
meetings aiming to understand the uncertainty in the
accuracy of the dose at depth. We seek to better
understand the accuracy of TPSs in the near-surface
region before an in-depth study looking at the rela-
tionship between near-surface dose and skin toxicity.
Materials and Methods
Custom breast phantom setup and dose
measurements

In this work, we sought to use the same dosimetry sys-
tem for measurements while minimizing the equipment



Figure 1 (A) The custom breast bolus was designed to rest on top of each institution’s solid water phantom of dimen-
sions 20 £ 30 £ 30 cm3. (B) An axial slice of the phantom shows the 3 separate layers used to simulate depths of 0.5 and
1.0 cm. We were also able to simulate laterality within each depth: medial (MED), central (CENT), and lateral (LAT). The
anonymized patient’s separation was 20.2 cm and the phantom’s was 19.1 cm (defined at the patient’s origin). (C) Each
film was labeled with 2 fiducials used for registration to the calculated dose. Post registration, a 10.0 £ 1.0 cm2 region of
interest (ROI) was drawn on the registered dose planes (ie, the calculated and measured) to exclude artifacts from the film
edges caused by cutting and preparation. Abbreviations: Ant = Anterior; Inf = Inferior; Pos = Posterior; Sup = Superior.
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needed to be transferred to each institution. We designed
an overlay for a solid water phantom, which was then cre-
ated of a proprietary polyethylene wax (.decimal, Sanford,
FL) to represent breast anatomy of an anonymized patient
data set, which was used for initial plan creation, from the
tangential beam orientation (Fig 1A). The phantom con-
sisted of 3 layers (Fig 1B): the base layer that mounts onto
each participating institution’s solid water, and the middle
and top layers are each 0.5 cm thick, allowing measure-
ments at 0.5 cm and 1.0 cm depth underneath each layer,
respectively. The phantom was scanned at the coordinat-
ing center using the coordinating center’s solid water, and
the computed tomography (CT) data were sent to the dif-
ferent sites for teams to create plans consistent with their
practice and specific to their planning and delivery sys-
tems. Based on the CT data, the only air gaps identified
were small and owing to the presence of the film in place.
Measurements were made using Gafchromic EBT3 film
(Ashland Advanced Materials, Bridgewater, NJ).28 The
film was cut to dimensions of 13.0 cm £ 1.5 cm, and then
0.05-cm holes were punched on the short edges of the
film, as shown in Figure 1C, to serve as fiducials. The
dimensions of the film were chosen to fit in narrow flat
regions of the phantom at depths of 0.5 cm and 1.0 cm,
thus eliminating film curvature while maximizing the sur-
face area of the measured dose plane. The film was placed
in 3 different locations (medially [MED], central [CENT],
and laterally [LAT]) and at 2 depths (0.5 and 1.0 cm)
within the custom breast phantom (see Fig 1B). Thus,
there were a total of 6 measurements made per plan. All
film was prepared at the coordinating center and trans-
ported with the phantom to the different clinics for meas-
urements. Two separate film calibration strips were
included with each transport. The first calibration strip,
with instructions to not irradiate, accounted for any
changes due to temperature and handling of the film and
also served as the unexposed film of the published single
scan protocol.29-31 The second calibration strip was
exposed to a known dose (2 Gy) at the participating cen-
ter and used as the calibration strip for a single scan pro-
tocol. Initial localization of the breast phantom was
performed by aligning the in-room lasers to markings on
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the phantom. The final alignment was then performed
with either a cone beam computed tomography (CBCT)
or predetermined shifts with laser marks, based on the
preference of the local institution. After alignment was
complete, the plans created by each participating institu-
tion were delivered to the phantom. A new set of unex-
posed film was used for each plan.
Treatment planning

From within the consortium, 8 centers with different
planning and delivery systems participated in this study.
Table 1 Details of the TPSs and algorithms, treatment mach
treatment planning and delivery at the different participating in

Institution TPS (algorithm)
Treatment
machine Plan

A Eclipse 15.6
(AAA 15.6)

Varian Open
FiF (
FiF m
IMR

B Pinnacle 9.1
(Adaptive Convolution

Superposition)

Elekta Open
FiF (
FiF m
IMR

Raystation 8.1
(Collapsed Cone v 5.0)

Elekta Open
FiF (
FiF m
IMR

C Pinnacle 16.2
(Adaptive Convolution

Superposition)

Elekta Open
IMR

D Eclipse 15.6
(AAA 15.6)

Varian Open
FiF (
FiF m
IMR

E Raystation 8.0
(Collapsed Cone v 4.1)

Elekta Open
FiF (
FiF m
IMR

F Eclipse 15.6
(AAA 15.6)

Varian Open
FiF (
IMR

G Tomotherapy 6.0
(Collapsed Cone v5.0)

Tomotherapy Open
FiF (
IMR

H Eclipse 15.6
(AAA 15.6)

Varian Open
FiF (
FiF m
IMR

Abbreviations: AAA = analytical anisotropic algorithm; FiF = field-in-field; IM
system.
The number of plans and energy used in the plan are shown in parentheses
IMRT plan. The low energy was considered 6X for all sites, and all energies ot
Each system (TPS and/or delivery system) was repre-
sented by at least 2 institutions, with the exception of
TomoTherapy. Treatment plans were generated with the
TPSs for the techniques and energies defined in Table 1.
The energy combinations depended on the institution’s
standard practice.

All plans were generated at the participating institution
using their respective TPS and the same anonymized
patient data set to mimic planning complexities intro-
duced from the presence of tissue heterogeneities and
organs-at-risk. The plans represent the range of treatment
techniques at that institution. This fits into a broader
assessment of the impact of treatment technique on
ines, plan complexities, and calculation grid size used for
stitutions

complexities
Calculation grid
size (mm)

(1 plan: 6X)
1 plan: 6X)
ixed energy (1 plan: 6X/16X mixed)

T (1 plan: 6X)

2.5

(1 plan: 6X)
1 plan: 6X)
ixed energy (1 plan: 6X/16X mixed)

T (1 plan: 6X)

2.5

(1 plan: 6X)
1 plan: 6X)
ixed energy (1 plan: 6X/16X mixed)

T (1 plan: 6X)

2.0

(2 plans: 6X, 18X)
T (2 plans: 6X, 18X)

2.5

(1 plan: 6X)
1 plan: 6X)
ixed energy (1 plan: 6X/15X mixed)

T (1 plan: 6X)

2.5

(1 plan: 6X)
1 plan: 6X)
ixed energy (1 plan: 6X/18X mixed)

T (1 plan: 6X)

2.0

(1 plan: 6X)
2 plans: 6X, 10X)
T (2 plans: 6X, 10X)

2.0

(1 plan: 6X)
1 plan: 6X)
T (2 plans: direct, helical)

1.0

(1 plan: 6X)
1 plan: 6X)
ixed energy (1 plan: 6X/16X mixed)

T (1 plan: 6X)

2.5

RT = intensity modulated radiation therapy; TPS = treatment planning

next to each plan complexity. All sites delivered an open field and an
her than 6X were considered high energy.
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patient toxicity.32 The quality of the plan was verified by a
dosimetrist, physician, and physicist from each center to
confirm that coverage goals were similar and reasonable
for the plan types. The plan goals were for 95% of the
breast target volume to receive ≥95% of the prescribed
dose, mean dose to the heart ≤1.3 Gy, and ≤33% of the
ipsilateral lung to receive no more than 20 Gy. All of the
plans had a prescription of 50 Gy in 25 fractions, and the
maximum dose was kept <107% of the prescription. For
each TPS, a set of plans that represented the beam ener-
gies and continuum of treatment techniques was created.
The range of treatment complexity included open fields,
field-in-field (FiF), FiF with mixed energies, and IMRT.
All institutions were asked to create a simple plan with
open tangents and no wedges for 6 MV. This plan was
intended to assess a baseline performance without any
beam modifiers or modulation. For all other plans, insti-
tutions were asked to use their preferred energy, which
included 6 MV, mixed (eg, 6 MV and 10 or 16 MV), or
high (10 MV or 16 MV) energies. For non-IMRT, flash
was achieved by opening the jaws about 20 mm beyond
the external body contour. The amount of flash for IMRT
was left to each institution’s preference and expertise, and
no specifications on planning objectives were given
beyond the previously mentioned target and OAR goals.
These instructions were provided because each center had
patient data submitted to the consortium based on its typ-
ical techniques. Centers were asked to create plans across
the spectrum of techniques even if they preferentially
used a particular technique for the majority of their
patients. For TomoTherapy, the open and FiF plans were
delivered using TomoDirect with pre-established static
gantry angles. The IMRT plan was delivered with arc-
based TomoHelical technique with directional blocking.
Other IMRT plans were inverse-planned with a static gan-
try sliding window technique.

After plan creation, a summary of the plan with
screenshots in the planes with maximum doses was
shared with all participants in the project. After review,
personnel at each institution then transferred each plan to
the registered CT data set of the custom breast phantom
shown in Figure 1A. The dose was then recalculated on
the custom phantom using the institution’s respective
TPS with the monitor units from the patient treatment
plan. This is consistent with how pretreatment IMRT QA
measurements are done at the participating centers.
Extraction of dose calculations

The DICOM-RT data associated with all the treatment
plans on the custom phantom data set were exported from
each center’s TPS and imported into Eclipse 15.6 (Varian)
at the coordinating center. For each unique plan, dose
planes in the TPS, which overlapped with the physical loca-
tion of the film in the phantom, were exported as DICOM
files from the TPS using a plane with identical physical
dimensions to that of the film (ie, 13 cm £ 1.5 cm or
394£ 45 pixels) with a resolution of 3 pixels/mm.
Film analysis

All film was analyzed at the coordinating center. The
film was scanned (Epson Expression 10000XL) with 48-
bit color at a 72 dpi resolution (3 pixels/mm) and without
any color corrections. The film was registered to the
exported TPS calculated dose plane using the fiducials in
the film (see Fig 1C). A calibration curve from 0 to 5.0 Gy
was generated by exposing a set of film strips from the
same lot as the experimental film to a known dose corre-
sponding to points along the calibration curve. The dose
map on the film was generated using a triple channel uni-
formity optimization. The registration, calibration curve,
and dose map were all created using FilmQA Pro 2016
(version 5.0.6161.42070, Ashland). After registration and
generation of the film’s dose map, a 10.0 cm £ 1.0 cm
region-of-interest (ROI) was drawn on the registered
measured and calculated dose planes, and the dose within
the ROI was exported to Matlab for batch analysis (Math-
Works, Natick, MA).
Statistics

All statistical analyses were performed using GraphPad
Prism (GraphPad Software, Inc, La Jolla, CA). All data are
expressed as the mean § standard deviation of the mea-
sured quantities unless stated as otherwise. All n values
are listed with each corresponding figure. Statistically sig-
nificant differences of all data sets were determined with a
Student t test corrected for multiple comparisons using
the Holm-Sidak method, with differences deemed signifi-
cant for P <.05.
Results
Figure 2 shows the correlation between the mean of the
calculated dose plane and the mean of the measured dose
plane for all treatment complexities and measurement
locations within the custom breast phantom. The data in
all the figures is representative of all participating centers.
There were a total of 60, 54, 36, and 72 individual meas-
urements performed across all the participating centers
for the open field, FiF, FiF mixed energy, and IMRT plans,
respectively. The number of plans per participating center
is shown in Table 1. These measurements account for all
measurement locations and depths in the custom breast
phantom. Overall, there is a positive correlation between
the calculated and measured mean dose, with Pearson
correlation coefficients of 0.8, 0.9, 0.7, and 0.8 for the



Figure 2 The correlation between the mean of the measured and calculated dose is shown for (A) open fields, (B) field-
in-field (FiF), (C) FiF mixed energy, and (D) intensity modulated radiation therapy. Each planning complexity contains
measurements from Eclipse, Pinnacle, Raystation, and TomoTherapy treatment planning systems, where applicable. A
total of 60, 54, 36, and 72 individual measurements was performed across all the participating centers for the open field,
FiF, FiF mixed energy, and intensity modulated radiation therapy plans, respectively. A y = x and §5% lines were overlaid
with the data.
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open field, FiF, FiF mixed energy, and IMRT, respectively.
For all individual measurements, 86.7%, 77.8%, 91.9%,
and 80.6% of the measured mean doses were within §5%
of calculated mean dose for open field, FiF, FiF mixed
energy, and IMRT, respectively.

A Gaussian fit of a histogram of the percentage dose
difference between the mean of the calculated and mea-
sured dose planes is shown in Figure 3 for different
depths. The measurements performed at 0.5 cm depth
trended toward a higher mean measured dose relative
to the calculation. This resulted in the mean of the dis-
tribution being −1.3 § 2.3% across 111 measurements
(see Fig 3A). The opposite trend was observed for the
measurements performed at 1.0 cm depth with the
mean of the distribution being 0.8 § 2.2% across 111
measurements (see Fig 3B). The combined data (see
Fig 3C) show that the mean percentage difference is
−0.2 § 2.9%; thus, 95% of all the measurements are
within §6% of zero dose difference regardless of mea-
surement depth, location, treatment modality, and
treatment complexity.
Figure 4 shows the data as a function of measure-
ment location and depth on the phantom for all 4
treatment complexities. There was good agreement
between the calculated and measured mean dose for
all treatment complexities, measurement location, and
depth. The largest difference between the measured
and calculated means was 7.0 cGy at the 0.5 cm LAT
measurement location for the open field. Similarly, the
largest differences for the FiF, FiF mixed energy, and
IMRT plans were 2.3, 6.9, and 4.6 cGy at the 0.5 cm
LAT, 0.5 cm CENT, and 0.5 cm LAT measurement
locations, respectively. The largest range for the mean
of the calculated dose was observed for the FiF
(0.5 cm LAT) treatment technique, with a minimum
and maximum of 166.0 cGy and 234.6 cGy (range
68.6 cGy) for the calculated dose, and a minimum and
maximum of 170.0 and 206.5 (range 36.5 cGy) for the
corresponding measured dose. The largest range for
the mean of the measured dose was observed for the
IMRT (0.5 cm CENT) treatment technique, with a
minimum and maximum of 146.2 cGy and 214.3 cGy



Figure 3 A Gaussian fit of a histogram of the percentage dose difference between the mean of the calculated (Calc.) and
measured dose (Meas.) planes for measurements performed at (A) 0.5 cm and (B) 1.0 cm depths. The combined data are
shown in (C), and all data have a bin width of 2%. Based on the Gaussian fit, the mean percentage difference was -1.3 §
2.3%, 0.8 § 2.2%, and -0.2 § 2.9%, for measurements at 0.5 cm, 1.0 cm, and combined depth. Thus, 95% of all the meas-
urements were within §6% of agreement. SD = standard deviation.
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(range 68.1 cGy) for the measured dose, and a mini-
mum and maximum of 167.4 and 208.5 (range 41.1
cGy) for the corresponding calculated dose. There
were no statistical differences observed for any com-
parisons across depth and measurement locations.

The mean of the dose plane for the calculation and mea-
surement for different treatment techniques and treatment
modalities can be seen in Figure 5. All the complexities,
except for IMRT, had means of the distribution greater
than the prescription of 200 cGy. The percentages of points
greater than the prescription for the calculation (measure-
ment) were 91.7 (95.0), 74.1 (79.6), 75.0 (69.4), and 55.6%
(44.4%) for open, FiF, FiF mixed energy, and IMRT,
respectively. Similarly, all of the TPSs, except for
TomoHelical, had means of the distribution greater than
the prescription of 200 cGy. The percentages of points
greater than the prescription for the calculation (measure-
ment) were 68.5 (66.7), 66.7 (60.4), 83.3 (77.1), 100 (100),
and 16.7% (50.0%) for Eclipse, Pinnacle, RayStation,
TomoDirect, and TomoHelical, respectively. The percent-
age difference between the mean of the measured and cal-
culated dose for different TPSs, treatment techniques, and
field energy are shown in Figure 6, and detailed statistics
are in Table 2. The smallest mean percentage difference
was observed for the Eclipse TPS (0.0 § 4.7%), FiF (Single
Energy) treatment technique (0.0§ 4.6%), and high energy
(0.3 § 2.5%). A mean percentage dose difference that was
significantly different from zero was not observed.



Figure 4 Mean of the dose planes for (A) open fields, (B) field-in-field (FiF), (C) FiF mixed energy, and (D) intensity
modulated radiation therapy (IMRT) for the calculation (C) and measurement (M). The data are further divided by later-
ality (medial [MED], central [CENT], and lateral [LAT]) and depth. The range of the distribution is from minimum to
maximum, and the mean of the distribution is denoted by “+.” There was good agreement between the mean of the calcu-
lation and measurement for all treatment modalities, laterality, and depths. The dotted dashed line represents the prescrip-
tion dose.

Figure 5 The mean of the dose planes for the calculation (C) and measurement (M) is shown for different (A) treatment
techniques and (B) treatment modalities. The range of the distribution is from minimum to maximum, and the mean of
the distribution is denoted by “+.” The prescription dose is denoted by a horizontal dotted line at 200 cGy, and the per-
centage of points with mean values greater than the prescription dose is shown above each box.
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Figure 6 Percentage difference in mean dose between the calculation and measurement for different (A) treatment plan-
ning systems (TPSs), (B) treatment techniques, and (C) beam energy. Error bars are overlaid with the distribution and rep-
resent the mean with the 95% confidence interval of the distribution. Abbreviations: FiF = field-in-field; IMRT = intensity
modulated radiation therapy.

Table 2 The percentage difference in mean dose between the calculation and measurement for different TPSs,
treatment techniques, and beam energy

Characteristic Mean % difference Standard deviation Lower 95% CI Upper 95% CI

TPS Eclipse 0.0 4.7 −0.9 0.9

Pinnacle −1.3 3.5 −2.4 −0.3

Raystation −0.1 2.5 −1.1 1.0

Tomotherapy −0.3 6.2 −2.9 2.4

Treatment technique Open −1.0 3.3 −1.9 −0.1

FiF (single energy) 0.0 4.6 −1.4 1.3

FiF (mixed energy) 0.8 5.5 −1.3 2.9

IMRT −0.5 4.6 −1.6 0.7

Energy Low −0.7 4.5 −1.4 0.1

Mixed 0.8 5.5 −1.3 2.9

High 0.3 2.5 −0.7 1.4

Abbreviations: FiF = field-in-field; IMRT = intensity modulated radiation therapy; TPS = treatment planning system.
Detailed statistics of Figure 6.
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Discussion
This work addresses a gap in knowledge of dose
accuracy in the near-surface dose region and may
serve as a foundational piece for understanding the
relationship between dose and skin-related toxicities in
breast radiation therapy. We investigated the correla-
tion between the calculated dose from different TPSs,
treatment techniques, energy, and measurement later-
ality in the near-surface region. The results presented
are important to support subsequent evaluations of
TPS dose in the near-surface region and its potential
correlation to patient toxicities. One of the prominent
insights gained is that accurate near-surface doses can
be calculated using the various TPSs, treatment com-
plexities, beam energies, and different delivery systems
that were used in this investigation.

A novel phantom was used in this multi-institu-
tional study to evaluate the accuracy of the different
TPSs in a breast-specific geometry. The approach used
is somewhat similar to that by Low et al when adding
a pelvis shell to a phantom designed to represent the
head.33 One of the advantages of our phantom is that
the overlay can be added to each institution’s solid
water with a snug fit, which allowed all participants to
use film from a common source and in the same mea-
surement geometry.34 Additionally, the custom phan-
tom used in our work provided the necessary ease of
transportation and setup at each site while meeting
the geometric requirements for clinically relevant
measurements. We were able to have film measure-
ments done at each site with analysis at the MROQC
coordinating center. Others have developed a series of
3D-printed custom breast phantoms with ionization
chamber and radiochromic film inserts, which can be
attached to a commercial anthropomorphic thorax
phantom.35 That phantom was developed specifically
for performing end-to-end testing of a whole breast
volumetric arc radiation therapy treatment technique.

This work demonstrates that several TPSs reliably cal-
culate dose in the near-surface region to within §6%.
Although this is slightly higher than published recom-
mendations of §5%,36 our results are reasonable when
considering these measurements are conducted across
several institutions, using several different TPSs, treat-
ment planning techniques, and delivery systems, mea-
sured in the near-surface region with differences
calculated across a 10-cm2 area rather than a point mea-
surement. Because patients are treated at institutions with
different planning systems with customized beam fits, dif-
ferent treatment techniques, and on linear accelerators
from different manufacturers, the final results of accuracy
within §6% provide a crucial foundation when further
investigating the relationship of toxicity with dose as a
function of treatment technique.
There was no statistical difference between the calcu-
lated and measured dose for the experimental conditions
investigated; however, the mean of the calculated dose
was higher than the prescription dose for all treatment
techniques except IMRT (Fig 5A), and for all modalities
except TomoHelical (Fig 5B). Research studies have
shown that IMRT significantly improved dose distribu-
tion and target conformity compared with 3D-CRT,
resulting in a lower rate of RISTs.9,23-25 However, no dif-
ferences were found in the local-regional tumor control
between IMRT and 3D-CRT.25 Thus, IMRT may give
physicians the flexibility for skin sparing and a reduced
rate of RISTs, but with the disadvantages of higher costs
for patients, higher plan complexity, a need for more
complex image guidance, and added quality assurance in
the treatment workflow.37-40

Of all the conditions tested, TomoTherapy had the
least amount of data owing to the limited use of the tech-
nique across the participating centers. A research study
measured surface dose with a wide variety of detectors
and demonstrated that Helical TomoTherapy TPSs over-
estimate the surface dose.41 However, these detectors
were limited by their water-equivalent depth, which was
greater than the 70-mm depth needed to measure dose
relevant to skin toxicities. An exception to this limitation
is a noncommercial MOSFET-based detector with a water
equivalent depth of 70 mm used in a separate study.42

Results from a phase 3 randomized controlled trial pro-
vided evidence that Helical TomoTherapy could have a
lower rate of RISTs compared with a FiF TomoTherapy,
although the study was not powered to detect late toxic-
ities from the Helical TomoTherapy arm. However, both
techniques resulted in a 5-year survival rate >96%.

There are limitations to this work that stem from the
nature of the phantom and our radiation measurement
device. Disadvantages of the breast phantom are that it is
stationary without the ability to simulate breathing motion.
As such, our setup is more comparable to a breath-hold
treatment, and our results may not be representative of
the dosimetric accuracy in the near-surface region during
a free breathing treatment. Additionally, owing to the use
of each institution’s solid water as the base for the breast
phantom, there are slight differences in electron density
that were not accounted for in the planning, which may
have contributed to the observed differences in planned
versus delivered dose. Another limitation is the phantom
setup and, specifically, the use of predetermined shifts ver-
sus a CBCT-based alignment. Three of 8 participating cen-
ters used predetermined shifts and laser marks for their
alignment. There were outliers observed (see Fig 6) for 1
institution’s FiF Mixed Energy and IMRT plans, which
were both delivered after predetermined shifts of the phan-
tom. Although our setup is not complicated and our out-
liers not numerous, dosimetric studies such as the one
presented in this work may benefit from a consistent and
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robust setup alignment that CBCTs provided. Overall, the
results presented are interesting because they demonstrate
that the dose in the near-surface buildup region of most
clinical beams can be accurately calculated.
Conclusion
To the best of our knowledge, this work represents the
first multi-institutional comparison of the accuracy of
near-surface doses delivered using whole breast plans
designed from multiple TPSs and then measured in a clin-
ically relevant phantom geometry for different delivery
systems. This study confirms that patient doses calculated
in the near-surface region by the respective TPSs in our
multi-institutional consortium agree to within §6% of
measured doses from their respective delivery systems.
Because of the demonstrated accuracy of the different sys-
tems, this work sets a foundation for future investigations
to evaluate potential correlations between skin toxicities
and near-surface dose. It may also inform future investi-
gations evaluating skin toxicity in clinical trial settings.
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