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Abstract

Partial breast irradiations with kilovoltage intraoperative radiation therapy devices such as
INTRABEAM are becoming more common every day, because of the ease of use and the smaller cost
compared to equivalent megavoltage treatments. Dose planning with INTRABEAM is usually based
on water models. However, breast tissue is mainly composed of glandular and adipose tissues. While
variations in the estimated dose in the different soft tissues are not significant in the case of conventional
megavoltage photons, for X-rays this is not necessarily the case due to the dominance of photoelectric
effect. Furthermore, adipose and glandular tissues are not always clearly disentangled in planning breast
CTs. The aim of this work was to study the effect on the dose prescribed in breast with the
INTRABEAM device with different soft tissue assignment strategies.

Dose was computed with a Monte Carlo code in five patients with a 3 cm diameter INTRABEAM
spherical applicator. Tissues within the breast were assigned following six different strategies: one
based on the TG-43 recommendations, representing the whole breast as water of unity density, another
one also water-based but with CT derived density, and the other four also based on CT-derived densities,
using a single tissue resulting from different mixes of glandular and adipose tissues. These were
compared against the reference dose computed in an accurately segmented CT, following TG-186
recommendations. Relative differences and dose ratios between the reference and the other tissue
assignment strategies were obtained in three regions of interest inside the breast. Dose planning in
water-based tissues was found inaccurate for breast treatment with INTRABEAM, as it would incur in
up to 30% under-prescription of dose. If accurate soft tissue assignments in the breast cannot be safely
done, a single-tissue composition of 80% adipose and 20% glandular tissue, or even a 100% adipose
tissue, avoids under-prescribing dose.
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1. INTRODUCTION

Traditionally, clinical standards of dose calculation in brachytherapy have been based on the TG-43
report issued in 1995 by the American Association of Physicists in Medicine (AAPM) [1, 2]. This
report considers all tissues in the CT as water, including applicators or shielding. This approximation
may have minor consequences for high energy brachytherapy sources, such as the '**Ir, where photons
interact mainly via Compton scattering. However, for lower energy sources such as the '*Pd or the '*’I,
photoelectric effect is one of the main interaction mechanisms, which has an interaction probability that
depends strongly on the average atomic number (Z) of the tissue [3]. Consequently, in 2012 the TG-



186 guidelines [4] were published, indicating that the water-based TG-43 dosimetry should be replaced
by model-based dose calculation algorithms (MBDCAs).

The INTRABEAM system (Carl Zeiss Surgical Gmbh, Oberkochen, Germany) is a commercial
device for low energy X-ray intraoperative radiation therapy (IORT), also called electronic
brachytherapy. It is a mobile accelerator that includes a miniature electron-beam driven 50 kVp X-ray
source [5, 6]. It is primarily used for partial breast irradiation treatments [7-9], which are performed
with spherical applicators (of sizes from 1.5 to 5 cm diameter) attached to the X-ray source and inserted
in the tumor cavity. This technique has showed some benefits in comparison to external beam
radiotherapy, such as similar local control with less toxicity [8, 10]. Up to date there is only one
commercial Treatment Planning System (TPS) for IORT. Radiance [11], developed by the GMV
company (Tres Cantos, Spain), is a TPS for both electron and X-rays IORT, and in the case of
INTRABEAM, it includes a Monte Carlo (MC) based dose computation algorithm [12, 13]. But in
practice, the treatment planning with the INTRABEAM system is still done in most clinics by
determining the treatment time based on tabulated values of depth dose rate in water for a calibrated
source and the prescription dose at a depth of interest [ 14].

MBDCAs offer more accurate treatment plans [15], provided that a detailed knowledge of both
the tissue composition and density derived from the planning images is available [16]. This is however
challenging in the breast, as adipose and glandular tissue have similar Hounsfield Units (HU) and
disentangling both is not always feasible [3]. Despite their similarities in HU, both tissues differ
considerably in their effective atomic number, which results in different dose depositions under low-
energy photons.

TG-186 also reports that, if a segmentation of the breast cannot be safely done, a single average
tissue composition should be chosen instead [4]. However, breast tissue composition is very variable
[17]. Probably due to this, different single tissues have been proposed in the literature. A 50% glandular
— 50% adipose (by fraction of weight) average breast tissue has been extensively considered as a
standard model in mammography [18]. However, Yaffe et a/ [19], after performing a study on 1340
women, concluded that the average breast tissue should be an 20% glandular — 80% adipose mix instead.

Several works have studied dose differences due to breast composition during low energy
radiations, mostly for brachytherapy seeds, and found indeed a large effect [16, 20-25]. Afsharpour et
al. [26] evaluated the dose sensitivity to tissue heterogeneities in breast for permanent '**Pd seeds, and
found differences in dose distributions computed from MBDCAs or TG-43 plans of up to 24%. White
et al. [3] compared the dose estimated following TG-43 and TG-186 guidelines in breast for the Xoft
Axxent electronic brachytherapy source and found differences in predicted dose to all volumes of
interest. They also found that TG-43 overestimated the dose to certain regions in the body but
underestimated in other regions such as the ribs. A review of previous studies regarding differences in
dose between water-based and MBDCA, including breast, was presented by Mann-Krzisnik et a/ [16].

Following TG-186 recommendations is always the most suitable option, as it provides the most
accurate results. However, in the case of breast this is not always possible given the difficulty of
extracting accurate soft tissue composition from CT data. Consequently, the aim of this work was to
identify the single tissue in the breast that best reproduces the dose obtained following the TG-186
recommendations. To do this, we studied the effect on the estimations of dose deposited in the breast
structures with the INTRABEAM device with different soft tissue assignment strategies, from the
water-based TG-43 recommendation to the most realistic model-based TG-186, including in between 4
single composition-breast tissues with different adipose-glandular percentages. Breast CT images from
five patients were used to perform the comparisons.



2. MATERIALS AND METHODS

2.1.Clinical cases

A treatment plan for a partial breast irradiation was made in five preoperative thorax CTs. The CT
image data were anonymized. DICOM images were cropped into the area of interest and interpolated
to have the same voxel size (1 x 1 x 1 mm?). Three Regions of Interest (ROIs) were selected in the CTs
segmented with the reference tissue assignment strategy described in section 2.3: A ROI including only
adipose tissue (in pink in Figure 1 (b)), a ROI with only glandular tissue (in red in Figure 1 (b)) and an
average ROI including both adipose and glandular tissues (in yellow in Figure 1(b)). An example of
the selected ROIs of one of the CTs studied is presented in Figure 1(b).

(b)

Figure 1. Original CT (a) and the segmented CT (b) from the conversion from HU to tissue, according to the
reference tissue model of section 2.3. Looking inside the segmented breast in (b), adipose tissue appears in blue
and glandular in green. The applicator is shown in grey, together with the three ROIs analyzed in the study:
Adipose (pink), glandular (red) and average (yellow).

2.2.Monte Carlo simulation

PenEasy [27], a main program developed for PENELOPE-2008 [28], was used to perform the
simulations. First, the X-ray source (XRS) of the INTRABEAM was simulated in detail to obtain the
energy spectrum. Then, the energy spectrum was used to calculate a Phase-Space (PHSP) file ofa 3 cm
diameter spherical applicator. Finally, the PHSP file was placed in the patient’s geometry and dose was
computed.

a) Source description
The simulation of the XRS was defined according to the literature [5, 12, 14, 29-31]. It consisted of a
1.6 cm length beryllium needle with 1.1 mm inner radius and thickness of 0.5 mm with a 0.5 um layer
of gold at the end of the probe. It was surrounded by a first layer of nickel and a second layer of TiN.
The electron beam impacted on an annular area between 0.6 and 0.8 mm radii [29] and had a Gaussian
energy distribution with a mean energy of 50 keV and a full width at half maximum (FWHM) of 5 keV.
The energy spectrum was scored from 5-10' initial particles at the exit of the probe surface.

b) Phase Space of the spherical applicator
The energy spectrum from the needle was used to generate a PHSP of a 3 cm diameter spherical
applicator [12]. A quasi-punctual source of photons emitting isotropically from the center of the
applicator was simulated, and a PHSP with 10'° particles was stored outside the applicator.

c¢) Patient simulation
Finally, the PHSP file from the 3 cm diameter spherical applicator was placed in the geometries of the



converted CTs with the different tissue assignments and dose was computed with 10'? initial particles.
The energy cutoff of the photons was set to 1 keV and voxel size was 1 x 1 x 1 mm®.

2.3.Reference dose distributions

An accurate segmentation of the CTs was used to calculate the reference dose distributions following
the TG-186 recommendations [4]. The identification of tissue materials and densities from the CTs was
done following Schneider et al. [32]. They made a correlation between the HU from 71 human tissues
and the tissue parameters and obtained functions to convert the HU into the mass density and the
elemental weights in the skeletal and soft tissue HU ranges. The skeletal functions were generated
considering a mix of osseous tissue and bone marrow, and for the soft tissue, a mix of fat and water was
considered. This way, one can generate as many artificial but biological tissues as needed whose
elemental composition and density will correlate with the CT numbers. In this work, we used the same
parameterization of the scale of HU as Schneider ef al. and we segmented the scale into 24 biological
materials. Densities were calculated from formulas (19), (21) and (23) in said reference. The elemental
composition of the 24 biological materials is presented in Table 1.

Table 1. Table extracted from [32] with the elemental composition of the 24 biological materials used for the segmentation
of the reference model.
Elemental weights (%)

HU H C N O Na Mg P S C  Ar K _Ca
-1000 — -950 755 232 13
950--120 103 105 3.1 749 02 02 03 03 0.2
120--83 116 681 02 198 0. 01 0.1
82— -53 113 567 09 308 0.1 01 0.1
5223 1.0 458 1.5 411 0.1 01 02 02
22-7 108 356 22 509 01 02 02
8- 18 106 284 26 578 01 02 02 0.1
19-80 103 134 30 723 02 02 02 02 0.2
81-120 94 207 62 622 06 06 03
121-200 95 455 25 355 0.1 21 01 0.1 0.1 45
201-300 89 423 27 363 0.1 30 01 0.1 01 64
301-400 82 391 29 372 0.1 39 01 01 01 83
401-500 76 361 30 380 01 01 47 02 0.1 10.1
501-600 71 335 32 387 01 01 54 02 11.7
601-700 66 310 33 394 01 01 61 02 13.2
701-800 61 287 35 400 01 01 67 02 14.6
801-900 56 265 36 405 01 02 73 03 15.9
901-1000 52 246 37 411 01 02 78 03 17.0
1001-1100 49 227 38 416 01 02 83 03 18.1
1101-1200 45 210 39 420 01 02 88 03 19.2
1201-1300 42 194 40 425 01 02 92 03 20.1
1301-1400 39 179 41 429 01 02 96 03 21.0
1401-1500 3.6 165 42 432 01 02 100 03 21.9
1501-1600 34 155 42 435 01 02 103 03 225

2.4. Tissue assignment strategies

Six Tissue Assignment Strategies (TASs) were defined to study the effect of the tissue composition on
the dose distributions. The elemental composition of the glandular and adipose tissues were defined
following the ICRU report #46 [33]. The averaged breast tissues in this work were specified as percent
mixtures by mass. The whole geometry contained a single average tissue, including ribs, lung, skin and
air. The elemental composition of the different tissues can be seen in Table 2. The TASs were defined
as follows:

1. TG-43: All voxels were assigned as water with unity density.
2. Water: All voxels were assigned as water with CT-derived densities.



Adipose: All voxels were assigned as adipose tissue with CT-derived densities.

Glandular: All voxels were assigned as glandular tissue with CT-derived densities.

5. Breast-5050: All voxels were assigned as an average breast tissue 50% adipose - 50%
glandular (by fraction of weight) with CT-derived densities.

6. Breast-8020: All voxels were assigned as an average breast tissue 80% adipose — 20%

glandular (by fraction of weight) with CT-derived densities.

balhe

Table 2. Elemental compositions according to the ICRU 46 report for the tissue assignments
Tissue Elemental weights (%)
H C N (0] Na P S Cl
Glandular 10.6 332 3.0 527 0.1 0.1 0.2 0.1
Adipose 114 598 0.7 278 0.1 0.1 0.1
Breast-5050 11.0 465 19 403 0.1 0.1 0.2 0.1
Breast-8020 113 548 113 325 01 0.02 0.12 0.1

2.5. Evaluation of tissue assignment strategies

The average dose in the ROIs previously defined in the CTs of all TASs were compared to the reference
by means of relative differences, defined as:

dif f (%) = 22eREF=d0seTas 1) (1)

dOSGREF

Where doseggp is the average dose in the ROI from the reference and doser 45 is the average dose
in the ROI of the evaluated strategy. Positive values mean lower dose than the reference, which imply
an over-prescription of the dose. Negative values mean a higher dose in the ROI than the reference,
which lead to an under-prescription of the dose.

In addition to the relative differences, dose ratio maps comparing dose distributions were
generated. The ratios were done with a voxel-by-voxel comparison between the reference and the
evaluated strategy.

3. RESULTS

3.1. Dose profiles and dose ratios in the breast

Figure 2a presents a 2-Dimensional (2D) reference dose distribution obtained from one accurately
segmented CT and Figure 2b shows dose profiles along the yellow line on the 2D dose map, obtained
with different TASs. For tissues outside the breast, no TAS was able to adequately reproduce the
reference dose. This was expected as these tissues (lung, bone, muscle, skin) were not included in the
assignment strategies considered. Inside the breast, the reference profile was quite irregular, following
the detailed segmentation, with relatively larger doses in glandular tissue and smaller in adipose (see
red arrows in Figure 2b marking the transition between dose absorbed in glandular and adipose regions).
Along regions where glandular tissue dominates, dose profiles obtained from 7G-43, water and
glandular TASs were very similar to the reference dose. In adipose regions, where the reference dose
is smaller, the reference dose profile comes closer to the dose profiles obtained using adipose or breast-
8020 TAS:s.
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Figure 2. (a) 2D reference dose distribution in a patient’s CT, and the dose profiles (b) from different TASs along the yellow
arrow in (a). The red arrows point to the regions where transition between glandular and adipose tissues occurs.
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This behavior can be better appreciated in Figure 3, where dose ratios between reference and the
TASs are presented for a 2D slice of the CT of one of the patients. In this figure, one can see how dose
in adipose tissue was overestimated by up to a 30% in dose calculations based upon the different TASs,
except in the adipose TAS, where dose was accurately reproduced, and in the breast-8020 TAS, where
the overestimation was only 10%. In glandular tissue, 7G43, water and glandular TASs reasonably

reproduced the dose while the other assignment strategies underestimated the dose in this tissue by 10%
to 30%. Notice how all strategies underestimated the dose in the skin and in the muscle up to 30-40%
and in the bone by more than 50%.

a) Dose ratio D,ef/DTm3 b) Dose ratio Dre,!Dwater c) Dose ratio D,e,/Dglandular

Figure 3. Dose ratio maps for one of the patients between the dose computed with the fully segmented reference model
against the dose computed from different TASs. The dose inside the applicator and outside the patient is disregarded and
appears in dark blue.



3.2.Relative differences in the regions of interest

Figure 4 shows a box plot with the relative differences found in all the ROIs for the five patients
evaluated. Keep in mind that positive values refer to lower doses than the reference, which translates
into over-prescription of dose, while negative values refer to higher doses than the reference, which
means dose under-prescription.

Again, one can see that the glandular and adipose TASs reproduced accurately dose distributions
in their corresponding tissues within the breast. The dose in the adipose ROI was also reasonably
reproduced with the breast-8020 TAS, with a relative difference below 5% in all cases. The other TASs
overestimated the dose in the adipose ROI, which led to under-prescription of more than 10% with
breast-5050 TAS and more than 30% with the TG-43 TAS. As we have shown before, the dose in the
glandular ROI was reasonably estimated also by 7G-43 and water TASs. The other assignment
strategies underestimated the dose in this ROI, leading to an over-prescription of around 5% with
breast-5050 TAS, about 10-15% with breast-8020 TAS, and more than 15% with the adipose TAS.
Finally, if we study the dose in the average (glandular + adipose) ROI, we can see that the best results
were obtained with adipose and breast-8020 TASs. The first one slightly over-prescribed the dose by
less than 7% (4% overall), and the second one slightly under-prescribed the dose by less than 6% (3%
overall). The other strategies overestimated the dose, being 7G-43 TAS the least accurate one, leading
to dose under-prescription by up to 30% in the worst case.
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Figure 4. Box plot with the relative dose differences between each TAS and the reference measured in the selected ROIs for
the five patients evaluated.

4. DISCUSSION AND CONCLUSION

The effect of the breast tissue composition on the dose for low energy photons has been extensively
studied in the literature, mainly for low-energy brachytherapy. In this work we have extended the study
to the INTRABEAM, because despite being a commonly used device for performing IORT in breast,
most planning with the INTRABEAM is still being done based on TG-43 dose distributions.



To study this effect, we compared dose obtained from fully segmented CTs with doses obtained
from six tissue assignment strategies. When we selected a ROI in the breast that included both glandular
and adipose tissues (an “average” breast ROI), we saw that considering the breast made only of adipose
tissue with CT-derived densities gave reasonable results, underestimating the dose only by a few
percent, which would lead to an over-prescription of the dose of less than 7%. Replacing the soft tissues
within the breast by a single tissue made of 80% adipose and 20% glandular tissues, with CT-derived
densities, provided also reasonable results, although it produced a slightly under-prescription of the
dose (less than 6% in the worst case) in the average soft tissue. In contrast, considering the breast as a
single tissue made of 50% adipose and 50% glandular, with CT-derived densities, was proven
insufficient to reproduce the reference dose in the 5 cases evaluated, overestimating dose in the average
ROI in all cases by up to a 15%. Similar results were found when we considered the breast as 100%
glandular with CT-derived densities, where dose was overestimated by more than 20%.

Finally, the worst predictions were obtained when dose was planned in water, as it overestimated
the prescribed dose, and thus treatment plans yielded a dose up to 30% lower than intended. This was
quite independent on whether we assigned unity density or derived density from HU to all tissues in
breast, as this did not significantly alter the dose distribution. This result agrees with Afsharpour et al.
[26], that showed that the effect of the elementary composition outweighs the effect of the density on
dose distributions.

Previous works showed similar results for other low-energy devices. These results included, for
example, differences up to 25% when comparing a model-based simulation with a water-based using a
1%Pd brachytherapy source [24, 26] and differences up to 40% with the Xoft Axxent electronic
brachytherapy source [3, 4]. These results are in line with the 20%-30% differences we obtained when
comparing the water-based dose distributions to the references.

INTRABEAM is becoming increasingly used for breast irradiations, but some decisions regarding
the treatment such as the irradiation time are still based on dose in water. In this work we showed that
dose planning in water leads to an under-prescription of the dose by more than 30%. Therefore, the
sensitivity of the tissues to the INTRABEAM working energies needs to be revised. Of course, an
accurate segmentation of the breast tissues, as recommended by the TG-186 guidelines, should be the
most desirable option. However, this is not always possible with single-energy CTs. In this case, that
is, if correct soft tissue segmentation in the breast cannot be safely done, we believe that either a single
tissue containing a mix of 80% adipose and 20% glandular, or even a 100% adipose single tissue, should
be selected as the average soft tissue composition in breast for low-energy X-rays. An alternative could
be the use of dual-energy CTs (DECT) or even spectral CTs, as their availability is increasing, especially
with the escalation of proton therapy facilities. By combining information from multiple X-ray energies,
soft tissue identification is largely simplified [16, 34, 35], allowing to identify different soft tissues of
the breast accurately, and to increase the reliability of INTRABEAM plans.
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