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In vivo dosimetry with optically stimulated dosimeters and RTQA2
radiochromic film for intraoperative radiotherapy of the breast

Caleb Price,® Aaron Pederson, Chanté Frazier, and John Duttenhaver
Department of Radiation Oncology, Memorial University Medical Center, Savannah, Georgia 31404

(Received 11 February 2013; revised 2 August 2013; accepted for publication 10 August 2013;
published 30 August 2013)

Purpose: Measurements were taken with optically stimulated luminescence dosimeters (OSLDs) and
with RTQA?2 radiochromic film to evaluate the use of each for in vivo dosimetry with intraoperative
radiotherapy of the breast.

Methods: Nonlinear calibration curves were established for OSLDs and RTQA?2 radiochromic film
using the Intrabeam 50 kV,, source. Measurements were taken in a water phantom and compared to
absolute dose measurements taken with an ionization chamber to investigate the characteristics of
both types of dosimeters, including energy response and radiative absorption. In vivo readings were
taken on the skin and in the tumor cavity using OSLDs and RTQA?2 radiochromic film for 10 patients
and 20 patients respectively. A prescription of 20 Gy to the surface of the applicator was used for all
in vivo measurements in this study.

Results: OSLDs were found to have an approximate uncertainty of +7% for readings near the surface
of the applicator and +17% for readings at distances typical to the skin. The radiative absorption by
OSLD was negative, indicating that this type of dosimeter absorbs less radiation than water in the
targeted intraoperative radiotherapy energy range. RTQA?2 film exhibited no energy dependence and
all film readings were within £8% of the delivered dose. The maximum radiative absorption in film
was 8.5%. Radiochromic film measurements were found to be on average 18.2 £ 3.3 Gy for the tumor
cavity and 2.1 £ 0.8 Gy for positions on the skin superior and inferior to the Intrabeam applicator.
Average cavity measurements taken with OSLDs were 15.9 &+ 3.9 Gy and average skin doses were
1.4 £ 0.8 Gy.

Conclusions: OSLDs produce results with an uncertainty comparable to other dosimeters near the
surface of the applicator but the uncertainty increases to an unacceptably high level with distance
from the applicator. RTQA2 radiochromic film is shown to be accurate both at the surface of the
applicator and at distances of 1-2 cm. © 2013 American Association of Physicists in Medicine.

[http://dx.doi.org/10.1118/1.4819825]
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1. INTRODUCTION

Radiotherapy is a common treatment modality for patients
diagnosed with breast cancer. Whole breast external beam
radiotherapy (EBRT) is typically prescribed for 3—6 weeks.
An attractive alternative to EBRT is intraoperative radiother-
apy (IORT). Using the TARGeted Intraoperative radiotherapy
(TARGIT) technique, treatment is delivered during the surgi-
cal procedure and can be completed in 30 min to an hour.

TARGIT makes use of a small x-ray source called the In-
trabeam (Carl Zeiss, Oberkochen, Germany). Tumor is ex-
cised from the breast and a polyetherimide spherical appli-
cator, of comparable size to the tumor, is selected. The source
is attached to a robotic arm, the applicator is then placed over
the Intrabeam source, and the source and applicator are in-
serted into the tumor cavity. A purse-string stitch technique is
used to ensure conformity of the tissue against the applicator
so that the shape of the tumor cavity matches the spherical
dose distribution produced by the Intrabeam source. A stan-
dard prescription dose of 20 Gy to the surface of the applica-
tor is then delivered over 15—40 min depending on applicator
size.
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An international randomized trial was launched in March
of 2000 to compare the TARGIT approach with conventional
EBRT given over 3—6 weeks. The difference between local
recurrence rates at 4 years in EBRT and TARGIT was found
to be 0.25%.!

In vivo dosimetry is an established method of verifying ac-
curate delivery of radiation and identifying potential errors.>>
It is desirable in TARGIT to have a system in place that con-
firms accurate delivery of the prescribed dose and monitors
skin dose to the patients. Various dosimeters have been in-
vestigated for use as in vivo dosimeters with TARGIT in-
cluding radiochromic film and thermoluminescence dosime-
ters (TLDs).*> Potential candidates for in vivo dosimetry of
TARGIT procedures are optically stimulated luminescence
dosimeters (OSLDs) and RTQA?2 radiochromic film. To the
best of our knowledge these dosimeters have not been used
for in vivo dosimetry with TARGIT.

OSLDs have characteristics that are desirable for use in
intraoperative radiotherapy procedures. The nanoDot OSLD
produced by Landauer (Landauer, Inc., Glenwood, IL) mea-
sures 1 cm in width and height and 2 mm in thickness. The
small size allows it to be placed easily on the patient’s skin

© 2013 Am. Assoc. Phys. Med.  091716-1
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close to the applicator and in the tumor cavity without undo
disturbance to the surgical site. Steep dose gradients produced
by the Intrabeam also indicate the use of a small dosimeter.
OSLDs can be calibrated for use with low energy x-rays such
as those used in the TARGIT technique.®

EBT2 radiochromic film has previously been investigated
for use in acquiring in vivo measurements with TARGIT.* Ra-
diochromic film is thin (0.5 mm) and can be cut to sizes that
do not interfere with the delivery of intraoperative radiother-
apy. It also does not require processing, reducing the cost and
complex handling associated with silver halide film dosime-
try. RTQA2 film was investigated for use with TARGIT in
this study because it is commonly used for routine quality as-
surance checks with linear particle accelerators and is readily
available in many radiation oncology departments.

This study investigated the characteristics of OSLDs and
RTQAZ2 film to evaluate their use in in vivo dosimetric read-
ings. Experiments were designed to evaluate the response of
these dosimeters to the photon energy range and the doses typ-
ical to TARGIT. The absorption of both OSLDs and RTQA?2
film was also investigated. In vivo measurements were taken
in the tumor cavity and on the patient’s skin at positions supe-
rior and inferior to the applicator. These results are reported
and compared to the results of previously published works.

2. METHODS AND MATERIALS

Intraoperative breast treatment is performed at our center
using the Intrabeam system from Carl Zeiss Meditec. The In-
trabeam is a small, lightweight source that produces 50 kV,
x-rays. The x-rays are created by accelerating electrons and
directing them down a needle-like probe that serves as a drift
tube. The electrons strike a thin gold target located at the tip
of the probe producing a spectrum of energies comprised of
bremsstrahlung radiation and characteristic x-rays. The probe
is 10 cm in length and 3.2 mm in diameter. The dose distribu-
tion produced is largely isotropic.’

Each procedure begins with a tumor excision. Once the
tumor has been removed an applicator of appropriate size is
chosen that approximates the size of the tumor. The applica-
tors are spherical in shape to match the isotropic dose dis-
tribution. The applicator provides a surface for the tissue to
conform to when pulled tightly against it. A typical applicator
set ranges in diameter size from 3.0 to 5.0 cm in 0.5 cm in-
crements. The applicator is placed over the needle-like probe
of the Intrabeam source which is then attached to a robotic
arm. The robotic arm allows the surgeon to precisely place
the applicator and x-ray source in the tumor cavity where it
will remain during treatment. The surgeon then uses a purse-
string stitch technique to conform the breast tissue to the ap-
plicator. Adequate conformance is confirmed using real time
ultrasound. The skin is then retracted from the applicator us-
ing a Lone Star Retractor ring and hook system (CooperSur-
gical, Inc., Trumbell, CT). The applicator size, prescription,
and treatment depth from applicator surface are input into the
treatment planning workstation so that the treatment time can
be calculated. A treatment is then delivered.
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A rigorous quality assurance program is in place for the In-
trabeam system. The absolute calibration is performed at the
factory and is confirmed onsite using a water phantom pro-
vided by Carl Zeiss Meditec along with a calibrated soft x-ray
chamber model number 34013 from PTW (PTW, Freiburg,
Germany). The energy response for this chamber is reported
to be 2% by the manufacturer. Before each procedure fur-
ther checks are performed to confirm the isotropy and dose
rate. These pre-treatment quality assurance checks have been
previously described in the literature.®

In vivo dosimetry in this study was performed by plac-
ing the dosimeters, whether OSLDs or film, on the patient’s
skin at positions superior and inferior to the applicator. Skin
dosimeters were placed under the Lone Star Retractor so
that they were in contact with the skin surface. A third
dosimeter was placed in the tumor cavity before the appli-
cator was inserted. Sterile conditions were achieved by plac-
ing the dosimeters between two sterile Tegaderm dressings
(3M, St. Paul, MN). The Tegaderm has a sticky surface and
the dosimeters can be effectively sealed between two sheets
of Tegaderm, a process which is affectionately called “mak-
ing ravioli”. It is noteworthy to mention that the process of
removing the dosimeter from the Tegaderm can be greatly
facilitated by placing the dosimeters in a small plastic bag
and then sealing the bag in the Tegaderm. The dosimeter
can later be cut out of the bag using scissors; otherwise
the Tegaderm has to be peeled off of the dosimeter before
reading.

After the procedure, dosimeters were recovered and read.
The OSLDs used in this study were nanoDots by Landauer
(Landauer,Inc., Glenwood, IL). The OSLDs were read using
the Landauer MicroStar Inlight reader. Film dosimetry was
performed using RTQA?2 radiochromic film scanned with an
Epson Perfection V750 Pro flatbed scanner in reflective scan
mode and evaluated with OmniPro-ImRT software from IBA
Dosimetry (Schwarzenbruck, Germany).

2.A. Calibration of OSLDs

OSLD dosimeters have been shown to over-respond to x-
rays in the diagnostic energy range by a factor of approxi-
mately 3—4.° It is therefore necessary to generate separate cal-
ibrations for applications in the diagnostic energy range and
in the therapeutic energy range. It has also been demonstrated
that the response of OSLD dosimeters is supralinear above
2Gy.?

A nonlinear calibration was established in order to create
a calibration derived from measurements taken that span the
range of expected dose readings and account for the supralin-
ear response of OSLD dosimeters above 2 Gy. The Intrabeam
itself was used to collect calibration data in this dose range.
The experimental setup is shown in Fig. 1. Three OSLDs were
taped to the applicator and placed in a water phantom to sim-
ulate treatment conditions. Doses of 0, 1, 2, 5, 10, 20, and
25 Gy were delivered to each set of three OSLDs using the
Intrabeam source with the 4 cm applicator. The readings were
used to establish a nonlinear calibration curve based on fit-
ting the calibration data to the second order polynomial shown
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FI1G. 1. Experimental setup for calibrating OSLDs in the water phantom.

in Eq. (1):
y:ax2+bx+c, (1)

where x is the photon counts and y is the computed dose.
The coefficients a, b, and ¢ have units of dose/counts?,
dose/counts, and dose, respectively.lo The intrinsic uncer-
tainty of the system and calibrations was confirmed to
be less than 2% using the method recommended by the
manufacturer.®

2.B. Energy response of OSLDs

OSLDs have been reported to display energy dependence
at diagnostic energies.'! It is therefore necessary to determine
the uncertainty associated with using dosimeters that do not
have a flat response over the beam qualities found in TARGIT.
The spectral shift due to beam hardening produced by various
applicators and depths in tissue has been previously studied.*
The effective energy of the beam in TARGIT was shown to
range from 20.7 to 36.3 keV.

To characterize the change in response of readings taken
with OSLDs due to the change in effective energy as a result
of applicator size, readings were taken in a water phantom at
a distance of 0.15 cm from the surface of the 3.0 and 5.0cm
applicators for doses of 15, 20, and 25 Gy. These doses were
chosen because they cover the range of expected dose to the
surface of the applicator in TARGIT. The treatment time nec-
essary to deliver the doses was calculated from an absolute
dose rate measurement in water using a calibrated soft x-ray
chamber model number 34013 from PTW and following the
procedure described in the Intrabeam Water Phantom User
Manual.'> Dose was delivered to the ionization chamber us-
ing the calculated treatment times. The 3.0 and 5.0 cm appli-
cators were chosen because they represent the two extremes
of the change in effective energy in TARGIT. It was neces-
sary to take readings at a distance of 0.15 cm because this
is the smallest distance from the applicator at which a 34013
PTW ionization chamber can be placed due to the need to wa-
terproof the chamber. The experimental setup for irradiating
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the OSLDs involved securing the dosimeter to the surface of
the brown housing of the water phantom shown in Fig. 1, ad-
justing the distance from the surface of the applicator to the
surface of the OSLD to a distance of 0.15 cm, and delivering
radiation for the calculated time. The brown housing serves
as waterproofing for the ionization chamber and is made of
solid water that is 0.1 cm in thickness. The nonlinear 50 kV/,
calibration was applied to all the readings taken to evaluate
OSLD response.

The OSLDs were also tested at various depths that corre-
spond to typical distances between the applicator surface and
the skin. The OSLDs were taped to the surface of the brown
housing in the water phantom shown in Fig. 1. The distance
between the surface of the applicator and the surface of the
OSLD was then carefully set. Doses of 1, 3, and 5 Gy were
delivered to OSLDs at depths of 1 and 2 cm. The 3 and 5 cm
applicators were again used to represent the extremes of the
effective energy in TARGIT. The nonlinear 50 kV, calibra-
tion was applied to all readings. The differences in the result-
ing doses were used in determining the uncertainty associated
with readings taken at typical skin to applicator distances.

2.C. Absorption in OSLDs

Since the OSLDs are being placed between the applicator
and the breast tissue being treated, it is important to measure
the x-ray absorption to facilitate a clinician’s decision to per-
form in vivo dosimetry using this type of detector. To mea-
sure absorption, OSLDs were secured in the water phantom
on the surface of the brown housing. A 34013 PTW ioniza-
tion chamber was placed in a holder in the brown housing
with the OSLD completely covering the active volume of the
chamber at a point 0.15 cm from the effective point of mea-
surement of the ionization chamber. Readings were taken for
a fixed irradiation time of 1 min with the bare needle tip of the
Intrabeam placed at distances of 0.5, 1.0, 1.5, and 2.0 cm from
the effective point of measurement of the ionization chamber.
Three readings were taken at each distance and the results av-
eraged. The measurements were repeated without the OSLD
and the resulting absorption was calculated.

An OSLD was also disassembled for the purpose of quan-
tifying the absorption through the individual components of
the dosimeter. The nanoDot dosimeter is composed of a plas-
tic disk infused with aluminum oxide doped with carbon
(A1,03:C) encased in a plastic case.' The plastic case is com-
posed of two virtually identical plastic pieces. The procedure
outlined above was repeated with the front half of the plastic
case and with the aluminum oxide infused plastic disk with
the bare needle tip at a distance of 1 cm from the effective
point of measurement of the ionization chamber and the re-
sulting absorption was calculated.

2.D. Calibration of the radiochromic film

RTQA?2 radiochromic film was also used to acquire both
surface dose readings and readings in the tumor cavity. The
film was calibrated with the Intrabeam using the same experi-
mental setup as the OSLDs shown in Fig. 1. Films were taped



091716-4

Optical Density

25 /
225

12.5
/ 9
15 Vi "
/ G
125 ~

7.5
5 /
25 ra
0 /
0 0.5 1 1.5 2 25

FIG. 2. Radiochromic film calibration curve.

to an applicator that was then placed in a water phantom. The
films were exposed to doses of 0, 5, 10, and 25 Gy. The films
were scanned on an Epson Perfection V750 Pro flatbed scan-
ner. An interval of no less than 24 h was allowed between
exposure and scanning to allow the films sufficient time to
stabilize. The Epson Scan version 3.81US software was used
to scan the calibration films using the following settings; Doc-
ument Type: Reflective, Image Type: 16-bit Grayscale, Res-
olution: 50 dpi, and “No Color Correction.” The scans were
saved in the tagged image file format.

The scans were imported into OmniPro ImRT software and
used to create the calibration curve shown in Fig. 2. Because
the film could not perfectly conform to the surface of the
applicator, the entire exposed area did not receive the same
dose. Therefore an average value of a region of interest cen-
tered on the maximum value from each film and measuring
5 x 5mm was used to create the calibration curve. The shape
of the acquired curve is consistent with previous studies with
radiochromic film and the Intrabeam source.*

2.E. Energy response of radiochromic film

EBT2 radiochromic film has previously been shown to
have a small energy dependence in the effective energy range
relevant to TARGIT.* RTQA2 film has a different composi-
tion than EBT2 film and so the energy response was inves-
tigated. Using the same method described for OSLDs, films
were irradiated to doses of 15, 20, and 25 Gy with the 3 and
5 cm applicators at a distance of 0.15 cm to correspond to tu-
mor cavity readings. Likewise films were also irradiated to
doses of 1, 3, and 5 Gy for the 3 and 5 cm applicator at
distances of 1 and 2 cm to correspond to typical distances
between the applicators and the skin. Again at least 24 h
was allowed in between irradiation and scanning of the ra-
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diochromic film to allow time for stabilization. The films were
scanned using the technique described previously and the cal-
ibration curve was applied. A region of interest was set to
5 x 5 mm and the average doses recorded for the center of
each film.

2.F. Absorption in RTQA2 film

The same method used for OSLDs was repeated for
RTQA2 film to measure the radiative absorption. The film
was secured to the brown housing in the water phantom and a
34013 PTW ionization chamber was placed in a holder in the
brown housing with the film completely covering the active
volume of the chamber at a point 0.15 cm from the effective
point of measurement of the ionization chamber. Readings
were taken with the bare needle tip of the Intrabeam placed
at distances of 0.5, 1.0, 1.5, and 2.0 cm from the effective
point of measurement of the ionization chamber. The mea-
surements were repeated without the film and the resulting
absorption was calculated.

2.G. In vivo measurements

Both types of dosimeters used in this study were placed on
the skin edge at positions superior and inferior to the appli-
cator. Figure 3 shows a typical setup. An OSLD nanoDot can
be seen inferior to the applicator. Because the skin has been
retracted from the applicator to reduce dose, the skin dosime-
ters were typically 1-2 cm from the edge of the applicator and
at least 1 cm from the x-ray source, depending on the depth of
the tumor cavity. The skin distance from applicator was con-
firmed to be at least 1 cm in each case using ultrasound. The
1 cm skin eversion is recommended because a case of necro-
sis was reported in the first trials of the Intrabeam and in con-
sideration of the potential doses received inside that distance
being greater than 6 Gy, the threshold for skin damage after a
single exposure from x-ray.* 413

F1G. 3. Dosimeter placement during treatment.
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TABLE I. Comparison of doses delivered from the 3 and 5 cm applicators to OSLDs. Uncertainties are calculated

as one standard deviation of measurements.

Distance from
applicator surface

3 cm applicator

5 cm applicator Combined results

(cm) Dose delivered (Gy)  Dose OSLD (Gy) Dose OSLD (Gy) Dose OSLD (Gy)
0.15 15.0 £ 0.1 154+09 154+ 0.1 154 +0.5
0.15 20.0 £ 0.1 187+ 04 20.2 +£0.2 19.5+09
0.15 250402 234+ 1.4 2404 0.1 23.7+0.9
1 1.0£0.0 1.0£0.1 1.0£0.1 1.0+ 0.1
1 3.0+£0.0 2.6 £0.1 2.7+02 2.7+£0.1
1 50+0.1 4.440.0 47402 46402
2 1.0+ 0.0 1.0£0.1 1.0£0.0 1.0+ 0.1
2 3.0+ 0.0 2.6 £0.1 25+0.1 2.6 £0.1
2 50+0.1 48407 42402 45405
The cavity dosimeter was placed by the breast surgeon at 3. RESULTS

the bottom of the tumor cavity before the applicator was in-
serted and stitched in place. No special measures were taken
to ensure that the dosimeter remained in place during treat-
ment and it is probable that some shifted position after the
purse-string stitch was tightened to conform the breast tissue
to the applicator. It is also possible that a gap existed between
the applicator and some of the dosimeters.

Radiochromic films were cut to approximately 2.54
x 2.54 cm, placed in a plastic bag, and sealed between two
pieces of Tegaderm before placing them on the patient. After
treatment delivery the films were recovered, removed from
the plastic bag, and scanned for analysis. At least 24 h were
allowed between recovery of the films and scanning to allow
time for the films to stabilize. During analysis the calibration
curve was applied to each film and a region of interest was se-
lected that was approximately 1 mm from the film edge in all
directions. The cavity films were completely exposed and av-
erage, maximum, and minimum doses were recorded. Films
used to record skin dose exhibited a rapid dose falloff as a
function of distance from the applicator with portions of the
films receiving very low doses (<0.1 cGy). It was decided that
the maximum film reading was the value of interest for skin
dose measurements for reporting purposes.

A similar procedure was used for placement and sterile
packaging of the OSLD dosimeters. The OSLDs were recov-
ered and read with the Inlight MicroStar dosimetry system.
The net counts were recorded and all three calibration factors
were applied to obtain dose readings.

3.A. Energy response of OSLDs

The OSLD response to delivered doses from the 3 and
5 cm applicators are shown in Table I. Measurements made at
a distance of 0.15 cm resulted in percentage differences that
ranged from —6.6% to 2.8%. Among the measurements made
at 1 and 2 cm distances, the percentage differences ranged
from —16.5% to 3%. There is a trend of increasing percent-
age difference with distance from the applicator surface for
an individual applicator, but there was no discernible trend in
measurements made at the same distance with the 3 and 5 cm
applicators.

3.B. Absorption of OSLDs and RTQA2 film

The results of the measurements for the radiative absorp-
tion by the OSLDs and film are summarized in Table II. The
OSLD absorption is negative indicating that the OSLD ab-
sorbs less radiation than the water it displaces. This result
was further investigated by disassembling an OSLD and mea-
suring the absorption through the component pieces. The ab-
sorption through the plastic case is negative but absorption
through the Al;O3 infused disk inside the nanoDot is positive
indicating the radiative absorption is higher than water.

Previous works have measured absorption of 3% in EBT2
radiochromic film with the Intrabeam accelerator at a distance
of 2.3 cm from the film in air.* The absorption of RTQA2

TABLE II. Percent absorption measured at set distances between the Intrabeam needle tip and the effective
point of measurement of the ionization chamber. Uncertainties are calculated as one standard deviation of

measurements.

0.5 cm 1.0 cm 1.5 cm 2.0cm
OSLD —-20.5+0.3 -91+02 —-58+£0 —4.1%05
OSLD Al;03 disk 59402
Half of OSLD plastic case —11.3£0.1
RTQA film 85+02 48+£0.2 32402 26+0

Medical Physics, Vol. 40, No. 9, September 2013
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TABLE III. Comparison of doses delivered from the 3 and 5 cm applicators to film. Uncertainties are calculated

as one standard deviation of measurements.

Distance from
applicator surface

3 cm applicator

5 cm applicator Combined results

(cm) Dose delivered (Gy) Dose film (Gy) Dose film (Gy) Dose film (Gy)
0.15 15.0 £ 0.1 14.6 £ 0.7 159 + 0.1 153+0.8
0.15 20.0 £ 0.1 19.6 £ 0.1 19.1 £ 0.1 19.3+0.3
0.15 25.04+0.2 23.3+0.1 23.54+0.1 23.44+0.1
1 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0
1 3.0+0.0 29+0.0 324+0.0 3.1£0.1
1 5.0+£0.1 54+0.0 53+0.0 5340.1
2 1.0+ 0.0 1.1 £0.0 1.0+ 0.0 1.1 £0.0
2 3.0+0.0 3.1£0.0 3.0£0.0 3.1£0.1
2 5.0+£0.1 54+0.1 54+0.1 54 +0.1

film varied with the distance from the applicator, ranging from
8.5% at 5 mm distance to 2.6% at 20 mm distance. Given the
similar composition of EBT2 and RTQA?2 film, it is reason-
able that the absorption values are consistent.

3.C. Energy response of RTQA2 film

Table III lists the results of measurements taken to charac-
terize the energy response of RTQA?2 film. The results show
good agreement between measured and delivered doses close
to the surface of the applicator. The percentage differences
for measurements taken at a distance of 0.15 cm ranged from
—6.8% to 6.2%. Previously reported values for EBT films
taken for the measurement of percentage depth doses agreed
with ion chamber measurements within 6.9%.%

The measurements taken at distances of 1.0 and 2.0 cm
vary in percentage difference from —1.8% to 8.0%. Among
all water phantom film measurements there was an average
percentage difference of 0.6% = 5.2. There is no discernible
trend between percentage difference and applicator size or
distance from applicator surface.

3.D. In vivo measurements

The results of in vivo measurements for radiochromic film
and OSLD measurements are summarized in Tables IV-VL.
All treatments were delivered with a dose of 20 Gy prescribed
to the surface of the applicator. Film measurements were
taken on 20 patients and OSLD measurements were taken on
10 patients.

TABLE IV. Results of in vivo dosimetry with radiochromic films in intraop-
erative breast radiotherapy for 20 patients.

The radiochromic film readings for the cavity resulted in
an average of 18.2 & 3.3 Gy. The skin doses for superior
and inferior locations were 2.1 & 0.7 and 2.1 £ 0.8 Gy, re-
spectively. Average values of individual cavity film measure-
ments ranged from 7.8 to 22.5 Gy and the average difference
between planned dose and film measurement was —10.1%.
Table VI displays the average difference based on dosimeter
and applicator size and also reports the number of times each
applicator was used. Superior and inferior skin maximum film
value measurements ranged from 0.7 to 3.5 Gy.

OSLD measurements resulted in an average cavity dose
reading of 15.9 + 3.9 Gy. The average difference between
measured and planned dose on the applicator surface was
—20.6%. Skin dose measurements covered a range of values
from 0.5 to 3.9 Gy.

4. DISCUSSION
4.A. Energy response and uncertainty of OSLDs

Previous studies have demonstrated the energy dependence
of OSLDs at diagnostic energies.'! In this study we tested the
stability of OSLD readings taken over the energy range of
TARGIT. These experiments tested both the response of the
OSLD dosimeters with the change in effective energy due to
applicator over the range of applicator sizes and the change in
effective energy due to increased distance.

There was no consistent variation in readings taken with
OSLDs due to the size of the applicator either in readings
taken near the surface of the applicator or at a distance. Dif-
ferences between expected and measured values at a depth
of 0.15 cm ranged from —6.6% to 2.8%. The measurements

TABLE V. Results of in vivo dosimetry with OSLD dosimeters for
10 patients.

Cavity Superior  Inferior Cavity Superior Inferior
Site of Minimum Maximum Average Maximum Maximum Site of Reading Reading Reading
measurement (Gy) (Gy) (Gy) (Gy) (Gy) measurement (Gy) (Gy) (Gy)
Average 72 22.1 18.2 2.1 2.1 Average 15.9 1.2 1.5
Standard deviation 3.5 2.6 33 0.7 0.8 Standard deviation 3.9 0.6 1.0
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TABLE VI. Average percentage difference between measured and planned dose in the cavity with OSLDs and
radiochromic film and the number of times each applicator was used.

Applicator (number of times used) 3cm (1) 3.50) 4(3) 4.53) 503)
OSLD —-1.0 —21.8 -30.3 —13.6
Applicator (number of times used) 3cm (3) 354 4(8) 4.5(5) 5(0)
RTQA2 6.3 -7.3 —11.0 —16.6

taken at 1.0 and 2.0 cm exhibited much higher percentage dif-
ferences with a maximum value of —16.5%. Previous inves-
tigators using EBT radiochromic films reported agreement of
6.9% with a PTW ionization chamber of type 23342, when
calibrating the films for measurement of percent depth doses
of the Intrabeam with different applicators.® Using our cali-
bration technique OSLD readings at the surface of the appli-
cator can be conservatively assigned an uncertainty of £7%
and readings taken up to 2.0 cm are reliable within approxi-
mately £17%. The surface reading uncertainty reported here
is the same as the total quoted uncertainty of 17% reported
for TLD measurement in IORT.'"* While the uncertainty for
readings taken at increased distances from the applicator sur-
face is high, these measurements correlate to readings taken
on the skin surface where the expected dose is typically less
than 5 Gy. A 17% uncertainty may be considered acceptable
at such doses considering the absolute dose error at a reading
of 5 Gy is less than 1 Gy.

4.B. Absorption of OSLDs and film

It was important to quantify the radiation being absorbed
by the dosimeters used in the tumor cavity to assure that they
were not negatively impacting clinical outcomes. Experimen-
tal results indicate that the absorption in OSLDs can vary from
—20.5% to —4.1% depending on the distance from source.
This surprising result led to further investigation of the ra-
diative absorption through the components of the OSLD. The
plastic that comprises the OSLD case absorbs less radiation
than the water it displaces. The case also creates an air pocket
that contributes to the effect. Though the plastic disk inside
the OSLD absorbs 5.9% of the radiation, the influence of
that disk on overall absorption through the OSLD is offset
by the plastic case. This certainly does not indicate that tis-
sue obscured by the OSLD is receiving an enhanced dose, but
demonstrates that if 2 mm of tissue was replaced by the OSLD
then the underlying tissue would receive an increased dose.
This is not the case, however, as the tissue is not replaced but
displaced by the OSLD. For this reason a conservative ab-
sorption value of 5.9% was adopted for OSLDs that reflects
the maximum absorption measured through any component
of the dosimeter.

Absorption by the film varied from 2.6% to 8.5%. Treat-
ments in this study were given with a prescription of 20 Gy
to the surface of the applicator. Adopting the 8.5% absorp-
tion, as a worst case scenario approach and adjusting the de-
livered dose based on the measured absorption, the tissue un-
der the film receives 18.3 Gy, under ideal conditions of perfect
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tissue conformance and Intrabeam performance. Other clini-
cians have adopted a method of prescribing 5 Gy at a depth of
1 cm.* Using this method the dose at the surface of the appli-
cator is 17.1, 19.8, 17.5, 15.9, and 14.7 Gy for the 3, 3.5, 4,
4.5, and 5 cm applicators. It was concluded that absorption of
8.5% is acceptable when weighed against the value of in vivo
measurements and compared to other methods of administer-
ing TARGIT. A similar argument supports the use of OSLDs
with 5.9% absorption.

4.C. Energy response and uncertainty of RTQA2 film

There was a concern that RTQA2 film could not be used
for TARGIT dosimetry because it has a white polyester back-
ing making it impossible to use a transmission type scan and
because it has a dynamic range listed by the manufacturer of
0.02 to 8 Gy, which does not cover the entire range of inter-
est for TARGIT in vivo dosimetry. The results of this work
demonstrate that RTQA?2 film produces satisfactory dosimet-
ric results for the range of doses delivered in TARGIT ra-
diotherapy. There was no discernible trend in film response
with the change in effective energy. The maximum percent-
age difference measured between RTQA2 film readings and
delivered dose was 8% and an average percentage difference
was 0.6% £ 5.2%. It is reasonable to assume a worst case
scenario uncertainty of £8% for RTQA?2 film readings. This
uncertainty agrees with reported uncertainty for EBT film of
6.9%.% A future research study is recommended to fully eval-
uate the dosimetric characteristics, including dynamic range,
of RTQA2 film when used with diagnostic energies and a re-
flective flatbed scanner like the one used in this study.

4.D. In vivo measurements

In vivo dosimetry in many forms has been implemented
in radiotherapy to assure safe and accurate dose delivery.
Such measurements check the dose delivered to the patient
rather than the individual components prior to treatment.'6
Dosimetric measurements taken in the first few fractions of
EBRT can confirm that the planned dose is being delivered
within an acceptable tolerance and will alert the clinician to
potential problems early in the course of treatment. Though
the TARGIT approach is delivered in one fraction, there is
still merit in performing in vivo dosimetry. It is reasonable
to establish a metric for confirming that a therapeutic dose
of radiation is delivered to each patient receiving intraopera-
tive breast radiation. Radionecrosis of the skin was reported
in one patient of the pilot study for TARGIT, indicating that
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monitoring of skin dose is also warranted for this procedure.'”
Moreover such dosimetric measurements acquired for a pop-
ulation of patients serves as a form of process quality
assurance.

OSLDs offer a fast way to perform in vivo dosimetry for
TARGIT patients. They are small in size, allowing them to
be placed in the tumor cavity and on the skin. The energy re-
sponse has been shown to extend into the diagnostic range
of energies that are being used in TARGIT.'® Additionally
the process of reading OSLDs can be completed in a few
minutes, meaning results are readily available to assess the
potential impact to the patient. This work has demonstrated
that OSLD response is sensitive to the beam quality. This ef-
fect is apparent in the increasing uncertainty with distance
from the applicator. The nonlinear calibration accounts for
the supralinear response to doses above 2 Gy and produces
results that are comparable to previously published values.
Cavity measurements were reported with average percentage
differences between delivered and measured doses of 1.0%,
—21.8%, —30.3%, and —13.6% for the 3, 4, 4.5, and 5.0 cm
applicators respectively and an overall average difference of
—20.6%. Avanzo et al. reported applicator surface dose av-
erage percentage differences of —27.6%, —19.9%, —11.9%,
and —10.4% for the 3.5, 4, 4.5, and 5.0 cm applicators, with
an average difference of —19.0%.*

Skin dose measurements are influenced by many factors
that vary from case to case such as distance of the skin to the
applicator surface, applicator selected, etc. OSLDs produced
readings that ranged from 0.5 to 3.9 Gy. The range of these
results is comparable to previous studies which have reported
22 4+ 1.0,29 £ 1.5, and 2.9 £+ 1.6 Gy for skin dose mea-
surements taken 1-2 cm from the applicator using both EBT2
radiochromic film and TLDs.*> 1

RTQAZ2 film has been demonstrated in this work to pro-
duce in vivo dosimetry measurements that are consistent with
EBT?2 radiochromic film, TLDs, and OSLDs. The tumor cav-
ity measurements for radiochromic film produced average
differences between delivered and measured doses of 6.3%,
—7.3%, —11%, and —16.6% for the 3, 3.5, 4, 4.5, and 5 cm
applicators, with an average difference of —10.1% for all ap-
plicators. This average error is lower than that found by a pre-
vious work.* The range of skin dose measurements was 0.7
to 3.5 Gy, which is comparable to the previously cited val-
ues. Radiochromic film offers several advantages in dosimet-
ric readings for TARGIT. The film can be cut into any size and
shape allowing it to be optimized for placement on the patient
and in the tumor cavity. TARGIT requires a small dosimeter,
such as film, due to the steep dose gradients. Radiochromic
film also does not require processing like conventional silver
halide film; although a potential drawback is that it must be
allowed sufficient time to stabilize before it can be evaluated.
The 24 h stabilization period used in taking measurements for
this study was not found to be prohibitive.

A two-tailed statistical significance test was performed to
determine the differences between OSLDs and RTQA2 film
data for the tumor cavity. This analysis resulted in a value of
p = 0.1. Adopting a 0.05 level of confidence, the results show
no statistical difference between the OSLD and film data.
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A similar test done for skin dose measurements resulted in
p < 0.01. This does indicate that for measurements taken on
the skin there is a statistically significant difference between
OSLD and film readings.

As has been stated, TARGIT necessitates that any in vivo
measurements be performed with a small dosimeter due to
the steep dose gradient involved. For the same reason the
dosimeter must be carefully positioned. Previous work involv-
ing quality assurance of the Intrabeam system noted that the
largest source of error associated with ion chamber and film is
the positioning of the dosimeter.'® The positioning of the cav-
ity dosimeter for the in vivo measurements done in this work
was not carefully monitored. It is thought that the occasional
very low dose reading seen with OSLDs and film in the cavity
are due primarily to poor dosimeter positioning in the patient
and not due to a delivered dose that is lower than the prescrip-
tion dose. This assumption is supported by the stability of the
readings over dose, for OSLDs and radiochromic film taken
in the water phantom.

The dose falloff with depth in tissue is steep as a result of
the low energy. The percentage depth dose at 1 mm averaged
over all applicators is 86%. Assuming an OSLD was 1 mm
from the applicator and that the tumor cavity was filled with
fluid the readings could range from 16.2 to 18.4 Gy given a
+7% uncertainty and a prescription of 20 Gy to the surface
of the applicator. At 2 mm the percentage depth dose aver-
aged over all applicators is 76%. Using the same uncertainty
this would result in OSLD readings that range from 14.1 to
16.2 Gy. There were only two readings lower than 15 Gy in
the data so it is likely most OSLDs were within 2 mm of the
applicator.

The same argument can be applied to film dosimetry. Us-
ing a +8% uncertainty at a distance of 1 mm from the applica-
tor for a prescription of 20 Gy the RTQA?2 film readings could
range from 15.9 to 18.6 Gy. At a 2 mm distance the range is
14 to 16.4 Gy. Assuming the maximum distance from appli-
cator to either type of dosimeter in the tumor cavity is 2 mm,
the estimated uncertainty of OSLDs and RTQA2 film for
in vivo dosimetry is in the range of 30%—40%. These calcula-
tions emphasize the importance of accurate dosimeter place-
ment during treatment. Previous studies have used ultrasound
to ensure that the dosimeter is in contact with the surface of
the applicator, and that method is being adopted by the au-
thors for future work.*

There is an argument that can be made for not con-
firming dosimeter placement. Now that the uncertainty un-
der ideal conditions has been established, an unusually low
reading could point toward poor tissue conformance during
treatment which may indicate that further radiotherapy is
warranted.

Even using ultrasound guidance to ensure accurate
dosimeter placement Avanzo et al. reported an average dif-
ference between planned dose on the applicator surface and
measured dose of —19.0% which indicates another fac-
tor contributing to the error in surface dose readings.* As
other researchers have noted, the values of the surface doses
reported by the Intrabeam treatment planning system are
derived by extrapolation of manufacturer measurements at
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shallower depths.!® The uncertainty of tumor cavity dosimet-
ric measurements may also reflect the uncertainty in reported
values at the applicator surface.

5. CONCLUSIONS

The measurements taken during treatment provide a qual-
ity assurance check for the Intrabeam intraoperative radiother-
apy modality and a method by which to measure skin dose.
In this study it was demonstrated that RTQA?2 radiochromic
film is superior to optically stimulated luminescence dosime-
ters for in vivo dosimetry in TARGIT, due to the lower uncer-
tainty of readings taken at a distance from the applicator and
a clearer understanding of films impact on the dose to under-
lying tissue.

A nonlinear calibration curve was established using the
Intrabeam for OSLDs and the characteristics of the OSLDs
were tested. The nonlinear calibration produced in vivo
results that agreed with previously published data. The in-
fluence of the energy dependence of OSLDs was not ob-
servable between applicators but does become apparent at
distances of 1-2 cm from the surface of the applicator. Ra-
diative absorption by the Al;O3 infused plastic disk inside the
OSLD was measured as 5.9% which was determined not to be
prohibitive.

A nonlinear calibration curve was also established for
RTQAZ2 radiochomic film. RTQA2 radiochromic film read-
ings for cavity measurements were found to have bet-
ter average agreement with the expected applicator surface
dose than previously published data taken with EBT2 ra-
diochromic film. Skin dose measurements taken with RTQA?2
film were found to be consistent with measurements taken
with both EBT2 radiochromic film and TLD. The energy de-
pendence of RTQA2 film was found to be negligible and
water phantom measurements found that over the energy
range and doses used in TARGIT RTQA? films have an es-
timated uncertainty of £8%. A maximum radiative absorp-
tion through the film was measured to be 8.5%, but this
was not considered prohibitive when compared to applica-
tor surface doses from other treatment paradigms used in
TARGIT.
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