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Abstract: The purpose of this report is to es-
tablish a method for the direct measurement 
of the absorbed dose delivered by 192Ir high-
-dose-rate (HDR) brachytherapy (BT) sources 
using a PinPoint ionization chamber. After a 
literature review, a quality control procedure 
for the absorbed dose-in water has been de-
veloped and included in the quality assurance 
(QA) of the brachyhterapy unit GammaPlus 
iX (Varian Medical Systems, Palo, CA).

INTRODUCTION
Treatment planning and dosimetry in bra-

chytherapy have not developed at the same 
pace as that of external beam radiotherapy 
(EBRT). Traditionally, there has been a high 
dependence on clinical experience gained over 
many years, using known, non-optimised BT 
systems. Additionally, there have not been any 
very accurate dosimetry systems for use with 
BT. This has meant that the same relatively sim-
ple algorithms and calculation procedures have 
been in use for many years and the tolerances 
on dosimetry have consequently been greater 
than those accepted for EBRT.

The methodology for quantifying the 
strength of a BT source in terms of air ker-
ma strength (SK) measurement as well as the 
established dosimetry protocols for dose rate 
calculations around such a source based on 
its strength, have been extensively discussed 
in many procedures and literature referen-
ces1−5. For the determination of the different 

parameter values implemented in the inter-
nationally established TG-436 and TG-43U7 
dosimetry protocol experimental validation 
of MC simulation results is required8. This 
applies to both the dose rate constant (Γ) that 
requires measurement of the absolute dose or 
dose rate, as well as the radial dose function 
g(r) and anisotropy function F(r,θ) which are 
relative values. Furthermore, the need to in-
vestigate and quantify the dose perturbation 
arising from simple or complex applicator ge-
ometries and applicator materials, shielding 
materials, and tissue inhomogeneities, also 
requires the availability of appropriate experi-
mental dosimetry systems in modern BT8.

There has also recently been increased in-
terest in improved accuracy of BT dosimetry 
due to:

•	 The advent of remote afterloading 
using HDR and LDR sources.

•	 The increased availability of CT and 
MRI scan data for volume definition.

•	 The possibilities of real-time dosime-
tric and biological optimisation.

For the above reasons, it is necessary to 
assess the accuracy of dose delivery as an ad-
vanced step with regards to the conventional 
measurements of the air-kerma strength of a 
BT source.

LITERATURE REVIEW
The radiation field around BT sources is 

characterized by: (1) high dose gradients, (2) 
an extended dose rate range, and (3) photon 
energies typically lower than those in the 
standardized dosimetry of external beam fiel-
ds, which spreads from those of high (60Co 
and 137Cs) and intermediate (198Au, 192Ir, and 
169Yb), to those of low energy radionuclides 
(125I and 103Pd). Given these three characteris-
tics of the radiation field, experimental BT do-
simetry places severe demands on candidate 
detectors, which are collected in Table 1.
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The size of a detector defines both the ma-
ximum spatial resolution that can be achie-
ved as well as the mini- mum meaningful 
distance of measurement. Especially in in-
termediate and high energy radionuclides, a 
softening of the photon spectrum is observed 
with increased distance from the source due 
to the gradual build-up of scattered (Comp-
ton effect), lower energy photons and the at-
tenuation of the primary emitted photons (see 
Fig.1). Owing to this energy softening effect, 
the energy response of a detector becomes 
crucial with regards its suitability for experi-
mental studies (Fig.2). Finally, pronounced 
anisotropic angular response of detectors is 
expected to lead to underestimation of the 
dose with increased distance from the source 
since the fraction of backscattered photons in-
creases with distance.

There is a variety of experimental dosime-
ters that have been used for dosimetry around 
BT sources, such as ion- ization chambers9–11, 
thermoluminescence dosimetry (TLD)12−21, 
diodes22−23, plastic scintillators24−26, diamond 
detectors27−29, radiographic and radiochromic 
films30−34, polymer gels and chemical dosime-
ters35−45.

Ionization chambers, diodes, plastic scin-
tillators, and diamond detectors have the advan-
tage of allowing direct measurement in phan-
toms, thus obviating the need for solid-state 
phantoms and the influence of corresponding 
corrections and their associated uncertainties. 
On the other hand, LiF thermoluminescence 
dosimetry is currently the method of choice for 
both absolute and relative dose measurement 
in the entire energy range of BT sources.

BT Difficulty

Simultaneous measure of high and 
low doses 

Energetic spectrum dependent of 
the detector position 

Detector perturbation in the me-
dium (attenuation...)

Average active volume effect in the 
detector 

Very low doses
Spatial anisotropy of emissions with 
non uniform distribution of activity 
High gradients and distances sour-

ce-detector

Requested Feature 
of the Detector

Great dynamic 
measure interval 
Flat energy res-

ponse
Water equivalent 

detector
Very small detector

High sensitivity 
Isotropic response 
Accurate positio-

ning

Table 1: Difficulties in experimental 
brachytherapy

Fig.1. Photon energy spectra in liquid water at 
radial distances in the range 1.0 to 10.0cm from 
a ideal point sources of 192Ir. These are the results 
of MC calculations with the MCNP-4c MC 
general code45 where the source was located in the 
center of a liquid water spherical phantom of an 
external radius of 80.0 cm. A maximum number 
of 2 ·108 particle histories were initiated resulting 
in a maximum relative percentage deviation less 
than 0.1%. The decrease of the mean energy with 

the distance from the source is shown.
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DETECTOR CHOICE
The radiation detector PinPoint PTW31016 

(S.N. 00551) has been chosen for this study. 
With the use of this rigid ionization cham-
ber, a compromise between the properties of 
sensitivity, volume averaging and anisotropic 
effects is reached, and the other requirements 
presented in Table 1 are also satisfied.

In general, ionization chambers can be used 
in either water phantoms or solid material 
phantoms for the measurement of relative dose 
distributions, as well as of absolute dose and 
dose rate values in BT. Ionization chambers 
with small dimensions and thus of small col-
lecting volumes, usually in the range 0.01 to 0.6 
cm3, should be considered in order to achie-
ve appropriate spatial resolution47−50 and keep 
dose gradient-related effects (volume avera-
ging) at an acceptable level. Thus, an optimum 
chamber volume has to be selected to achieve, 
on the one hand, adequate spatial resolution 
(the smaller the volume the better), and on the 
other hand, a proper chamber signal (the lar-
ger the volume the better). In our scenario, this 
is satisfied with a sensible volume of 0.015 cm3. 
Depending on the source strength and due to 
their small collecting volume, certain restric-
tions will be placed on the maximum possib-
le measurement distance, which will result in 
proper chamber readings.

Chambers with the lowest possible energy 
dependence in their response at the energy 
region of interest should be considered, espe-
cially for intermediate energy radionuclides, 
such as 192 Ir where a clear energy softening ef-
fect is expected. This effect in modern thimble 
chambers is marginal51 and will be quantified 
in the next section. Additionally, the chosen 
chamber should demonstrate a flat angu-
lar response over the angle range relevant to 
the experimental set-up in order to reduce 
possible positional errors. In this sense, the 
directional response of the chosen detector 
was tested in a Varian CLINAC 2100 iX. The 

chamber was inserted into the ArcCHECK 
cavity plug accessory, so as the effective point 
is at the machine isocenter. 5x5 cm2 field sizes 
at the isocenter were set with 6 MV as nomi-
nal accelerator potential. The tilting of the axis 
was varied rotating the couch, according to 
non-coplanar beams, up to the angle (θ) of ± 
90° with regards to the natural couch axis. The 
deviations regarding no tilting were compa-
red with the 1% of the specified tolerances (up 
110°). Each measurement is taken in relative 
as the average of 3 readings for 100 monitor 
units (MU) as follows below:

Mean readings (div) and deviations (%) 
regarding no rotation (θ = 0°)

θ=0° θ = 30° θ = 60° θ = 90° θ = -30
3.070 
(0.0)

3.080 
(0.3)

3.080 
(0.3)

3.100 
(1.0)

3.067 
(-0.2)

DOSIMETRY FORMALISM

REFERENCE MEDIUM
The reference medium for dosimetry of BT 

sources is water7,51,52.
Given that the accuracy in source-detec-

tor positioning is crucial in dosimetry of BT 
sources due to the high dose gradients in their 
vicinity, solid phantoms that can be precisely 
machined have also been considered for use 
with other kinds of detectors, such as ioni-
zation chambers, for intermediate and high 
energy radionuclides51,52.

Experimental dosimetry in solid phantoms 
is more convenient than in water due, firstly, 
to the high degree of geometrical accuracy 
and, thus, reproducibility, and, secondly, as 
commonly available ionization chambers in 
radiotherapy departments can be used wi-
thout any need for additional accessories or 
QA procedures. However, the dosimetric 
characteristics of these materials depend on 
the energy spectrum of the emitted photons. 
Furthermore, owing to the energy softening 
effect with increasing distance from a sour-
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ce (Fig.1), the dosimetric characteristics of a 
specific phantom material are expected to be 
distance dependent, like in water.

What is of practical interest is the correc-
tion required for absorption and scattering of 
the radiation at a specific radial distance from 
a source in a phantom when compared with 
liquid water, km,w , that can be calculated using:

    
(1)

where D˙m(r) is the dose rate to water in 
a medium (phantom material) per unit sour-
ce strength at a distance r from the source 
and D˙w(r) is the dose rate to water in water 
per unit source strength at the same distan-
ce. Although the energy shifting effect is ge-
nerally distance and polar angle dependent 
for cylindrical sources which is specially the 
case for the intermediate and high energy ra-
dionuclides, for reasons of simplification only 
the radial distance dependence is considered 
herein. This simplification, however, does not 
significantly influence or limit the results of 
the following discussion4.

Simulations coded in MCNP-4c MC45 show 
this correction factor for several phantom 
materials (Fig.2). The phantom used in this 
study is composed by WTe material whose 
standard density is 1.040 (IPEMB, 1996):

PROPOSED FORMALISM
The estimate of the required dose to wa-

ter in water, Dw, from the ionization chamber 
reading depends on the available calibration 
factor N of the chamber used.

The most commonly used calibration pro-
tocol for ionization dosimetry in radiotherapy 
is that of dose to water in water52−61. Thus, for 
most ionization chambers available in radio-
therapy departments, calibration factors are 
expressed in terms of dose to water in wa-
ter, Nw, for a reference beam quality availab-
le. While 60Co beams are usually considered 
as the reference quality, our chamber will be 

cross-calibrated in terms of air kerma and 
X-Rays (XR) beams. This procedure will be 
described in the following section.

Absorbed dose
In general, the dose to water in water me-

dium, Dw, expressed in Gy can be determi-
ned from the detector measure- ment M in 
a medium m (phantom material) using the 
following equations4(pp.448-451 ):

 

where:
 is the air kerma calibration coef-

ficient of the chamber for the specific energy 
of the radionuclide considered, Q , expres-
sed as:  
The term  refers to the coefficient de-
termined at the inter-comparison quality Q0. 
For 192Ir sources, simplified concepts exist for 
the estimation of the second above factors. 
The BIR/IPSM recommends that the calibra-
tion factor for the highest available kilovoltage 
quality, heavily filtered XR is used (Half Value 
Layer-HVL- is 2.04mmCu) and, in addition, a 
general correction of 3% per gcm−2of low ato-
mic number material (plastic or graphite) and 
for small thicknesses is to be considered52. Ac-
cording to the PTW detectors catalogue: Total 
Wall Area Density (PMMA+graph)= 0.085 g/
cm2, so the quality correction is:

The reader should note that the alternati-
ve of extrapolating the calibration coefficient 
from HVL curves is not contemplated here 
given the substantial differences between the 
BT and XR photon spectra.
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Fig.2. Correction factor depending on the radial distance r from a point source in a phantom when compared 
with liquid water, km,w , according to (1). Five phantom materials, plastic water (PW-LR and PW2030), solid 
water(SW), PMMA, Polystyrene and RW3, have been considered. These are MC simulation calculation results 
for 192Ir, where the point sources were located in the center of a liquid water spherical phantom of an external 
radius of 80.0 cm achieving practically an unbounded geometry. A maximum number of 2 ·108 particle histories 
were initiated for MC simulation study resulting in a maximum relative percentage deviation of 1σ less than 0.1%.

•	 kch,Q: includes the overall perturba-
tion factor of the chamber at Q, taking 
into account the changes in the respon-
se of the chamber due to the differences 
when changing from a surrounding me-
dium of air to one of a phantom material. 
This factor is chamber type dependent 
and typically estimated by Monte Carlo 
(MC)58. For XR, kch,Q0 will be included in 
the procedure of cross-calibration.

•	 kα,p: would correct the previous overall 
perturbation factor when considering 
the quality Q instead of Q0 (idea consi-
dered in kch,Q0 ) and disregarding the ef-
fect of the chamber finite size (included 
in the forthcoming factor kV). Since the 
phantoms used for the inter-comparison 
and BT measurements are quite similar, 
a good approximation is: [kα,p= 1.00]51,53.

•	 kV : is a correction factor to account 
for the effect of the chamber’s finite size 
when the center of the cham- ber air ca-
vity volume is considered as the point of 
reference. It can be estimated by Kondo 
and Randolph theory applied in our de-
tector geometry65: Length = Radius = 1.45 
mm, r = 4.75cm → kV = 1.0004 ≈ 1.000 
(side- ways irradiation, which is the pre-
dominant one in our geometry).

•	 M: is the measured charge (C) during 
the integration interval time.

•	 ACF: is the air density correction fac-
tor for the current air and pressure con-
ditions P,T, expressed in hPa and K, other 
than that referred in the calibration pro-
tocol of the reference Farmer chamber 
-1013.25 hPa and 293.15 K, respectively. 
It is proportional to (T+273.15) and in-
versely proportional to P.

•	 kρ: is the correction factor for the po-
larity effect of the bias voltage for the 
photon energy of the radionuclide, not 
negligible in small volume chambers67. It 
can be expressed as follows53,67:

where M1and M2 are the measured signals 
of the chamber for the standard and inverse 
voltage, respectively.

•	 kion: is the correction factor that ac-
counts for the unsaturated ion collection 
efficiency and thus for the charge lost to 
recombination for the specific radio-
nuclide photon energy and the applied 
nominal voltage V. The recombination 
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factor for both BT and XR scenarios are 
calculated as the reciprocal of the ion col-
lection efficiency according to the conti-
nuous radiation theory63,64,67:

with M the collected charge at the nominal 
voltage V and M2, at V/2.

•	 kp,h: is the correction required for ab-
sorption and scattering of the radiation 
at the specific point of mea- surement in 
our phantom. In general, this factor is 
distance and polar angle dependent, so 
it has to be estimated experimentally or 
using MC simulation calculations for the 
specific measurement set-up. Details for 
estimating kp,h in our geometry are given 
in Appendix 5.

•	 gα: is the energy fraction of the elec-
trons which are liberated by photons in 
air that are lost due to bremsstrahlung. 
For our relevant photon qualities is negli-
gible4(table 7.9).

•	   is the ratio of mass energy 
absorption coefficient of water to that 
of air. Literature value is: 1.111 (at Eeff 
[192Ir])4(table 7.15).

Dose-rate estimation
The formalism based on equation (2) also 

permits the calculation of the dose rate values, 
D˙w , using:

with t the interval of integration of charge 
in the electrometer in which the source is ir-
radiating.

The expression (10) comes from the approxi-
mation: 

CROSS-CALIBRATION 
PROCEDURE
The cross-calibration has been performed 

between the field detector (ionization cham-
ber PinPoint-PP) and the reference detector 
with traceability to the NPL secondary stan-
dard (NE2611-SS), in a Gulmay XStrahl ma-
chine. The electrometers connected to the PP 
have been UNIDOS Brachy, 20191 and 20196. 
Reproducible and appropriate positions are 
achieved by means of the in-house phantom 
illustrated in Fig.357.

Fig.3. Set-up for the inter-comparison work 
with the chambers inside the Perspex block 
inserts at 5cm of depth, and minimizing the heel 
effect. An square 6cm applicator (FSD=50cm) is 
selected to reduce the stem irradiation, flushing 

with the phantom surface.

The calculation of the absorbed dose in wa-
ter at the reference depth for HVL=2.04mm-
Cu is derived from the IPEM X-rays Code of 
Practice (CoP)57:
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where M is the integrated charge, ACF the 
air density factor, z the depth in phantom (5.0 
cm), NK,Q0 the specific chamber calibration 
factor at the quality of the intercomparison 
Q0, in grays per scale of reading to convert 
the instrument reading to air kerma free in 
air. For the SS, NK is taken from the certifi-
cate and includes the recombination factor. 
Finally, kch,Q0 is the overall factor that corrects 
for the combined effect of the change in qua-
lity between the in-air and in-phantom sce-
narios, the displacement due to the wall and 
air cavity and the chamber stem effect57. The 
previous proportionality turns to equality if 
the ratio of mass attenuation coefficients and 
the phantom and distance corrections are in-
cluded. As these values keep constant in the 
simultaneous irradiation, then (7) leads to the 
next calibration coefficient:

Referred to SS, the kch value found in the 
literature57,60 for our conditions is near 1.012. 
Possible deviations from this value will be tre-
ated as uncertainties (see Appendix 2).

The inserts will be swapped and the readin-
gs repeated (at least 3 exposures) in two set 
of measurements. The true ratio of the instru-
ment readings is then given by:

where  is the mean of ratios  
 for the first and second series. The stan-

dard error of the mean of all ratios calculated 
should normally be less than 1% (0.5% of ei-
ther series).

An example of this procedure is shown in 
Appendix 2. These numbers must be updated 
on an annual basis.

METHODS AND RESULTS FOR 
BT MEASUREMENTS
The set-up for the measurement of the ab-

sorbed-dose in BT is illustrated in Fig.4. For 
this purpose, a new rectangular block inside 
the WTE phantom used for electron dosime-
try has been built, hosting the detector and 
the source guide in a reproducible way. The 
phantom should be placed consistently be-
tween water equivalent RMI layers to simu-
late a complete scattering medium. After the 
characterization of the backscatering effect 
illustrated in Fig.5, 8.0cm were decided to 
be placed above. The contribution of the in-
ferior layers is minor, though for consistency 
purposes, 4.0cm are proposed. Given that the 
distance source-detector is nearly 4.75cm, an 
accurate source and detector positioning are 
required and satisfied with both inserts.

Fig.4. Set-up for the measurements of the 
absorbed dose by the chamber. A plastic flexible 
applicator of diameter 2.8mm is connected to 
the source guide and inserted into the new WTe 
rectangular block. The phantom is sandwiched 

consistently by solid water layers.
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Fig.5. Quantification of the backscattering effect. The overall relative overdosage is 5.5% (4.5+1.0), with the 
contribution of the above layers near to 4.5%. This study justifies the importance of placing consistently the 

solid water layers.

Source 38
(ACF=1.019)

Source 39
(ACF=1.008)

Source 40
(ACF=1.008)

Source 40
(ACF=1.023)

Source 41
(ACF=1.033)

Source 41
(ACF=1.019)

Source 41
(ACF=1.019)

Source 41
(ACF=1.019)

101.4 ± 4.2 100.9 ± 4.2 101.1 ± 4.2 101.3 ± 4.2 100.4 ± 4.1 104.4 ± 4.3 103.9 ± 4.3 104.1 ± 4.3

Table 2: Measurement of the absorbed dose (cGy) for different HDR sources [± 2SD]

Source
38

Source
39

Source
40

Source
40

Source
41

Source
41

Source
41

Source
41

Mean
Diff.

Std.Dev. in the 
Diff. (k=1)

100.5
(-0.9 %)

100.5
(-0.4 %)

100.5
(-0.6 %)

100.5
(-1.0 %)

100.5
(0.1 %)

100.5
(-3.7 %)

100.5
(-3.2 %)

100.5
(-3.4 %) -1.6 % 1.5

Table 3: MC doses (cGy) and differences w.r.t. experience (%)

Source
38

Source
39

Source
40

Source
40

Source
41

Source
41

Source
41

Source
41

Mean
Diff.

Std.Dev. in the 
Diff. (k=1)

99.94
(-1.4 %)

99.94
(-0.9 %)

99.94
(-1.1 %)

99.94
(-1.5 %)

99.94
(-0.4 %)

99.94
(-4.2 %)

99.94
(-3.7 %)

99.94
(-3.9 %) -2.2 % 1.5

Table 4: TPS doses (cGy) and differences w.r.t. experience (%)

A reference plan has been created in ’Eclip-
se Brachytherapy’ using a specific phantom 
CT scan, and then delivered for different HDR 
sources along the last 2 years. The plans con-
sisted of a single line applicator, with 8 dwell 
positions. The normalization has been done 
so that the dose at the effective point of the 
chamber is 100cGy.

Per measurement, the charge is collected 
and then corrected by the factors of expres-
sions (2)&(3). The data are recorded electro-
nically in a program coded in Visual Basic 
2010 that has been built. This software enables 
the user to add, delete and compare the results 
with the expected values within a data-table 
(example given in Appendix3). The absorbed 
doses are presented in Table 2 and their un-
certainties are evaluated in the Appendix 2.
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VERIFICATION OF RESULTS

COMPARISON WITH MONTE 
CARLO CALCULATIONS
The dose estimation in the effective point 

of measurement has been performed by MC 
calculations and compared with the previous 
results. For an exhaustive detail of this proce-
dure, refer to Appendix 4.

This estimation is based on TG-43U for-
malism under the away-along coordinates 
and pre-calculated DRT (dose rate per unit of 
source strength) values by the general purpo-
se code GEANT4.

Multiplying the DRTs by the respective 
unit of source strength and dwell time, the 
dose delivered by a source position is obtai-
ned. Adding linearly the contributions of each 
dwell source, Dw,i, and disregarding the transit 
dose effect -negligible in this geometry73- the 
total absorbed dose is:

Specifically for our geometry, the final es-
timation of dose and their differences with 
regards to our measurements (MC-Measure-
ment) are presented in Table 3:

COMPARISON WITH ECLIPSE 
BRACHYTHERAPY TREATMENT 
PLANNING SYSTEM
The estimation by the TPS is done in the 

Eclipse plan ID:170518. The reference point 
created ’Effective Point’ represents the effec-
tive point of measurement with a normaliza-
tion of 100 cGy per fraction. The dose at this 
point and differences with regards to the me-
asurements (TPS-Measurement) are shown in 
Table 4:

DISCUSSION
Overall, the results presented in Table 3 

and Table 4 show a satisfactory agreement 
between the dose measure- ments and expec-
ted values by independent theoretical estima-
tions. The discrepancy in the mean differen-
ces is less than 3%, what is a tight tolerance in 
this field given the existing limitations in the 
empirical BT dosimetry and TPS dose calcu-
lation engines nowadays.

The transit dose effect -a current limita-
tion on BT due to the interdwell, entrance and 
exit source movement along the catheter- is 
typically disregarded by most BT planning 
systems. Actually, with the proposed method 
following 1d-geometries, this effect can be 
studied and roughly quantified for a specific 
source strength. As a con- sequence of this 
study, it can be claimed that this effect for sin-
gle channel applicators is negligible.

The AAPM TG-43 dose calculation for-
malism has provided BT community with 
clear processes in terms of source strength 
specification and efficient dose calculations 
that made it easier to compare dose-outcome 
rela- tionships among different institutions. 
It is important to acknowledge that the bulk 
of clinical BT dosimetry experience is with 
radiation transport and energy deposition in 
water, with dose to water reported (as calcu-
lated under the TG-43 approach). Neverthe-
less, as it is reviewed by Rivard et al in Medical 
Physics Vision 20/20 article (2009), the accep-
ted clinical dose parameters can be over-or 
under-estimated by at least 5 % (and by as 
much as factor of 10) in numerous situations. 
This is due to the limitations of the TPS for-
malism applied to each technique in question, 
generally the influence of tissue and applica-
tor heterogeneity as well as the finite patient 
dimensions.
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In contrast, model-based dose-calculation 
algorithms (MBDCAs) offer the possibility 
of departing from water- only geometries by 
modelling radiation transport in non-water 
media (tissues, applicators, air-tissue interfa-
ces), resulting in a much more physically ac-
curate reconstruction of the dose distribution 
delivered in the patient (as it is discussed in 
the TG-186 report85). In this sense, this stu-
dy offers potentially a compromise between 
the codes of practice developed in the proto-
cols TG-43 and TG-186. As a future tool, the 
limitations of the TPS based on the current 
TG-43 dosimetry may be quantified. Hence, 
for the time being the recommendation that 
TG-43 calculations be performed in parallel 
with model-based dose calculations is crucial. 
Only in this way will the radiation therapy 
community become familiar with dose diffe-
rences, including the impact on prescription 
dose and doses to points, organs, and regions 
of interest. This will enable assessment of the 
implications of adopting MBDCAs for treat-
ment planning, and help the BT community to 
understand new study results and place them 
in the context of previous dose calculations, 
treatment planning, and research. To ease the 
department work, the ocial documentation 
has been attached to the main Electronic QA 
software by means of independent modules.

COMPARISON TO OTHER 
DETECTORS IN BT DOSIMETRY
The expanded uncertainty estimated in the 

Appendix 2 of this report to measure the ab-
sorbed dose by our micro-ionization chamber 
has been 4.1% (k=2).

TLDs have been the main dosimeter used 
for measurement of BT source dose. Typically, 
these measurements have been made in solid-
-water phantoms comprised of plastics having 
radiological characteristics similar to wa- ter. 
If care is taken, an overall estimate of the ex-
panded uncertainty for the absorbed dose 
would be: 5.6% (k=2)77.

Radiochromic film has also become a 
common detector for BT measurements. In 
general, the handling of the film can be im-
portant so that exposure to ultraviolet light 
and other conditions are minimized; again 
the uncertainty can be reduced if this care is 
taken. An estimate of the expanded uncer-
tainty is: 10.0 % (k=2)78,79.

Occasionally, measurements in a water 
phantom use diode or diamond detectors, 
but their dosimetric un- certainties can exce-
ed 15% (k=1) for low-energy photon-emitting 
BT sources81. These uncertainties result from 
the large energy dependence of its absorbed-
-dose sensitivity, non-linearity, directional de-
pendence, temperature dependence, and bias 
dependence, especially when used for low-e-
nergy BT sources. Diode characteristics are 
given in the AAPM TG-62 report82. MOSFET 
dose response is also energy and dose-rate 
dependent81,82. Whereas MOSFETs have been 
used for BT in vivo dosimetry83,84, they have 
not been used to date for direct BT dosimetry.

CONCLUSIONS
Treatment planning and dosimetry in BT 

have not developed at the same pace as that 
of EBRT. There have been many difficulties to 
carry out an experimental dosimetry that in 
general cause higher uncertainties in this ra-
diotherapy field. Even so in this context, new 
limits and procedures for an empirical deter-
mination must be designed and improved, 
since BT plays an important role in the cura-
tive management of cancers in a wide variety 
of disease sites, most prominently, gynecolo-
gical malignancies, breast and prostate cancer.

In particular, this work provides a pro-
mising framework for a shift from indirect 
192Ir dosimetry to a direct determination of 
the absorbed dose to water for BT sources, 
which is a more accurate and realistic scena-
rio for the verification of HDR BT treatment 
planning dose distribution. The measurement 
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APPENDIX 1. CROSS-CALIBRATION RESULTS FOLLOWING THE IPEMB CoP
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of this magnitude is a progressive and forwar-
d-thinking step, presenting illustrative results 
for the development of BT dosimetry.

The dose formalism described in this paper 
by using a cross-calibrated micro-ionization 
chamber is novel and was not found elsewhe-
re in literature, accounting on the advantages 
of using a dosimeter of this nature. Like- wise, 
it involves a more realistic uncertainty estima-
tion for absorbed dose to water determination 
compared to the dose-to-water determination 
based on air-kerma strength in the TG-43 
protocol.

Furthermore, an optimized procedure in 
the quality assurance of the HDR unit at this 
centre has been established. For this purpo-
se, a new program coded in Visual Basic 2010 
has been built. Due to the simple but accura-
te assem- bly, this methodology is useful for 
periodical dose management of 192Ir sources 
under a dose to water formalism, whilst en-
suring both nominal and scaled source dwell 
times and positions in the TPS. The only ex-
tra material required to be built has been an 
internal jig which is inserted into the WTe 
Electron Phantom -already available for elec-
tron dosimetry. The rest of the equipment is 
typically found in a standard UK radiotherapy 
department.

As future goal, the above research in BT 
can be potentially useful for quantifying the 
existing limitations of the dose calculations 
made by the TPS in some techniques in ques-
tion. In this sense and thinking in eventual 
department techniques, this study may serve 
as a valuable tool to quantify the impact of the 
steep dose gradients in interstitial BT applica-
tions such as gynecological and prostate tre-
atments.

APPENDIX 2. UNCERTAINTY 
ANALYSIS
The primary sources of uncertainty in this 

study are presented in the following table. The 
uncertainties will be estimated for an above-
-mentioned measurement regarding a single 
line applicator to illustrate and simplify cal-
culations. The final expanded percentage is 
applicable to other report results.

Sources of Uncertainty (xi)
Cross-calibration coefficient

Perturbation factor
Recombination factor

Polarity factor
Phantom factor

Atmospheric Correction Factor
Collected charge
Source position

Other coefficients in DCF

Assuming independent components xi, the 
total uncertainty in the dose, uc(Dw), is estima-
ted by the quadratic propagation of variance:

where u(xi) represents the the uncertainty 
associated to any xi in (2), and  is 
the sensitivity coefficient of xi.

Each xi will be evaluated in the next sub-
sections as A-type (evaluation by a statisti-
cal analysis of measured quantity values) or 
B-type (based on scientific judgment using all 
of the relevant information available).

The measure of uncertainty intended to 
meet the requirement of expressing the result 
with a level of confidence is termed expanded 
uncertainty, U(Dw), and it is obtained by mul-
tiplying uc(Dw ) by a coverage factor k:

Typically k=274, providing approximately a 
95% confidence interval.
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Uncertainty in the cross-calibration and 
overall perturbation factor 
The calibration coefficient is calculated ac-

cording to Section 5 of this report:

Applying quadratic propagation in the ex-
pressions (17) and (18), the overall relative 
uncertainty is estimated by means of:

The previous components will be quanti-
fied below:

•	 A-Components: The statistical fluc-
tuations in the ratio of collected charges 
are taken with 1 Standard Deviation (SD) 
of the geometrical mean within the in-
ter-comparison results. For our example 
with BT UNIDOS: (MSS/MP P ) = 0.0271 ± 
0.0003 (0.6%, k = 1).

•	 B-Components: 

•	The uncertainty in NK,SS is inferred 
from the NPL certificate of calibration: 
NK,SS = (9.1018 ± 0.055) · 10	 Gy/nC,	
k = 1 (0.6%).

•	The value and uncertainty in the ove-
rall perturbation factor involved in the 
cross-calibration can be deducted from 
some references for our conditions60:

After interpolating the previous values for 
our applicator size (6x6cm2) and propagating 
quadratically the variances:

The pass from the chamber NE2571 
to NE2611(SS) is performed according to 
IPEMB CoP(p.2617) by adding quadratically 
1% to the previous uncertainty:

•	The energy shift factor kQ,Q0 is quan-
tified as: kQ,Q0 = 1.0026 ± 0.0025 (k=1).

•	The factor of displacement kV is given 
by Kondo et al.65 , with a negligible un-
certainty in the MC tables (0.1%).

•	The factor kαp would correct the res-
ponse of the field chamber when chan-
ging from surroundings air to one of 
the phantom material at quality Q, 
instead of taking the inter-comparison 
phantom as surround- ing material at 
Q0 -as it is done by kch,Q0 . Since both 
media are quite similar, the overall per-
turbation is not affected and this factor 
is considered as negligible.

Therefore, adding the A and B-compo-
nents in (19):

•	  

•	 The sensitive coefficient is then: 

The final values are tabled below:

Uncertainty in 
Term Example
Sensitivity coefficient (div) 405.368
u (cGy/div) 0.0046
Product (cGy) 1.8528

Uncertainty in the phantom factor
For an unbounded water medium, this 

factor is estimated theoretically by MC si-
mulations44, correcting the radial distance in 
water by the density of material and assuming 
that the angle dependence is insignificant 
respect the radial one. In our case: kp,h=1.00 
(1σ<0.1%).
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Secondly, a component which corrects 
for the boundary of the medium should be 
included. Differences between bounded and 
unbounded medium are considered with 
the uncertainty of 0.75%(k=1; for details see 
Appendix 5).

The sensitive coefficient is then written as: 

Uncertainty in kp,h

Term Example
Sensitivity coefficient (cGy) 101.417
u 0.0075
Product (cGy) 0.7606

UNCERTAINTY IN ACF
T and P are assumed to be B-type com-

ponents of uncertainty (A-components are 
negligible in comparison). At the same time, 
they depend on the resolution and on the ca-
libration of the thermometer and barometer 
used in the measurements. Each of these con-
tributions are studied below:

•	 Resolution uncertainty: The uncer-
tainty due to the digital resolution li-
mitation in the pressure readings and 
to the analogical resolution in the tem-
perature (will depend on the operator) 
is quantified as follows. If the device re-
solution is u(x), the value of the input 
signal that produces a value X is located 
with the same probability in the inter√val 
[X-u(X), X+u(X)]-following a rectangu-
lar distribution of probability- having a 
range of: u(x)=±u(T, P )/√3.

The relative standard deviation for ACF is:

where u1(P ) = ±1.0/√3 = 0.288   mbar,   
u1(T ) = ±0.25/√3 = 0.144 °C.

•	 Calibration uncertainty: The measu-
rements are made with a barometer and 
thermometer with traceable calibrations. 
The certificates or internal comparisons 
report (k=1): u2(P ) = 0.02 mb (950_1050 
mb). u2(T ) = 0.5 °C (10-50 °C).

Each uncertainty contribution is squared 
and summed to produce the squared relative 
uncertainty:

The sensitive coefficient and definitive 
uncertainty in ACF are then: 

Uncertainty in ACF
Term Example
Sensitivity coefficient (cGy) 99.429
u 0.0018
Product (cGy) 0.1790

Uncertainty in the recombination and 
polarity factors
Applying quadratic propagation in the 

equations (4) and (5), the next A-components 
are obtained:

where u(M) ≡ u(M−), u(M+), u(M2 )  are 
the uncertainty of the reading when the re-
ference negative voltage is selected, when the 
polarity is positive, and for the half voltage, 
respectively. They are taken as the statistical 
dispersion in the readings during the annu-
al characterization: u(M−) = 0.058 ;  u(M+) = 
0.493 ;  u(M2)=0.141 .
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Uncertainty in kpol———————— Uncertainty in kion
Term Example Term Example
Sensitivity 
coefficient (cGy) 102.826 Sensitivity 

coefficient (cGy) 101.236

u 0.0022 u 0.0011
Product (cGy) 0.2262 Product (cGy) 0.1114

Uncertainty in the source positioning
Due to the possible axial source mov√ement 

within ±1mm, the new distance source-detec-
tor to be considered is calculated by basic tri-
gonometry: 

Applying the inverse quadratic dependen-
ce, the dose would be reduced by the factor: 
(4.751/4.750)−2=0.9996. Therefore, this com-
ponent is less than 0.1% (k=2), and will be re-
garded as negligible.

Uncertainty in the rest of terms

•	   According to Andreo et al.75 
the estimated MC value is: (1.1110 ± 
0.0055) [k = 1]. And the sensitivity coef-

ficient: 

Uncertainty in the relative mass 
absorption coefficient

Term Example
Sensitivity coefficient (cGy) 91.2824
u 0.0055
Product (cGy) 0.5021

•	 (1-gα): Values are referenced in DIN 
6814-3 , with insignificant uncertainties.

Combined uncertainty
The total uncertainty in Dw is calculated 

using (11), (12) and k=2:

Expanded total uncertainty UC

4.2 cGy (4.1%)

APPENDIX 3. DOSE 
MEASUREMENT EXAMPLE IN 
THE NEW EXECUTABLE

APPENDIX 4. MC 
CALCULATIONS FOR THE HDR 
SOURCE
The mechanical design of the 192Ir source at 

the local centre is shown in Fig.6. The active 
core consists of a cylinder with a diameter of 
0.06cm and length 0.35cm, made of iridium 
metal. There are different encapsulation geo-
metries resulting in an outer diameter of 0.11 
and 0.09cm for the 12i and Plus model, res-
pectively.
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Fig.6. GammaMed HDR 192Ir source type 
geometrical designs for the GammaMed 12i and 

Plus afterloaders.

Dose Rate Look-Up Tables
The primary information used for deriving 

the TG-43/TG-43 U1 data is a dose rate table 
per unit source strength, DRT, which is usu-
ally expressed in cGy h−1U−1. This is a ”dissem-
ble-and-assemble” factorization approach80; 
first derive from the DRT the TG-43 U1 pa-
rameters, and then apply these utilizing the 
following expression on to calculate the dose 
rate value at the required place:

where Λ is the dose rate constant (defined 
as the dose rate to water in water at the refe-
rence point, namely at a distance of r0=1cm on 
the transverse axis- θ0=π/2 ), per unit of kerma 
strength, SK, depending on the radionuclide 
and source model, and on the methodology 
used to determine SK; GL(r, θ) is the geometry 
function at a radial distance r and polar angle θ 
as a dimensionless quantity that establishes the 
effective inverse square-law correction based 
upon the spatial distribution of radioactivity 
within the core; gL(r) is the radial dose func-
tion that considers the distance dependence of 

absorption and scatter of the photon rays in the 
water medium along the transverse axis(y-axis) 
as a dimensionless quantity; F(r,θ)the aniso-
tropy function that considers the effect of ab-
sorption and scatter of the photons within the 
source active core and encapsulation material 
as well as part of the driving cable, as a dimen-
sionless quantity too.

Although from a practical point of view 
DRTs could be much more useful if they are 
expressed as radial distance r and polar angle 
θ, dose rate tables (in polar coordinates), com-
monly published DRTs, are expressed as alon-
g-away tables (Cartesian coordinates). Along 
means the z and away the y-axis of the TG43 
coordinate shown in the previous image. This 
is due to the fact that using polar coordinates 
a higher resolution at short distances can be 
achieved in accordance to the variation of the 
dose rate gradient around the sources.

While extrapolations outside an existing 
DRT can be easily handled (similarly to TG-
43 parameters), the accuracy of interpolation 
between DRT values is questionable. Despite 
the physical content/meaning of the geome-
try function GL(r), this can be utilized to filter 
out, to a very high degree, the large dose rate 
gradients existing when moving along a ray, 
at a specific polar angle θ or moving along an 
arc, for a specific radial distance r. The same is 
valid when an along-away table is considered, 
and a bilinear interpolation has to be applied 
along the y and z-axis. In this way the accura-
cy of the bilinear interpolation is significantly 
improved.

In Fig.7 this effect is graphically demons-
trated for the example of the new microSelec-
tron HDR 192Ir source.
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Fig.7. Demonstrating of improving interpolation 
accuracy when using dose rate look-up tables(LUTs) 
instead of analytic expressions such us TG43U 
dosimetry protocol.The dose rate per unit of 
source strength table values for the microSelectron 
HDR source design have been multiplied by the 
factor f, which is the inverse of the corresponding 
geometry function value either for the point source 
approximation or the line source approximation for 
polar angle 0 (a) or π/2 (b). The homogenization 
effect when applying the line source approximation 
of the geometry function based factor f is clearly 
demonstrated, thus resulting in very accurate 
results when performing interpolations among 

tabulated values (LUT).

Look-up tables (LUT) in Cartesian (along-
-away) or polar coordinates (r, θ) of dose rate 
per unit source length multiplied by the cor-
responding geometry function value obtained 
using the line source approximation could be 
used either for computations or for verifica-
tions:

where:

with  Ls and β 
defined in Fig.8.

Fig.8. Parameters used for deriving analytical 
expression of the geometry function for the line 

source approximation.

After the interpolation among LUT values, 
the final value has to be multiplied by the cor-
responding geometry function value to obtain 
the dose rate per unit source strength at the 
point of interest. This methodology, using 
LUTs, simplifies the data handling and also 
enables the handling of new source types such 
as miniaturized x-rays sources or cylindrical 
asymmetric designs where 3d LUT can be ea-
sily considered.
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APPENDIX 5. ESTIMATION OF 
kp,h.

CRUDE MC ESTIMATION
Most of MC tables refer to different phan-

tom materials in unbounded geometries -si-
mulated with an ideal point source located at 
the centre of an external radius of 80.0cm for 
several radionuclides.

The following interval of values is estima-
ted by MCNP simulations, for a variety of wa-
ter equivalent phantoms (WTP) and our em-
pirical radial distance -r0 = 4.8cm4:

CORRECTION OF THE BOUNDED 
GEOMETRY
Firstly, the estimation of the volume of our 

in-house phantom is done approximately by 
multiplying the dimensions: V ≈ 30x8 x17.5 
=4200 cm3.

The measurement phantom is considered 
equivalent, in terms of scattering and absorp-
tion effects, to one bounded medium of same 
volume and material (sphere with radius R=-
10cm, V≈ 4200cm3), by using a correction fac-
tor (Fcorr)

70:

where the new factor Fcorr is estimated by 
Geant4 as a ratio of radial dose functions de-
fined by TG-43:

  

Overall, the phantom factor corrected is 
obtained by the previous values:

The definitive value in the phantom factor 
is taken as the previous mean, and the uncer-
tainty, as the difference between the extreme 
and central value:
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