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I. INTRODUCTION 

In recent decades image-based (CT, MRI, US, PET and different fusions of these) treatment 

planning enhanced the quality of radiotherapy treatments to a great extent. The 3D anatomical 

information about the patient, the more accurate delineation of the target and the organs at 

risk (OARs) made the conformal radiations possible, during which the target is irradiated with 

the prescribed dose with minimal dose to the surrounding healthy tissues and organs. The 

homogeneity of the dose distribution is also an important issue because fibrosis or necrosis 

can develop in the volumes irradiated by high doses. However, today the 3D treatment 

planning and conformal irradiation are not regarded as routine procedures in brachytherapy 

(BT) yet. But image-guided treatment planning and catheter/applicator implantation (IGABT, 

Image-Guided Adaptive Brachytherapy) is becoming more frequent, which is required for 

conformal irradiation. 

The practical application of interstitial BT – during which radioactive isotopes are 

placed in or close to the target – includes the internal irradiation of brain, head and neck, soft 

tissue, breast, gynaecology and prostate cancers. The treatment can be supplementary, so 

called „boost” irradiation, or monotherapy. In Hungary, interstitial BT has a long history. At 

the National Institute of Oncology, Budapest (NIO) breast, prostate, head and neck, brain and 

soft tissue cancers are treated with interstitial BT. 

In locally advanced prostate cancer dose escalation improves the local and 

biochemical control of the patients, but can increase significantly the rate of the side effects, 

too. Therefore, BT has a great role, because the safety margin due to the inaccuracy of the 

patient setup can be completely omitted, and the consequence is that the clinical target 

volume (CTV) will be equal to the planning target volume (PTV). Consequently, larger spare 

of the OARs can be reached because of the smaller irradiated volume. Two types of BT are 

used for prostate treatments: the low-dose-rate (LDR) so called „seed” (with 125I or 103Pd 

isotope) permanent implants, and the high-dose-rate (HDR) 192Ir temporary implants. 

Interstitial BT has a great tradition in treatment of breast cancer, too. According to the 

recent studies accelerated partial breast irradiation (APBI) can be an alternative treatment to 

the traditional whole breast irradiation (WBI) in a selected group of patients with early stage 

breast cancer. At the NIO the CT-based treatment planning makes possible the 3D 

reconstruction of the catheters and the accurate delineation of the lumpectomy cavity, the 

target and the OARs in HDR interstitial (multicatheter) breast BT. 

 



II. PURPOSES 

i. Quantitative evaluation of the dose distributions in US-guided interstitial high-dose-rate 

brachytherapy of prostate using volumetric parameters and dose-volume analysis of the 

organs at risk. 

ii. To investigate the effect of the number of needles to the dose distributions with regard to 

target coverage, dose homogeneity, conformality and dose to organs at risk in high-dose-

rate prostate implants. 

iii. To evaluate the effect of the needle placement and the optimization method to the 

dosimetric parameters with regard to target coverage, homogeneity and conformality in 

high-dose-rate brachytherapy of prostate. 

iv. Comparing the traditional „forward” (geometrical and graphical) and the dose-volume 

based inverse dose optimization methods from the point of view of the conformality and 

homogeneity of the dose distributions, and doses to organs at risk in interstitial 

brachytherapy of prostate cancers. 

v. To dosimetrically evaluate the permanent brachytherapy implants of prostate firstly 

introduced in Hungary, and to compare it with the high-dose-rate implant technique. 

vi. To dosimetrically compare the treatment plans of irregular (loose seeds) vs. regular seed 

loading pattern (stranded seeds) with the use of dose coverage, homogeneity and dose 

parameters of the organs at risk in permanent brachytherapy implants of prostate. 

vii. Quantitative evaluation of the dose distributions using volumetric parameters and 

analysis of the dose-volume relationship of the organs at risk in CT-based interstitial 

high-dose-rate brachytherapy of the breast. 

viii. To examine the effect of the angle between the planes of catheters and CT slices on the 

accuracy of the catheter reconstruction and the dosimetry in interstitial high-dose-rate 

breast brachytherapy. 

ix. To compare the geometrical and graphical optimization, and the conformal method 

(optimize to the dose points) in the point of view of the conformality and homogeneity of 

the dose distributions, and the dose to the organs at risk in interstitial brachytherapy 

implants of breast cancers. 
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III. MATERIAL AND METHODS 

CT and US images of the patients with breast and prostate tumours treated in the Department 

of Radiotherapy at the NIO were transferred to a 3D treatment planning system, and using the 

image information dosimetric calculations were performed. The 3D PTV was determined for 

every patient individually, and then treatment plans were made taking into account the target 

volume. For irregular targets the source positions were determined using different 

optimization methods (GO, GRO, DPO, HIPO, IPSA). Then dose distributions were 

quantitatively compared. For the comparisons basic dose statistics (mean, median, range, SD, 

etc.), dose-volume histograms (DVH) and volumetric parameters (CI, DHI, DNR, COIN, EI, 

etc.) were used. Maximal dose to rectum and urethra were determined in prostate implants, 

and maximal dose to skin, heart and lung in breast implants. 

Dose-volume parameters and quality indices 

For quantitative evaluation of dose distributions the following parameters were used (relative 

dose values are related to the reference (prescribed) dose - PD=10 Gy, 100%): 

I. volumetric and dose parameters: 

     V90, V100, V150, V200: the relative volume of the PTV receiving at least the 90, 100, 150, 

200% of the PD (%); 

     Vref, V1.5xref, VPTV: the volume receiving the PD and 1.5 times the PD and the volume of the 

PTV (cm3); 

     D90: the minimum dose delivered to 90% of the PTV volume (%); 

     Dmin: minimal dose in the PTV (= MTD: Minimum Target Dose=D100) (%); 

     MCD: Mean Central Dose (Gy): the arithmetic mean of the local minimum doses between 

catheters in the central plane; 

II. quality indices: 

     DNR: Dose Nonuniformity Ratio (1), 

,
100

150

V
V

DNR =  

(1) 
where: V100, V150: the absolute volume in cm3 irradiated by 100 and 150% of the PD (cm3); 

     DHI: Dose Homogeneity Index (2), 
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     CI: Coverage Index (3), 

,
100
100VCI =  

(3) 
It provides the fraction of the PTV receiving the PD; 

     COIN: Conformal Index (4), 
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(4) 
where: Vref: the volume irradiated by the PD, ,100VVref =  

         PTVref: the absolute volume of the PTV irradiated by the PD, . refPTVref VVPTV I=

The COIN index expresses the target coverage by the PD, and how much volume of the 

normal tissue receives the PD, unnecessarily. 

     EI: External Volume Index, the ratio of volume of the normal tissue outside of the PTV 

receiving at least the PD and volume of the PTV; 

     TRAK: Total Reference Air Kerma: the sum of the product of the reference air kerma and 

the irradiation times for every source position ( mcGy ); 

III. dose parameters of the organs at risk: 

for rectum: 

      the in vivo measured dose in the rectum (Gy), :r
invivoD

     Dr: the maximal dose in the rectum reference points (%), 

     Dmax(r): maximal dose in the rectum (%), 

     D2(r), D10(r): the dose to volume of the most exposed 2 cm3 and 10% of the rectum (%); 

for urethra: 

     Du: the maximal dose in the urethra reference points (%), 

     Dmax(u): maximal dose in the urethra (%), 

     D0.1(u), D1(u): the dose to volume of the most exposed 0.1 cm3 and 1% of the urethra (%); 

for skin: 

     Dmax(s): maximum point dose to the skin (%); 

for ipsilateral lung: 

     Dmax(l): maximum point dose to the lung (%), 

     V5Gy(l), V10Gy(l), V15Gy(l): the absolute volume receiving at least 5 Gy, 10 Gy and 15 Gy 

(cm3); 
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for heart (in case of left sided tumour): 

     Dmax(h): maximum point dose to the heart (%), 

     V5Gy(h), V10Gy(h): the absolute volume receiving at least 5 and 10 Gy (cm3). 

III.1. High-dose-rate brachytherapy of the prostate 

III.1.1. Dosimetric evaluation of the interstitial boost treatments of localized prostate tumours 

Combined teletherapy (EBRT) and HDR BT boost treatment plans of 174 patients with 

clinically localized, intermediate or high risk prostate tumours treated in the Department of 

Radiotherapy at NIO between 2000 and 2009 were investigated. EBRT was executed with 

linear accelerator, 18 MV photon beams, conformal (3D-CRT) technique. The BT 

implantation was performed in the first four week of EBRT, in one fraction. In spinal 

anaesthesia, under transrectal US-guidance 20 cm metal needles were inserted into the 

prostate. Then transversal US-images were taken by 5 mm step size for treatment planning. 

Reference plane was the largest axial cross-section of the prostate. The verification was made 

with anterior-posterior and lateral X-ray images. 

A 3D treatment planning system was used to make the plans, and the irradiation was 

given with a remote afterloading machine with 192Ir source (initial activity: 

 half-life time: ,37010 GBqCiAo == 74
2

1 =T day, mean energy: ,360keVE =  size: 

 . The PTV was the whole prostate, the PD was 10 Gy to the surface 

of the prostate. During planning the aim was to achieve at least 95% target coverage by the 

PD. The OARs were the urethra and rectum, and their tolerance doses were ≤120% and 80% 

of the PD, respectively. In vivo dose measurement with semiconductor detectors was used to 

determine the dose in rectum. Geometrical optimization (GO) was used to calculate the dwell 

times, which was followed by graphical optimization (GRO) when needed to achieve the 

required dose distribution. 

,6.3 mml = )65.0 mmd =

The dose plans were evaluated and nonparametric correlation analysis was performed 

between the dose-volume parameters, quality indices and doses to OARs. 

III.1.2. Analysis of the effect of number of needles on dosimetric parameters 

The dosimetrically ideal needle number was determined by quantitative analysis of the effect 

of needle number. HDR BT boost plans of 174 patients with prostate tumour were 

investigated dosimetrically. GO, then GRO were applied to achieve the dosimetrically 

acceptable dose distribution, and additional needles were inserted into the prostate, if needed. 

Treatment plans were divided into three groups according to the number of needles: 62 plans 
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belonged to the low (<15), 56 to the medium (15-17) and 56 to the high (>17) needle number 

groups. Kruskal-Wallis ANOVA and nonparametric post hoc test (Median-test) were used to 

describe the dosimetrical differences between the groups. Relations between the volume of 

the prostate, its largest axial cross-section (A(cm2)) (which area was estimated by the smallest 

enclosing rectangle) and the number of needles were investigated with Spearman 

nonparametric rank order correlation. 

III.1.3. The effect of spatial needle distribution and the optimization method on dosimetrical 

parameters 

BT plans of 25 patients with prostate tumour were evaluated (with real needle positions, VTP) 

using DVH. Then, another plan was made for every patient, in which the inserted needles 

(median needle number=16) were positioned uniformly (ETP) in the prostate. First only GO 

was used, then GRO was also applied. The dose-volume parameters were compared with 

Student t-test. 

III.1.4. Comparison of traditional „forward” (geometrical and graphical) and dose-volume 

based inverse optimization 

The real-time planning based HDR prostate BT was introduced in 2008 in our department. US 

images were automatically captured by 1 mm using the stepper unit connected to the 

treatment planning system. After manual specification of needle number the template 

positions of the needles were determined using the inverse HIPO algorithm. During the 

insertion the position of the needles can be modified in real time. 

BT plans of 20 patients with prostate tumour were evaluated using DVH, where 

traditional „forward” optimization (GO+GRO) was applied, then 20 plan made by dose-

volume based inverse optimization (HIPO) were investigated. The PD was 10 Gy to the 

surface of the prostate, and the aim was at least 95% target coverage by the PD. In HIPO 

optimized plans, which made with dedicated prostate BT planning system, the dose constraint 

for the OARs were the following: D2(r)≤50% for the rectum and D0.1(u)≤120% for the 

urethra. Mann-Whitney U-test was made to compare the DVH parameters of the GO+GRO 

and the HIPO optimized plans. 

III.2. Permanent seed brachytherapy of the prostate 

III.2.1. Dosimetric evaluation of the permanent implantation brachytherapy of the prostate 

The permanent implantation prostate BT (PIPB) was introduced in 2008 in our department, 

firstly in Hungary. The seed monotherapy was performed with 125I isotope (half-life time: 
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4.59
2

1 =T day), and the treatment plans were made using a dedicated planning system. The 

prescribed dose to the surface of the prostate was 145 Gy, the tolerance dose to the rectum 

and urethra were D2(r)≤145Gy, D0.1(r)≤200Gy and D10(u)≤150%, D30(u)≤130%. 

One week before the implantation US-based preplan was performed to estimate the 

necessary seed number. 

After premedication longitudinal US slices by 1º were captured into the planning 

system, using a rotating motor fixed to the HDR stepper unit.  After contouring the prostate 

and OARs the number and position of the needles and seeds were planned using anatomy-

based inverse optimization method (IPSA algorithm), with manual modifications if needed. 

When using inverse optimization, the preset is very important, namely the setting of the 

optimization rules, because it determines the efficacy of the algorithm, namely in what degree 

the manual modification of the inverse optimised preplan is needed. Then, the needle 

insertion and build-up of the dose distribution can be followed in real-time on live US images. 

The implantation of the 30-80 seeds was performed by a manually controlled afterloading 

technique. The isotopes and the spacers were pushed into the prostate needle by needle. Then, 

the open-ended needles were pulled out, and a radiation protection measurement was 

performed to check whether no source remained in the needle. 

The other used equipments were also surveyed and the implanted seeds were counted 

in an X-ray image taken immediately after the implantation. In some cases, 1 day after the 

implantation a Gamma-camera image was taken to check without the irradiation of the chest, 

whether no isotope migrated to the lung. Four weeks after the implantation CT and MRI 

scannings were made of the patient, and after an image fusion a postplan was made. This plan 

provides the final dose distribution taken into account the final position of the isotopes and 

the volume of the prostate after the oedema. Every implanted seed was identified in every 

patient (no seed migration was observed), therefore intervention was not needed. 

The first 10 dose plans of patients treated in our department with PIPB were evaluated 

with DVHs. Then, the plans were compared with 10 plans of patients treated with HDR 

technique. The pre-calculated and implanted number of needles and seeds were compared 

using paired t-test. The relationship between the required seed number and the total activity, 

and the volume of the prostate in the treatment plans was investigated with nonlinear 

regression. Student t-test or Mann-Whitney U-test between DVH parameters was performed 

to compare the PIPB and HDR plans. 
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III.2.2. Dosimetrical comparison of the treatment plans using irregular vs. regular seed 

loading pattern 

The dosimetric differences between the stranded seed (where the separation between the seeds 

are constant) and loose seed technique were investigated. Treatment plans of 10 patients using 

irregular and regular seed loading pattern were evaluated using DVHs. The number and 

position of needles and seeds to be implanted were determined by IPSA optimization method. 

The viewpoints of planning were the same like before. Wilcoxon paired test was applied 

between DVH parameters to compare the plans made with the two seed loading patterns. 

III.3. High-dose-rate brachytherapy of the breast 

III.3.1. Dosimetric evaluation of CT-based interstitial breast brachytherapy 

CT-based HDR BT monotherapy - after breast conserving surgery - treatment plans of 34 

patients with stage I-II breast tumour were dosimetrically evaluated at the Department of 

Radiotherapy at NIO. 30.1 Gy was prescribed to the PTV and the treatment was performed in 

7 fractions, in 4.3 Gy/fraction doses, twice a day. During the surgery 4-6 surgical clips were 

placed into the wall of the lumpectomy cavity. Before the implantation CT scanning with 3 

mm slice thickness was made about the breast – with a plastic template placed on it. The 

contour of the surgical cavity was drawn in axial slices considering the seroma and surgical 

clips. Then, the cavity was expanded in each direction using a 3D treatment planning system, 

taking into account the tumour-free surgical margin creating the PTV. The needle positions on 

the template were determined according to the 3D shape of the PTV (preplan). The metal 

needles were inserted under local anaesthesia, which were replaced with flexible plastic 

catheters. After implantation a new CT scanning was performed with 3 mm slice thickness for 

treatment planning purpose. 

To achieve the treatment plan 3D treatment planning system, while to the irradiation 

remote afterloading machine with 192Ir source were used. The PTV, lung and heart were 

contoured, catheters were reconstructed, and dose reference points in the central plane were 

defined corresponding to the basal dose points of the Paris Dosimetry System (PDS). GO was 

applied, and the dose was normalized to the mean dose of the reference points (100%) (mean 

central dose, MCD). For dose prescription an isodose was chosen (F-factor) with the aim of at 

least 90% target coverage by the PD (CI≥0.90) and homogeneity characterized by DNR≤0.35. 

To achieve the dose constraints, GO was supplemented with GRO, if needed. 

Dose plans were evaluated and nonparametric correlation analysis was performed 

between the point and volumetric doses of the OARs. 
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III.3.2. The effect of catheter orientation on the accuracy of the reconstruction and the 

dosimetric parameters 

Analysis without target 

To analyse the effect of catheter orientation, first 5 catheters in triangular arrangement were 

placed in a template, then a CT scanning was performed with 3 mm slice thickness. The 

catheters were rotated in different angles (0º, <1 º, 1-2 º, 30 º, 90 º) related to the scanning 

plane. The reference position was the perpendicular position. Catheters were reconstructed 

and different dose plans were made: PDS-based (without optimization), with GO (the 100% 

isodose was prescribed to 85% of the MCD) and with dose point optimization (DPO). The PD 

was 100 cGy, the active length was 6 cm. Total treatment time (tkez) and the volume irradiated 

by the PD (Vref) were calculated in every case. Then comparisons were made regarding the 

angles and optimization methods. 

Analysis with target phantom 

Then, 7 catheters and 3 paperclip (as markers) were implanted into a phantom (boiled potato), 

which was the PTV because of the homogeneous inside and its well seen contour. It was 

rotated in different angles in relation to the CT plane. First the catheters were parallel with the 

CT plane, then they were rotated in 1-2, 20, 40, 60 and 90 degrees. CT imaging was made 

with 3 and 5 mm slice thickness in every case. Catheters were reconstructed and the PTV was 

contoured. Dose plans were made with different optimization methods (PDS, GO, DPO), in 

the same way, like in the arrangement without phantom. DVH parameters and doses of the 3 

marker points (D1, D2, D3) were calculated and compared. 

III.3.3. Comparison of the geometrical and graphical, and the conformal dose point 

optimization 

The selection of relative isodose value for dose prescription (F-factor) resulting in acceptable 

dose distribution in regard to coverage, homogeneity and doses to OARs was investigated. 

The recommended value of the F-factor in the PDS is 0.85. Its value was changed between 

0.5 and 1, and the DNR parameter was calculated. It was also investigated how the GRO can 

improve the dose distribution in regard to the coverage (CI) and dose homogeneity (DNR). In 

addition to the treatment plans (GO+GRO) conformal plans with DPO were made for all 

patients. The dose points were uniformly placed on the surface of the PTV, and dose 

optimization and normalization was performed to these points. The dose was prescribed to the 

mean dose. In these plans all source positions were placed inside the PTV, at not more than 5 
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mm distance from the surface. Wilcoxon paired test was performed between the DVH 

parameters of the GO+GRO and PDO optimized plans. 

IV. RESULTS 

IV.1. High-dose-rate brachytherapy of the prostate 

IV.1.1. Dosimetric evaluation of the interstitial boost treatments of localized prostate tumours 

The median number of implanted needles was 16, the mean prostate volume was 27.1 cm3. 

The mean V100, V150 and D90 were 97%, 39% and 109%, respectively. The mean DNR was 

0.37, and 97% of the PTV volume received the PD (CI=0.97), the mean COIN was 0.66. The 

mean of the maximal doses in rectum and urethra points were 75% and 119%, and D2(r)=49% 

for the rectum, D0.1(u)=126% and D1(u)=140% for the urethra. 

Significant correlation was found between the following parameters (R: Spearman 

coefficient): coverage, conformality and needle number showed positive correlation with the 

prostate volume, while the high dose volumes were negative correlation with Vp: 

R(Vp,V100)=0.25, R(Vp,V200)=-0.19, R(Vp,D90)=0.18, R(Vp,COIN)=0.30, R(Vp,needle 

nr)=0.39. The high dose volumes correlate with the urethra dose with the following 

coefficients: R(V200,Du)=0.59, R(V200,D1(u))=0.26, R(V200,D0.1(u))=0.28. The dose non-

uniformity was in inversely proportional to the coverage and the conformality with values of 

R(DNR,CI)=-0.24 and R(DNR,COIN)=-0.18. The coverage showed correlation with the 

rectum dose, but was in inverse correlation with the urethra dose. The coefficients: 

R(CI,D2(r))=0.30, R(CI,D1(u))=-0.41. The conformality was in inverse correlation with the 

urethra dose: R(COIN,D0.1(u))=-0.22. 

For OARs the relationship between the calculated point and volumetric doses were 

investigated. The Spearman correlation coefficient for the rectum was: R(Dr,D2(r))=0.69, 

while for the urethra R(Du,D0.1(u))=0.64 and R(Du,D1(u))=0.23 (non significant). For the 

rectum the two different dose calculations showed strong correlation. The mean dose 

measured in the rectum was 2.67 Gy (27%), which is smaller than the calculated value (75%), 

and it did not show clear correlation with – independent from the individual anatomy – the 

calculated value, R(Dr
in vivo,Dr)=0.17. For the urethra the D0.1(u) volumetric parameter was in 

strong correlation with the point dose, but the D1(u) volumetric parameter differed from point 

dose significantly. 
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IV.1.2. Analysis of the effect of the number of needles on dosimetric parameters 

The volume and the largest axial cross-section of the prostate were larger, when more needles 

were inserted: 22.8 cm3 and 8.13 cm2, 28.0 cm3 and 9.59 cm2, and 30.9 cm3 and 11.32 cm2 

using low (<15), medium (15-17) and high (>17) number of needles, respectively. Significant 

correlation was found with the needle number with both the volume and the cross-section of 

the prostate, with stronger correlation for the latter. The Spearman rank order correlation 

coefficients were as follows: R(needle nr,Vp)=0.3847 and R(needle nr,A)=0.6187. V200 was 

smaller at medium than at low number of needles (12% vs. 14%). Dose to the rectum was 

higher using medium than low number of needles: D2(r): 51% vs. 47%. The urethra doses 

were larger with high than with medium number of needles: D1(u): 142% vs. 137% and 

D0.1(u): 128% vs. 125%. 

IV.1.3. The effect of spatial needle distribution and the optimization method on dosimetrical 

parameters 

Using regular needle placements and GO only the V90, V100, V150, V200, D90 and Dmin 

decreased significantly compared to the plans with real needle placements (95.3% vs. 99.4%, 

89.3% vs. 96.5%, 24.2% vs. 33.2%, 7.6% vs. 11.0%, 99.9% vs. 109.1% and 75.1% vs. 89.8%, 

respectively). While the dose homogeneity (DNR) was better (0.26 vs. 0.32), the target 

coverage (CI) was smaller (0.89 vs. 0.97). There was not significant difference in the 

conformality (COIN) in the plans of two different needle placements. Rectum dose Dr and 

D2(r) were approximately equal in the two groups. The Du, D1(u) and D0.1(u) indices 

decreased (110.1% vs. 115.2%, 120.7% vs. 130.6% and 115.0% vs. 121.0%). 

Then, it was investigated whether GRO could improve the dose distribution of the 

plans with regular needle placements. Using GRO the V90, V100, V150, V200, D90 and Dmin 

increased significantly (95.3% vs. 99.6%, 89.3% vs. 96.9%, 24.2% vs. 26.7%, 7.6% vs. 8.8%, 

99.9% vs. 109.8% and 75.1% vs. 91.0%, respectively). The coverage and the conformality 

also improved (CI: 0.89 vs. 0.98, COIN: 0.65 vs. 0.69), while the homogeneity did not 

change. The mean maximal dose to rectum decreased (79.1% vs. 72.9%), however the dose to 

urethra increased (Du: 110.1% vs. 115.3%, D1(u): 120.7% vs. 131.5% and D0.1(u): 115.0% vs. 

121.3%). 

Finally, the effect of uniform needle placements was investigated. Comparing the ETP 

plans (GO+GRO) with the VTP plans high dose volumes decreased significantly (V150: 

26.7% vs. 33.2%, V200: 8.8% vs. 11.0%). While in the V90, V100, D90 and Dmin parameters 

there were not significant differences. This is why the homogeneity increased (DNR: 0.27 vs. 

0.32). The coverage and the conformality improved, but the difference is not significant (CI: 
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0.98 vs. 0.97, COIN: 0.69 vs. 0.67). The maximal dose to rectum decreased (72.9% vs. 

76.6%). Between the dose parameters of the urethra there was not significant difference. 

IV.1.4. Comparison of the traditional „forward” (geometrical and graphical) and the dose-

volume based inverse optimization 

In plans optimized with HIPO algorithm the mean number of needles was significantly lower, 

than in GO+GRO plans (14 vs. 16), however the mean volume of the prostate was practically 

the same (29.7 cm3). There was not significant difference in the dose-volume parameters of 

V90, V150, V200 and D90. Although the clinical importance may be small, the coverage (CI) 

was significantly lower in HIPO optimized plans (0.96 vs. 0.97), but the dose distribution was 

more conformal (COIN: 0.71 vs. 0.67). There was not significant difference in the dose 

homogeneity. The dose to the most exposed 2 cm3 of the rectum was larger (52.0% vs. 

49.0%), but the difference is not significant statistically, while the most exposed 0.1 cm3 of 

the urethra was lower with HIPO method (118.0% vs. 121.0%). 

IV.2. The permanent implantation brachytherapy of the prostate 

IV.2.1. Dosimetric evaluation of the permanent implantation brachytherapy of the prostate 

During PIPB the seeds were successfully implanted into all 10 patients and no migrated 

isotope was found. The median number of implanted needles was 18 (range: 13-24), the seed 

number was 52 (30-78), the mean volume of the prostate was 29.6 cm3 (12.2.-57.8 cm3). The 

mean activity of the seeds was 0.48 mCi = 17.8 MBq (0.43-0.52 mCi = 15.9-19.2 MBq), the 

mean total activity implanted in one patient was 25.7 mCi = 950.9 MBq (14.4-37.5 mCi = 

532.8-1387.5 MBq). The mean V90, V100, V150 and V200  were 98% (97-99%), 96% (93-

97%), 54% (43-64%) and 26% (17-34%), respectively, the D90 and D100 were 111% (105-

115%) and 69% (60-100%). 96% of the target received the PD (CI=0.96, 0.93-0.97), the DHI 

was 0.44 (0.33-0.54). The mean of the maximal dose to rectum and urethra were 107% (81-

172%) and 135% (117-189%), and D10(r)=76% (58-94%), D0.1(r)=124% (101-155%), 

D2(r)=79% (54-102%) for the rectum, and D10(u)=122% (115-133%), D30(u)=118% (111-

126%), D0.1(u)=123% (115-134%) for the urethra. 

In the preplans made one week before the implantation the median number of needles 

and seeds agreed well with the numbers at the treatment: 18.5 vs. 17.5 and 52 vs. 51.5 In the 

prostate volume there was not significant difference: 28.4 cm3 vs. 29.6 cm3. The mean 

difference was 2.2 in the needle number and 6.4 in the seed number. The following power 

function was fitted for the necessary number of seeds (5) and for the total activity (6) plotted 

against the prostate volume: 
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( ) ,4528.8)"(" 5505.0
pVnrseedn ⋅=  

(5) 
a determination coefficient: r2=0.919 (p<0.001),

and ( ) ,7058.3)( 5804.0
pVmCiA ⋅=∑  

(6) 
r2=0.9663 (p<0.001) (if Vp are in cm3, than the formula (5) shows the seed number, the 

formula (6) shows the total A in mCi). The mean difference from the fitted functions was 3.4 

for the seed number and 0.99 mCi for the total activity. 

In PIPB the V150, V200, D90, Dr, D10(r), D0.1(r) and D2(r) were significantly higher 

(53.8% vs. 35.5%, 26.0% vs. 13.0%, 111.0% vs. 109.2%, 106.8% vs. 81.5%, 76.3% vs. 

65.5%, 124.4% vs. 75.4% and 78.5% vs. 55.0%, respectively), while the V90, V100, CI and 

DHI were lower compared to HDR treatments (98.1% vs. 99.5%, 95.5% vs. 97.1%, 0.96 vs. 

0.97 and 0.44 vs. 0.63). In the volume of the prostate, needle number, D100 and dose 

parameters of the urethra no significant difference was found between the two techniques. 

IV.2.2. Dosimetrical comparison of the treatment plans using irregular vs. regular seed 

loading pattern 

In plans using irregular seed loading pattern the median number of seeds and the total seed 

activity were significantly higher than plans with regular seed loading pattern (52 vs. 47 and 

25.7 mCi vs. 22.8 mCi), while the number of needles were the same. No significant difference 

was found between the V150, V200 and D90 dose-volume parameters. The target coverage 

was significantly higher with irregular seed loading pattern (CI: 0.96 vs. 0.93), the V90 and 

D100 were higher (98.1% vs. 96.3%, 69.1% vs. 58.6%), and the dose distributions were more 

homogeneous (DHI: 0.44 vs. 0.37). The dose to the most exposed 0.1 and 2 cm3 of the rectum 

was higher using irregular seed loading pattern (124.4% vs. 87.2%, 78.5% vs. 49.0%), while 

doses to the urethra were lower (Dmax(u): 134.5% vs. 171.6%, D30(u): 117.7% vs. 137.3%, 

D10(u): 122.2% vs. 147.9% and D0.1(u): 122.6% vs. 150.0%). 

IV.3. High-dose-rate brachytherapy of the breast 

IV.3.1. Dosimetric evaluation of CT-based interstitial breast brachytherapy 

Catheters were implanted in 3-5 planes with a median number of 14. The mean volume of the 

target was 64.6 cm3, and on average its 91% received the PD (CI=0.91). The mean MCD was 

135%, while the volume irradiated by 1.5 times the MCD was 8.3 cm3. The dose which 

covers at least 90% of the PTV (D90) was 101.7%, the D100 was 69.1%. The mean value of 

the DHI and DNR were 0.65 and 0.32. The mean COIN was 0.68, the external volume index 
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(EI) was 0.32. The dose-volume parameters of the OARs were as follows: skin: 

Dmax(s)=53.7%; lung:  Dmax(l)=42.1%, V5Gy(l)=42.6 cm3, V10Gy(l)=4.8 cm3, V15Gy(l)=0.5 cm3 

and heart: Dmax(h)=21.2%, V5Gy(h)=8.0 cm3, V10Gy(h)=0.1 cm3. 

The Spearman rank order correlation coefficients between the point and volumetric 

doses were R(Dmax(l),V5Gy(l))=0.82, R(Dmax(l),V10Gy(l))=0.96, R(Dmax(l),V15Gy(l))=0.34 (non 

significant) for lung, while R(Dmax(h),V5Gy(h))=0.97, R(Dmax(h),V10Gy(h))=0.36 (non 

significant) for heart. 

IV.3.2. The effect of catheter orientation on the accuracy of the reconstruction and the 

dosimetric parameters 

Analysis without target 

The largest deviation related to the reference position in the treatment time and the reference 

volume was observed when the catheters were rotated only 1-2 degrees from the parallel 

position. The differences were 2.9%, 2.5% and 1.3% for the tkez, while 4.3%, 3% and 2.3% for 

Vref, using PDS, GO and DPO methods, respectively. In other positions the differences were 

below 2% and 3%. 

Analysis with target phantom 

The reconstruction was very inaccurate at small angles (1-2º), the catheters looked as long 

lines on consecutive slices with a sharp braking in between them. 

The value of VPTV was the same within 1.5% in every case (with 3 mm slice thickness 

it was 103.3±0.5 cm3, max. 0.7% difference, with 5 mm it was 97.9±2.9 cm3, max. 1.3% 

difference), but the mean volume with 5 mm slice thickness was 5% less, than the measured 

value (104.1 cm3, p<0.001). There was no significant difference between the dose-volume 

parameters belonging to scans with 3 and 5 mm slice thickness. 

At different angles the doses in the marker points differed maximum 4% from the 

reference values (90º) using GO. With the PDS and DPO methods the difference was even 

lower. Using GO in almost every case the difference of the dose parameters from the 

reference values was the largest at 60º with a maximum of 5%. By analysing the other 

optimization methods, the effect of the catheter placements on the dose parameters was lower 

at GO than at PDS and DPO methods. The GO can correct for the geometrical inaccuracies to 

some degree. Difference above 10% occurred with the use of both PDS and DPO methods! 
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IV.3.3. Comparison of the geometrical and graphical, and the conformal dose point 

optimization 

The mean F-factor, which is used for the dose prescription, was 0.75 (0.70-0.85) in the 

treatment plans, while the mean DNR was 0.32 (0.25-0.41) ( )1. Figure . 

 

1. Figure. The mean F-DNR curve 

The F-factor-DNR curve has an inflexion point between 0.90-0.95 on average, and we are 

trying to find it during the treatment planning. The homogeneity of the dose distribution is 

optimal in such a case, but the dose coverage of the target is not acceptable, the CI parameter 

did not reach the value of 0.90 in any cases. According to my experience the F-factor around 

the value of 0.75 is needed to use in order to achieve the acceptable dose distribution with 

regard to coverage and homogeneity. 

Using GRO the coverage (CI) increased significantly, from 0.88 (0.73-0.95) to 0.91 

(0.90-0.96) on average, while the homogeneity (DNR) changed from 0.30 (0.20-0.42) to 0.32 

(0.25-0.41). 

The target coverage was 4% lower in conformal plans than in the GO+GRO treatment 

plans (CI: 0.88 vs. 0.91) and it was approximately the same as what can be reached with GO 

only in the treatment plans. The volume irradiated by 1.5 times of the PD was significantly 

higher in conformal plans in both volumes related to the implant geometry (V1.5xref), and to the 

PTV (V150): 35.3 cm3 vs. 24.5 cm3 and 54.4% vs. 32.3%. This larger volume resulted in 

lower dose homogeneity (higher DNR: 0.54 vs. 0.32, and lower DHI value: 0.38 vs. 0.65). In 

conformal plans the D90 and D100 values were significantly lower (96.1% vs. 101.7% and 

60.3% vs. 69.1%), and the volume irradiated by the PD was close to the volume of the PTV 
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(64.3 cm3 and 63.1 cm3). Since the reference isodose closely follows the PTV contour after 

DPO, the conformality of the dose distribution was significantly better (COIN=0.77) than in 

treatment plans using GO+GRO methods (COIN=0.68). This is the consequence of the fact 

that the reference dose irradiated significantly lower normal tissue volume in conformal plans 

(8.3 cm3 vs. 18.1 cm3), and therefore the EI was lower (0.13 vs. 0.32). With conformal 

planning the dose to the skin (48.3% vs. 53.7%) and the volume of the lung irradiated by 5 

and 10 Gy (35.4 cm3 vs. 42.6 cm3 and 3.4 cm3 vs. 4.8 cm3) were significantly lower. The dose 

to heart was equal at the two optimization methods. 

V. CONCLUSIONS 

I. I demonstrated that in high-dose-rate brachytherapy of the prostate the US based 

treatment planning supported by dose optimization algorithms results in suitable dose 

distribution regarding target coverage, homogeneity and conformity in most cases, and 

the dose to OARs can be kept under acceptable limits. Dose to rectum can be 

approximately described by the dose in reference points. For determination of dose to 

urethra the D1 volumetric parameter is recommended. 

II. I reported that different number of needles results in significant differences in treatment 

plans. Medium number of needles (15-17) results lower high dose volumes than low 

number (<15) needles, but the dose to the rectum is higher. Regarding urethra dose the 

low and medium needle number result in lower volumetric doses. Based on my results, 

needle number between 15-17 is recommended to get a good quality implant in HDR 

prostate brachytherapy. 

III. The advantages of uniform needle distribution in prostate are the more uniform dose 

distribution and lower dose to rectum. Using uniform needle placements and GO does 

not result in acceptable dose distribution, except for the dose homogeneity. In plans with 

real implant geometry, to some degree the GO can correct for the inhomogeneities due to 

the nonuniform needle placement. With GRO the quality of the implants can be 

significantly improved. 

IV. Dose-volume based inverse optimization produces clinically acceptable dose 

distributions, if the presets are chosen appropriately. With the use of HIPO the dose 

coverage of the target decreases slightly, however the dose conformality increases and 

dose to urethra decreases, compared to the use of the traditional („forward”) 

optimization. 
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V. I proved that permanent brachytherapy of the prostate using inverse optimization 

technique produces clinically acceptable dose distributions in regard to the coverage and 

the homogeneity, and the dose to OARs can be kept under acceptable limits. The dose 

coverage of the target was a little lower than in HDR BT plans. The high dose regions 

were larger and the dose distribution was less homogeneous. There was no significant 

difference in the dose to urethra between the two techniques, but seed BT resulted in 

larger rectum dose. 

VI. With the use of irregular seed loading pattern (loose seeds) the dose coverage and 

homogeneity of the target increases the dose to urethra decreases significantly and the 

dose to rectum increases compared to the use of regular seed configuration (stranded 

seeds). 

VII. I demonstrated that in high-dose-rate brachytherapy of breast preimplant CT-based 

target volume definition and implant simulation can be effectively used to get acceptable 

dose distributions regarding target volume coverage, dose homogeneity and dose to the 

OARs. For determination of dose to lung the V10Gy and V5Gy, while dose to heart the V5Gy 

volumetric parameter is recommended. 

VIII. Regarding the accuracy of the catheter reconstruction the best orientation would be the 

perpendicular to or parallel catheter positions with the CT plane, which is rarely realised 

in clinical practice. More accurate catheter reconstruction can be achieved with large 

angle between the catheters and CT scanning plane and with smaller slice thickness 

(<=3mm). To minimize the impact of inaccuracy of catheter reconstruction on dosimetry 

the GO is the best dose optimization method. 

IX. I demonstrated that the use of graphical optimization can improve the dose distributions 

obtained by geometrical optimization. Dose point optimization performed on points 

placed on the surface of the PTV (conformal planning) can result in highly conformal 

dose distributions, smaller maximal skin dose, but only at the cost of deterioration of 

dose homogeneity. The value 0.75 of the F-factor is recommended to use. 
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