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Abst rac t 

A means of achieving real-time dosimetry for prostate brachytherapy using transrectal u l t rasound 

( T R U S ) and fluoroscopy has been developed. T h e approach is designed to fit into the current 

protocol used at the Vancouver Cancer Center ( V C C ) for prostate brachytherapy. 

T h e T R U S and fluoroscopic images axe fused using a, single fluoroscopic image of the T R U S 

probe. T h e t ip of each needle, used to implant the seeds, is identified i n T R U S images. U s i n g the 

needle t ip locat ion and the known entry point of the needle in the needle guide, a needle path is 

interpolated. The coronal plane coordinates of the seeds are determined from fluoroscopic images 

acquired at a fixed angle. T h e remain ing coordinates of the seeds are determined from interpolated 

needle paths. Intraoperative seed mot ion is tracked using fluoroscopic images and T R U S . T h e dose 

d i s t r ibu t ion is computed and displayed in the T R U S image frame after each fluoroscopic image is 

acquired. 

O u r approach is validated on a phantom and compared to the seed dis t r ibut ions found i n 

computed tomography ( C T ) images acquired three to four hours after the procedure. 
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Chapter 1 

Introduct ion 

Prostate cancer is the abnormal growth ancl variable cel lular differentiation of prostate tissue. 

In 2004. 20,100 new cases of prostate cancer are expected to be reported in C a n a d a [41]. One 

treatment opt ion is to expose the cancerous cells to ioniz ing radia t ion . T h i s rad ia t ion causes a 

rap id break down in the cell 's deoxyribonucleic ac id ( D N A ) structures resul t ing in cell death. T h e 

prostate can be exposed to ioniz ing radia t ion either through external beams, referred to as exter

nal beam radia t ion therapy, or by implan t ing radioact ive seeds into the prostate, referred to as 

brachytherapy. 

Brachytherapy allows the rad ia t ion to be local ized ensuring the cancerous cells are destroyed 

whi le m i n i m i z i n g damage to healthy tissue. A l t h o u g h the procedure varies between inst i tut ions, 

prostate brachytherapy involves the permanent implan ta t ion of between 80 and 150 smal l radioac

tive seeds into the prostate. T h e process begins several weeks pr ior to the actual implan ta t ion of 

the seeds, w i t h a preoperative procedure where the prostate is imaged using transrectal u l t rasound 

( T R U S ) . These T R U S images are used to define the prostate volume and p lan the seed dis t r ibut ions 

required to k i l l a l l the cancerous cells. Several weeks after the preoperative vis i t , the patient is 

taken to an operat ing room to implant the seeds. Once the patient is anesthetized, the seeds are 

implanted using needles inserted through the per ineum by a radia t ion oncologist. Throughou t the 

procedure, T R U S is used to image the prostate and guide the needles, whi le fluoroscopy is used to 

image the seeds. 

A t the Vancouver Cancer Center ( V C C ) over 1000 cases of prostate cancer have been treated 

w i t h brachytherapy. A more specific descript ion of the pro tocol used at the V C C for prostate 

1 
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brachytherapy is given i n the next section. 

1.1 The Protocol for Prostate Brachytherapy Practiced at the V C C 

A flow chart summar iz ing the protocol used for prostate brachytherapy at the V C C is shown in 

F igure 1.1. P repara t ion for the procedure begins three to four weeks pr ior to the implan ta t ion of 

the seeds w i t h a preoperative volume s tudy of the patient 's prostate. T h e preoperative volume 

s tudy consists of imaging the entire prostate w i t h nine to fourteen T R U S images at 5 m m spacing. 

To acquire these images, the T R U S probe is first mounted to the bed as shown in F igure 1.2. T h e 

probe is locked in a stepper, which constraints the probe to move in 5 m m increments along its 

longi tudinal axis. The stepper is attached to a stage which allows the pos i t ion and or ientat ion 

of the stepper to be finely adjusted and locked. T h e stage is r ig id ly at tached to the bed. wh ich 

supports the patient, by two s tabi l iz ing l inks, wh ich allow for coarse pos i t ioning of the stage. 

T h e preoperative volume s tudy is used to define the prostate volume and p lan the seed d is t r i 

bu t ion . A medical physicist designs the seed d is t r ibu t ion based on the prostate volume to destroy 

all of the prostate tissue, whi le m i n i m i z i n g radia t ion exposure to sur rounding healthy tissue. T h e 

p lanning software restricts the posi t ion of the seeds to lie on a 3D gr id w i t h 5 m m spacing. T h i s 

planned seed d i s t r ibu t ion is referred to as the preoperative p lan . 

T h e intraoperat ive procedure begins w i t h the rad ia t ion oncologist registering the preoperative 

T R U S images and the intraoperat ive T R U S images. T h e T R U S probe is mounted on the same 

set-up used for the volume s tudy and the intraoperat ive T R U S images are manua l ly aligned w i t h 

the T R U S images from the volume study. T h i s aligns the prostate volume determined from the 

preoperative images to the intraoperat ive prostate volume, thus a l lowing the preoperative p lan to 

be registered to the intraoperat ive prostate volume. 

F igure 1.3 is a d iagram of the intraoperat ive set-up used to insert the needles. A needle guide 

(see F igure 1.3b) is mounted on the stepper shown in F igu re 1.2. T h i s needle guide is a metal plate 

w i t h holes arranged on a 5 m m gr id , which correspond to the transverse plane of the 3D gr id used 

to p lan the seed d is t r ibut ion . T h i s needle guide is secured at a fixed distance from the longi tud ina l 

axis of the probe. 

T h e th i rd dimension of the 3D p lanning gr id is implemented by the spacing of the seeds in each 

needle. There are two types of seeds used at the V C C . bo th of which are preloaded into the needles 
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PREOPERATIVE 

START 
MD does 

preoperative 
volume study to 

acquire preoperative 
TRUS images 

POSTOPERATIVE 

C o m p u t e r 
locates 

seeds in 
CT images 

Medica l Phys ic i s t 
determines seed 

distribution 
(a.k.a. Preoperative 

Plan) 

INTRAOPERATIVE 

MD registers 
preoperative and 

intraoperative 
TRUS Images 

MD inserts needle 
ensuring the needle 

tip appears in 
the TRUS 

image 

MD checks 
the seed Y 

distribution in 
the fluoro image 

Fluoro Image? 

FINISH 

Figure 1.1: A flow chart of the procedure for prostate brachytherapy at the V C C . 

F igure 1.2: T h e setup used to hold the T R U S probe dur ing the volume s tudy and seed implant 
procedure. 
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pr ior to the procedure. A t the V C C , the most commonly used seeds are referred to as RAPID 

Strand. R A P I D S t rand seeds are encased i n a mesh, wh ich prevents the seeds from j a m m i n g in 

the needle and ensures that they remain at a 5 m m spacing once implanted . A t the V C C , R A P I D 

S t rand seeds are used when the preoperative p lan requires 5 m m spacing. Occasional ly, the p lan 

w i l l require seed spacing which is a mul t ip le for 5 m m . such as 30 m m spacing. In these cases 

loose seeds are implan ted . These seeds are ind iv idua l ly loaded, w i t h plast ic spacers between seeds 

to ensure the correct spacing. These seeds tend to j a m in the needle and move once implan ted , 

therefore they are used much less frequently than R A P I D St rand seeds. 

Referr ing back to F igure 1.3. the T R U S probe is used to acquire 2D transverse images of the 

prostate and guide the needles as they are inserted. F igure 1.3a shows a. sample T R U S image. 

Note that there is a gr id overlaid on this image which corresponds to the gr id of the needle guide. 

E a c h needle is inserted using the needle guide, force feedback from the needle, and visua l feedback 

from the T R U S . un t i l the needle t ip artifact appears as a high intensity flash near the gr id point 

indicated i n the preoperative plan. A total of 20 to 30 needles are inserted in this manner, s tar t ing 

w i t h the needles in the uppermost row of the needle guide, work ing down row-by-row. 

Ideally, the stage is not adjusted throughout the procedure. However, intraoperat ive prostate 

shift ing and deformation result from patient mot ion , forces from needle insertions, and intraopera

tive edema. To compensate for this mot ion , fine adjustments of the stage are occasionally done to 

real ign the intraoperat ive T R U S images and T R U S images from the volume study. 

Throughou t the procedure coronal plane fluoroscopic images of the patient are acquired as re

quested by the radia t ion oncologist. These images show a 2D project ion of the seed d i s t r ibu t ion 

(Figure 1.3c shows an example) to help the radia t ion oncologist visualize the seed d i s t r ibu t ion . 

After the seeds prescribed by the preoperative p lan have been implanted , the rad ia t ion oncol

ogist has the opt ion to implant five more loose seeds into any regions of the prostate judged to 

be under-dosed. T h e fluoroscopic image of the seed d i s t r ibu t ion , combined w i t h T R U S and notes 

made throughout the procedure are used to judge potent ia l ly under-dosed regions of the prostate. 

A t the V C C , the postoperative procedure usual ly occurs th i r ty days after the implan t . A com

puted tomography ( C T ) images of the patient is acquired to locate the implan ted seeds. T h e 

rad ia t ion delivered to the tissues, referred to as dosimetry, is computed based on the seed d is t r ibu

t ion to ensure a l l the prostate tissue is destroyed. 
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Corresponding Grid Points 

(a| TRUS Image (b). Needle Guide 

Fluoroscopic Image (coronal) 

Figure 1.3: A diagram of the setup used to implant the seeds, (a) A n example of a T R U S image 
(the needle t ip artifact is shown at C 3 ) , (b) the needle guide, and (c) an example of fluoroscopic 
image of the seeds. 

1.2 Thesis Motivation 

Because of inaccuracies in needle placement, intraoperat ive seed mot ion , and intraoperative prostate 

shifting and deformation there is a need to provide accurate real-t ime dosimetric feedback to the 

radia t ion oncologist. T h i s feedback w i l l allow radia t ion oncologists to do interactive p lanning . 
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which is defined as intraoperat ively modi fy ing the preoperative p lan to reflect the actual loca t ion 

of implanted seeds. Interactive p lanning ensures the prostate receives sufficient rad ia t ion to destroy 

cancerous cells [38] [42]. 

T h e potent ia l for improved dose d i s t r ibu t ion through interactive p lanning has been expressed 

by the rad ia t ion oncologists at the V C C and is also s trongly supported in [38], [42] and [44]. A s 

indicated in [38] and demonstrated by the systems presented in the Li te ra ture Rev iew (see Section 

1.4), a means of achieving interactive p lanning has not been fully realized. 

1.3 Thesis Objectives 

T h e objective of this thesis is to develop a system to intraoperat ively compute the locat ion of seeds 

implanted for prostate brachytherapy at the V C C . T h e dosimetry resul t ing from the implan ted 

seeds must be computed w i t h respect to the intraoperat ive prostate volume and displayed to the 

radia t ion oncologist. To effectively meet the needs of the rad ia t ion oncologists at the V C C there 

are several constraints on the system: 

• O n l y m i n i m a l changes can be made to the protocol for prostate brachytherapy current ly 

pract iced at the V C C (see F igure 1.1). 

• O n l y the imaging equipment ( T R U S and fluoroscopy) current ly available at the V C C for 

prostate brachytherapy can be used. 

• Dos imet r ic feedback must be provided throughout the procedure, as opposed to only at the 

end of the procedure. T h i s w i l l provide reassurance to the radia t ion oncologist and al low 

for more extensive corrections to the preoperative p lan to reflect the actual loca t ion of the 

implanted seeds. 

• Dos imet ry must be displayed in a. manner such that the rad ia t ion oncologist can easily do 

interactive p lanning . 

• Intraoperative seed mot ion must be tracked to accurately compute dosimetry. 
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1.4 Literature Review of R T D for Prostate Brachytherapy 

T h e need for real-time dosimetry ( R T D ) for prostate brachytherapy has resulted in several com

mercial systems which a t tempt to use T R U S to get the 3 D coordinates of the implanted seeds. 

E a r l y research used fluoroscopy to compute post-operative dosimetry offline. T h i s work helped 

developed more advanced systems which fuse T R U S and fluoroscopic images. Current ly , there is 

one inst i tute that uses intraoperat ive magnetic resonance ( M R ) imaging to computed R T D . There 

have also been several at tempts to localize the seeds i n T R U S . 

In this section an overview of R T D systems for prostate brachytherapy is presented. Since the 

components of our approach are solved in the following chapters, the some of the contr ibut ions of 

these R T D systems are left to be discussed in greater detai l as each component is solved. 

1 .4.1 Commercial Systems 

T h e Var iSeed system (Var ian M e d i c a l Systems. Pa lo A l t o , C A ) uses T R U S to identify the t i p of 

each needle and assumes the needle's pa th is a straight. For a given needle a l l the seeds have the 

same coordinate i n the transverse plan and the remaining coordinate of each seed is determined by 

assuming the seeds lie at their preplanned spacing [38]. T h i s system does not account for intraop

erative seed mot ion . 

T h e Prosta te Implant P l a n n i n g Engine for Radio therapy ( P I P E R ) system (RTek. P i t t s fo rd . 

N Y ) uses live T R U S to identify needle tracks. A needle path is determined from the loca t ion of 

the needle tracks and the seed posit ions are assumed to lie at their preplanned spacing. [38] Us ing 

the est imated seed locations and manual ly identifying the contour of the prostate the system can 

adjust the preplan to prevent underdosing regions in the prostate and overdosing other heal thi ly 

anatomy [34]. 

T h e Interplant System ( C M S . Inc. C h a m p a i g n , IL ) uses an opt ical encoder to find the depth 

of the probe i n the prostate volume and to register the probe to the needle guide. T h e dosimetry 

is calculated based on T R U S probe posi t ion, the locat ion of needle tracks and assumed seed spac

ing [38] [28]. 

T h e Sonographic P l a n n i n g of Oncology Treatment ( S P O T ) (Nucle t ron Corpora t ion , Veenan-

daa.l. Netherlands) uses 3D US to locate needles and seeds as they are implanted . However, manual 

intervention is required to localize many of the seeds and needles. T h e resul t ing dosimetry is dis-
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played w i t h respect to the prostate volume [38] [13]. 

T h e S t r a t a System (Rosses M e d i c a l Systems. C o l u m b i a . M D ) uses T R U S and sagit tal u l t ra 

sound (US) images to track the needle pos i t ion . Once the needle pos i t ion is known the seeds are 

assumed to be implanted at the preplanned seed spacing [38]. 

A l l of these commercia l systems use ul t rasound to locate needles or needle tracks (also known 

as b lood trails) and assume the seeds lie at the preplanned seed spacing to compute dosimetry. 

Ind iv idua l seeds are not located because seeds cannot be rel iably located using B-mode ul t rasound 

images [24]. Therefore, another moda l i ty must be used or combined w i t h T R U S to accurately 

compute dosimetry. Fur thermore, these systems cannot account for irregular seed spacing or intra

operative seed mot ion [8]. 

1.4.2 R e s e a r c h S y s t e m s 

1.4.2.1 Fluoroscopy 

In the earl)' 1980's several techniques for comput ing the 3D coordinates of implanted seeds were 

developed to compute post-operative dosimetry. A l t h o u g h these systems are not real-time and 

i n most cases do not report dosimetry w i t h respect to the prostate volume, components of these 

systems are useful in developing more advanced R T D systems. 

A three-film technique using two stereo and one anterior-posterior f i lm is reported i n [2] to 

localize seeds in 3 D . Ano the r three-film technique is presented in [45] which uses films obtained 

from a gantry ro ta t ion rather than a stereo shift. A s imilar method is presented in [5]. In [1] 

f iducial markers are used to match seeds in three non-coplanar projections arid to account for 

patient mot ion . A two-fi lm technique reported in [47] uses the endpoints of seeds to ma tch the 

seeds in separate images rather than just the centroids of the seeds. 

M o r e recently, in [57] and [56] a s imulated annealing a lgor i thm is used to au tomat ica l ly match 

seed artifacts in three radiographic films or fluoroscopic images. T h e matched seed artifacts are 

back-projected to compute the 3D coordinate of each seed. In these works, no a t tempt is made 

to register the seed d i s t r ibu t ion to the prostate volume. However, in a later work presented i n [4], 

the same authors fuse fluoroscopic and T R U S images using three gold markers to determine post

operative dosimetry w i t h respect to the prostate. 

In [39] a fast cross-projection a lgor i thm is presented to reconstruct the seed d i s t r ibu t ion using 
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three fluoroscopic images, but the seed d i s t r ibu t ion is not registered to the prostate volume. T h e 

same authors present another method to compute the seed d is t r ibu t ion from three x-ray projections 

in [40]. T h i s work at tempts to overcome the problems of identifying and match ing clustered and 

over lapping seed artifacts using an a lgor i thm based on epipolar imaging geometry and pseudo-

match ing of undetected seeds. 

In [49] a s ta t is t ical classifier a lgor i thm is used to locate seeds from three fluoroscopic images. A 

three-film system for determining post-operative dosimetry is presented in [6] which uses mult iscale 

geometric s ta t is t ical pa t tern recognit ion ( M G T P R ) to identify the seeds in two film images. T h e 

seeds are label led and back-projected to determine the 3D coordinates of each seed. A th i rd film 

is used to verify the results. 

A l l of these methods require seed artifacts in mul t ip le images be matched. M a t c h i n g the seed 

can be difficult because of seed cluster ing and image noise. To avoid matching every seed [32] 

defines a unique trajectory for each seeds using a H o u g h transform such that the trajectory can be 

known from mul t ip le perspectives. 

A l t h o u g h these systems were intended for post-operative dosimetry, rather than R T D . they 

do use fluoroscopy to accurately reconstruct the seed d is t r ibu t ion . These works have led to more 

advanced R T D systems. 

1.4.2.2 Fluoroscopic and T R U S Imaging 

Fluoroscopy is commonly used, in addi t ion to T R U S . for prostate brachytherapy because the seeds 

are clearly vis ible . A s a result, several methods of fusing T R U S and fluoroscopic images to compute 

dosimetry have been reported. 

In [23] T R U S and three fluoroscopic images are fused using four needle t ips . T h e 3 D coordinate 

of each needle t ip is determined from the T R U S probe posi t ion and the locat ion of the needle t ip 

artifact i n the T R U S image. T h i s information is combined w i t h the coordinates of the needle t ip 

artifact in the three fluoroscopic images to register the fluoroscopic and T R U S images. T R U S is 

used to identify the prostate contour and fluoroscopic images taken from three or more perspectives 

are used to locate i nd iv idua l seeds and compute dosimetry. 

A s imi lar three-film approach is presented in [50]. T h i s work focuses on registering the T R U S 

and fluoroscopic images using several of the implant seeds. Th i s work reports that approximate ly 

40 percent of the implanted seeds are vis ible in T R U S . T h e visible seeds are matched between the 
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two imaging modal i t ies and a r ig id t ransformation is defined. T h e seed d is t r ibu t ion is constructed 

from mul t ip le fluoroscopic images and the dosimetry displayed w i t h respect to the prostate. 

In [53] and [52] fluoroscopic images are registered to the T R U S image using five to seven 

noncoplanar reference points (i.e. lead f iducial markers) attached to the T R U S probe. T h e T R U S 

is used to identify the contour of the prostate. Af te r each set of three or more fluoroscopic images 

the dosimetry p lan is upda ted based on the locat ion of the seeds w i t h respect to the prostate and 

other ana tomica l structures (which are identified in the T R U S image manual ly) . In these works 

the gantry angle of the C - a r m must be measured w i t h an accuracy better than 1 degree. In [62] 

a me thod of au tomat ica l ly determining the gantry angle using known geometry of the f iducial 

markers is presented. 

W o r k is also being done at John Hopk ins to compute real-time dosimetry using a mul t i - f i lm 

approach. T h e T R U S and fluoroscopic images are registered using a sheath w i t h embedded fiducial 

markers [30]. T h i s sheath remains in the rec tum at a fixed locat ion throughout the procedure. A 

new approach for del ineat ing and match ing the seeds w i l l be presented i n [29]. 

These approaches use three or more fluoroscopic images to determine the seed d i s t r ibu t ion 

which avoids t rack ing intraoperat ive seed mot ion . A n d . by registering the T R U S and fluoroscopic 

images they are able to use advantages from bo th modali t ies . The seeds can clearly be delineated 

i n fluoroscopic images, but poor soft tissue contrast makes it very difficult to delineate the prostate. 

T R U S cannot re l iably image the seeds, but has superior soft tissue contrast so the prostate can be 

clearly delineated. Y e t . interactive p lanning is l imi ted because the C - a r m must be rotated to three 

unique perspectives to update dosimetry, wh ich is t ime-consuming, inconsistent w i t h the current 

procedure used at the V C C , and susceptible to error i f the patient moves whi le the C - a r m is being 

rotated. 

1.4.2.3 Intraoperative Magnetic Resonance Imaging 

Intraoperative M R imaging has been used at the B r i g h a m and Women ' s Hosp i t a l to intraoperat ively 

calculate dosimetry for prostate brachytherapy [11], [12], [31], [14]. In this system the prostate and 

other significant ana tomica l structures are delineated manually. T h e needle artifact is tracked in 

the image and the seeds are assumed to lie at preplanned spacing along a, l inear needle pa th . 

M R imaging offers superior soft-tissue contrast so radia t ion dose to the rectum, urethra, semi-

vessel and bladder can be min imized , whi le maximizing" dose to the prostate. In some cases, it is 
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possible to identify cancerous cells i n M R images so it may be possible to target only a smal l region 

of the prostate which has these cells. 

However, this approach requires a sp l i t - r ing M R imaging machine and special M R compl iant 

equipment m a k i n g this approach too expensive for most inst i tut ions. Since the seeds do not generate 

a clear M R signal , it is not l ikely this system can be advanced from locat ing the needle to accurately 

locat ing the seeds [12]. 

1.4.2.4 Ultrasound 

Because it would be ideal to image bo th the prostate and localize the seeds w i t h T R U S , there are 

several a t tempts to make the seeds appear as clear artifacts in T R U S . 

Trans-urethra l u l t rasound ( T U U S ) is in t roduced i n [25], as an alternative to T R U S , to image 

the prostate and identify the seed artifacts. Because T U U S can image the prostate from the center 

of the gland, as opposed to T R U S which images the prostate from the far posterior boundary, a 

smaller field of view is required. T h i s allows for increased resolution and minimizes the effects of 

seed artifacts shadowing each other, as observed in T R U S . In [25] a semi-automatic technique to 

segment the prostate boundary and seeds is presented. In one patient 82 percent of the seeds are 

identified and in a second patient 63 percent of seeds. T h i s work is extended i n [26] to include 

automat ic seed del ineat ion using a pr ior informat ion of the seed locations and fuzzy inference rules. 

E i g h t y percent of the seeds are correct ly identified. T h i s approach has potent ia l , but may be l imi t ed 

by the noise inheri t in ul t rasound and seeds shadowing each other. 

In [33] a, radioact ive seed is modified to be ferromagnetic. Once implanted, the seed is v ibra ted 

using an external magnetic field and imaged using Power Doppler . T h i s approach was tested on 

one seed in a phan tom w i t h some success. However, interference from mul t ip le seeds is ci ted as a 

possible l i m i t i n g factor for this approach. 

In [36] and [35] two brass seeds of different lengths are implan ted in a phan tom and imaged 

by detecting the resonance frequencies using vibro-acoustography. T w o sl ight ly shifted ul t rasound 

beams are focused on each seed wh ich causes an osci l la t ing force. Because the seeds are inhomo-

geneities inside the med ium, a var ia t ion in the acoustic emission field is observed and is used to 

local ized the seeds. T h i s approach is s t i l l under development and it is unclear i f it can be used for 

a large seed d i s t r ibu t ion . 

A s tudy reported in [46] suggests elastography may be a possible method of imaging brachyther-
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apy seeds, but successful results are not reported. 

Las t ly , a new seed design is presented in [54]. Here, the casing housing the radioact ive mater ia l 

is redesigned to better reflect u l t rasound waves using a s imula t ion model . Therefore, the seed ar t i 

facts should appear as a clear artifact in T R U S . T h i s design is tested i n s imula t ion and in a canine 

prostate w i t h promis ing results, however further studies are required to val idate this approach. 

1 .4.3 Summary of Literature 

C o m m e r c i a l systems, wh ich use needle pos i t ion to estimate the 3D locat ion of seeds, most readi ly 

fit into the pro tocol for prostate brachytherapy. However, dosimetry can be more accurately de

termined from the actual seed locations. F luoroscopy can be used to accurately reconstruct the 

seed d i s t r ibu t ion , but the seed d i s t r ibu t ion must be known w i t h respect to the prostate to facilitate 

interactive p lanning . Ye t , the two R T D approaches which fuse T R U S and fluoroscope to get the 

seed d i s t r ibu t ion w i t h respect to the T R U S image require the C - a r m to be rotated to three unique 

perspectives. T h i s is bo th t ime-consuming and inconsistent w i t h the current procedure at the 

V C C . A l t h o u g h intraoperat ive M R imaging is current ly used, the expense of specialized equipment 

make such an approach infeasible for most ins t i tu t ions . A n d , at tempts to use T R U S and T U U S to 

localize the seeds is s t i l l in the early stages of development. 

Improvements i n R T D are most easily achieved by accurately ident ifying seeds using fluoroscopy 

and using another modal i ty , such as T R U S , to register the seed d is t r ibu t ion w i t h the prostate. B o t h 

the seed local iza t ion and registrat ion steps must be done w i t h m i n i m a l change to the protocol for 

prostate brachytherapy. 

1.5 Approach 

A t the V C C , the procedure for prostate brachytherapy begins w i t h a volume s tudy of the prostate 

using T R U S . T h i s volume s tudy is used to p lan the seed d i s t r ibu t ion required to destroy cancerous 

cells in the prostate. Once i n the operat ing room, the intraoperat ive T R U S images are manual ly 

registered to the volume study T R U S images. To implement the preoperative p lan , each needle, 

preloaded w i t h seeds, is implanted using a needle guide un t i l the needle t i p appears as a h igh 

intensity artifact at the desired locat ion in the T R U S . F luoroscopic images of the patient 's coronal 

plane are acquired, as needed, to check the implanted seed d i s t r ibu t ion matches the preoperative 
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p lan . In summary, the expected locat ion of the seeds and the entry point of each needle i n the 

needle guide are known from the preoperative p lan , the actual locat ion of the t i p is observed in 

T R U S and a 2D project ion of the implanted seeds is shown in fluoroscopic images. 

In accordance w i t h the procedure pract iced at the V C C , this thesis presents a new approach to 

achieve R T D in prostate brachytherapy. F igure 1.4 shows how this approach for R T D integrates into 

the current procedure for prostate brachytherapy at the V C C given i n F igu re 1.1. T h e coordinate 

systems are described in F igure 1.5. T h e system ca l ibra t ion requires the rad ia t ion oncologist to 

manual ly register the intraoperat ive T R U S to the volume s tudy T R U S images (this step is already 

part of the current pro tocol for the procedure). T h e fluoroscopic and T R U S images are registered 

using a single fluoroscopic image of the T R U S probe. For each needle T R U S is used to locate the 

needle t ip . Throughout the procedure, fluoroscopic images are used to determine (x,z)-coordinates 

of the seeds. Using these coordinates and an interpolated needle pa th from the needle t ip to the 

entry point of the needle i n the needle guide (known from the preoperative plan) the y-coordinates 

of the seeds can be determined and updated. Because the seeds move as the prostate shifts and 

swells, intraoperat ive seed mot ion in the ver t ical direct ion is tracked using T R U S . F r o m the 3 D 

coordinates of the seeds the dose d i s t r ibu t ion can be determined and displayed to the radia t ion 

oncologist. T h e radia t ion oncologist can also manual ly verify and adjust the needle t ip and seed 

posit ions found by the system. 

T h i s approach integrates into the current procedure w i t h m i n i m a l change and wi thou t addi

t iona l imaging equipment. Af ter each fluoroscopic image is acquired, the rad ia t ion oncologist w i l l 

be able to interactive p lanning. 

1.6 Thesis Overview 

Figure 1.6 is a high-level overview of the technical components of the R T D approach proposed in 

this thesis. E a c h block is explained in Chapters T w o through F ive , by further defining the prob

lem, surveying" prior work, expla in ing the methods using a flow chart and text , and discussing test 

results. 

Chapter 2, Calibrating the System: T h e ca l ibra t ion of the system is presented inc lud ing the 

manual registrat ion of the intraoperat ive T R U S images and volume s tudy T R U S images, a me thod 

of removing image dis tor t ion i n the fluoroscopic images, and the regis trat ion of the T R U S and 
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Figure 1.4: A flow chart to show how our R T D system integrates into the current procedure used 

at the V C C for prostate brachytherapy (shown in F igure 1.1). 
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Figure 1.6: A high-level flow chart of the technical components of our approach for comput ing R T D 

fluoroscopic images. 

Chapter 3. Finding the Needle Tip Artifact in TRUS: A new method for ident ifying and local

iz ing the needle t ip artifact in T R U S video da ta is presented. 

Chapter J,. Finding Seeds in Fluoroscopic Images: Throughou t the procedure fluoroscopic i m 

ages of the frontal plane of the patient are acquired using a C - a r m fluoroscope. K n o w i n g the 

expected locat ion of the seeds, a method for ident ifying the seeds deposited by a given needle is 

presented. T h e localized seeds are back-projected to the T R U S frame to reconstruct the seed dis

t r ibu t ion . T h e same method is used to track the seed mot ion between fluoroscopic images. 

Chapter 5. Computing Seed Distribution and Displaying Dosimetry: T h e y-coordinate for each 

seed is found by in terpola t ing a pa th from the needle t i p to the entry point of the needle in the 

needle guide. A n approach for t racking seed mot ion in the ver t ical direct ion is presented. T h e 

method of ca lcula t ing and displaying dosimetry is also presented. 

Chapter 6. Results: O u r approach is proven using a phan tom. Dos imet ry determined from Day-

0 C T images acquired three to four hours after the implant is compared w i t h dosimetry determined 

using our R T D system. 

Chapter 7. Conclusions and Future Work: Research results, contr ibut ions and further work are 

summarized in this final chapter. 



Chapter 2 

Cal ibra t ing the System 

T h e purpose of ca l ibra t ion is to determine the parameters wh ich define the t ransformation of a 

point in one coordinate system (i.e. an image) to another coordinate system. For our system, the 

intraoperative T R U S images must be matched to the preoperative T R U S images so the seeds can 

be implanted according to the preoperative p lan . Fur thermore, the seeds found i n the fluoroscopic 

image must be projected to the T R U S image frame. T h e n , the needle tips and seeds must be 

transformed to a fixed base frame. F igure 1.5 shows the or ig in of these three coordinate systems. 

T h e ca l ibra t ion procedure has three components: manual ly pos i t ion ing the T R U S probe so the 

intraoperat ive images are very s imi lar to the preoperative T R U S images (effectively registering the 

intraoperative T R U S to the preplanned seed d is t r ibut ion) , removing dis tor t ion in the fluoroscopic 

image and registering the fluoroscopic and T R U S images to the needle guide. Together these steps 

define a t ransformation from bo th the T R U S and fluoroscopic images to a base frame. 

2.1 Methods 

Figure 2.1 describes the cal ibra t ion procedure for our R T D system. T h e rad ia t ion oncologist first 

registers the preoperative T R U S images from the volume s tudy w i t h the intraoperat ive T R U S 

images. W i t h the T R U S probe imaging the base 1 plane of the prostate, a fluoroscopic image is 

acquired. T h e edge points of the probe in the fluoroscopic image are found using an intensity-based 

edge detector. T h e coordinates of the edge points are dewarped and a least squares fit applied to 

find several corners of the probe artifact. The T R U S and fluoroscopic images are registered using 

'The base of the prostate is the most superior transverse slice of the prostate. 
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a single fluoroscopic image of the T R U S probe, the mechanical dimensions of the C - a r m and the 

measured dimensions of the T R U S probe. T h e n , keeping w i t h the current pro tocol for prostate 

brachytherapy, a needle is inserted to the base of the prostate to register the needle guide (i.e. the 

base frame of our system) to the prostate volume. 

START 

I _ 
1.1 

Manually Register 
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Intraoperative TRUS 
Images 

FLUORO 
IMAGE 

OF TRUS P R O B E 
AT BASE 
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Find the 
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Fluoroscopic 
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1.4 
Register TRUS 

and Fluoroscopic 
Images 

1.5 
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TRUS and 

Needle Guide 

TO 

LOCATE 

NEEDLE TIP 

IN TRUS IMAGE 

Figure 2.1: A flow chart of B l o c k 1 of F igure 1.6 showing the ca l ibra t ion method employed i n our 
R T D system 

2.2 Registering the Preoperative and Intraoperative T R U S Im

ages 

Ini t ia l ly , as is the pro tocol for prostate brachytherapy at the V C C , the T R U S probe is mounted on 

the same stage used for the preoperative volume s tudy (see F igure 1.2). T h e rad ia t ion oncologist 

manual ly registers the intraoperative T R U S images to the T R U S images from the volume s tudy 
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(the volume s tudy T R U S images are displayed i n a hard copy format adjacent to the ul t rasound 

machine) . T h e stage and s tabi l iz ing l inks are manual ly adjusted to achieve this ca l ibra t ion step, 

wh ich ensures the preplanned seed d i s t r ibu t ion can be accurately implemented. 

Once the radia t ion oncologist is satisfied the preoperative and intraoperat ive images are regis

tered the probe is inserted to the base of the prostate and a fluoroscopic image is acquired. 

2.3 Finding the Corners of the TRUS Probe 

2.3.1 Background on Fluoroscopy 

Figure 2.2 is a s implif ied d iagram of the C - a r m of a fluoroscope. T h e C - a r m consists an X - r a y source 

and an image intensifier. T h e photons are emit ted by the source and travel through the object 

being imaged to the image intensifier, where they first hit the photocathode. T h e photocathode 

converts the photons to electrons which are accelerated and focussed onto the output phosphor. 

T h e image of the output phosphor is captured w i t h a camera. 

T h e fluoroscope used for prostate brachytherapy at the V C C is the G E Series 9600 C - a r m 

Image 
Intensifier 

Figure 2.2: A simplif ied d iagram of a C - a r m fluoroscope 

(General Heal thcare) . Images can be saved to the machine's ha rd drive and exported in a 256 

gray-scale format through a 3.5-inch floppy drive. 

T h e C - a r m produces project ion images. T h e X - r a y s travel in a conical pa th w i t h the source 

model led as a single point . Objects in the pa th of the X - r a y s attenuate the energy of the X - r a y s 
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according to the following equation: 

N = N0e~>li (2.1) 

where N is the number of photons absorbed, 7VG is the number of photons incident on the object, 

(i is the linear a t tenuat ion coefficient, which depends of the object 's composi t ion , and t is the 

thickness of the object. A s an example, metals have a significantly higher a t tenuat ion coefficient 

then tissue, so they absorb more X - r a y s than the surrounding tissue of the same thickness, resul t ing 

i n a dark artifact i n the image. 

2.3.2 Delineating the T R U S Probe Artifact 

Because a fluoroscopic image of the T R U S probe and the physical dimensions of the probe are used 

to register the T R U S and fluoroscopic images, several dimensions of the T R U S probe artifact (see 

F igure 2.3a) i n the fluoroscopic image must be determined. T h e probe artifact could be manua l ly 

delineated from the image, but to save t ime and improve accuracy, the T R U S artifact is automat

ica l ly delineated from the fluoroscopic image. T h e a lgor i thm used to find the corners of the T R U S 

probe artifact i n the fluoroscopic image, Iorg, is given as A l g o r i t h m 1. 

T h e corners of the probe are roughly selected by the user (for example, a radia t ion therapist) . 

T h i s input is used to approximate the loca t ion of the edges and to crop the image to a region of 

interest ( R O I ) reducing processing t ime. B y approximat ing the edges, the detected edge points can 

be sorted and later used to fit a line to each edge. 

Noise in these fluoroscopic images has several major cont r ibut ing factors: inherent image noise, 

variance i n patient anatomy, the var iab i l i ty of imaging parameters and the pos i t ion of the C - a r m 

relative to the patient. Fur thermore, the bed is par t of the image background and a catheter a r t i 

fact is occasionally present. A s i n [53] and [57], a median filter is appl ied to the cropped image to 

reduce the noise. 

A s is evident in F igure 2.3a the background of the fluoroscopic image is not constant. T h i s 

results from the operat ing table appearing i n only the upper half of the image and various anatom

ica l structures (such as the pubic arch) in the image. To help compensate for this the image is 

processed on a row-by-row and co lumn-by-column basis. E a c h p ixe l is normal ized as followings: 

I{x,z) 
(2-2) norm 
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where In(rrm{x, z) is the normal ized intensity of the p ixe l at coordinate (x, z), I(x, z) is the intensi ty 

of the p ixe l , and I array is an array of p ixel intensities ( typica l ly a row or co lumn of the image). 

A l t h o u g h the exact composi t ion of the T R U S probe is not known . F igure 2.3a demonstrates 

the probe attenuates significantly more radia t ion than the surrounding soft tissue. B u t . instead 

of p roduc ing clear edges, the conical project ion model results in b lu r r ing at the edge of the probe 

artifact, referred to as edge effects. Some of the X - r a y s pass through only a por t ion of the object, so 

less rad ia t ion is attenuated resul t ing in b lur r ing . T h i s b lu r r ing produces an intensity gradient from 

artifact to the background of the image. These edge effects are i l lus t ra ted i n F igure 2.4b which is 

the intensi ty profile of one row of pixels in F igure 2.4a. 

Nex t , the I D gradient, IgTnd, f ° r each row and co lumn of the image is approximated by tak ing 

the difference i n intensity between adjacent pixels. If the gradient of the iUl p ixe l exceeds fixed 

gradient threshold, Tgralj. then the edge point , Xe(ige: is computed as an average weighted by the 

gradient of the surrounding pixels: 

v _ E?=-s(* + J H W * + j)| , 0 „ 

where S defines the search region in pixels. T h e values for S and Tgra(i were exper imental ly 

determined from tests on fluoroscopic images of the T R U S probe. T h e edge points of the T R U S 

probe artifact shown i n F igure 2.3a are p lo t ted in F igure 2.3b. 

A s can be seen in F igure 2.3b many edge points are found. To fit a line to the edges of the 

probe artifact these edge points must be sorted according to the edge the)' represent. Us ing the 

corners est imated by the user and the known dimensions of the probe each edge point is assigned 

to one of the edges of the probe or discarded as a potent ia l edge point . N e x t , the edge points are 

dewarped (see Section 2.4 for the details of the dewarping a lgor i thm). A first order line is fitted 

to each set of edge points using a least-squares min imiza t ion . T h e intersection of the hor izontal 

and ver t ica l edges are the corners of the T R U S probe artifact used for the registrat ion a lgor i thm 

present in Sect ion 2.5. T h e results of f inding the corners of the T R U S probe in Figure 2.3a are 

given in F igure 2.3c. 
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Algorithm 1 T h e a lgor i thm to find the corners of T R U S probe i n a fluoroscopic image 

Input: Iorg - a fluoroscopic image of the T R U S probe 

R o u g h l y select the corners of the probe artifact (manual ly) 
I = crop(Iorg) 
Es t ima te the locat ion of probe edges 
A p p l y median filter to I 
for n = 1 to number of rows in 7 do 

farray = I(n-,:) {7(n . : ) is the nth row of pixels i n 7} 
Inorm = normal ize(7 n . r 7 . a ! / ) 
Xedgeh = F i n d edge points in lnorrn 

Sort Xedgeh based on est imated edge locations 
end for 
for m = 1 to number of columns i n 7 do 

1rarray 
~ 7 ( : ,m) (7 ( : ,m) is the rnth co lumn of pixels in 7} 

Inorm = norrnal ize(7„„.„ , , ) 
Xedgev = F i n d edge points i n l„„r„, 
Sort Xe(igev based on est imated edge locations 

end for 
Dewarp X e d g e h and X e d g e v 

F i t first-order line to each edge 

X c o r n e r s = F i n d intersection of the hor izontal and vert ical edges 

Output: X 
comers - the comers of the T R U S probe artifact in the fluoroscopic image 7, 2.4 Dewarping of Fluoroscopic Images 

There are two types of d is tor t ion (i.e. warping) present i n fluoroscopic images: p incushion dis tor t ion 

and S-distor t ion [51]. P incush ion d is tor t ion results from the spherical shape of the photocathode 

focusing the electrons onto the flat plane of the output phosphors (see F igure 2.2), causing the 

outward displacement of pixels from their undis tor ted pos i t ion . S-dis tor t ion is caused by magnetic 

fields ac t ing on the electrons as they travel from the photocathode to the output phosphors. T h e 

magnetic fields result from the Ea r th ' s magnetic core and local sources, such as the cathode ray 

tube ( C R T ) in the display of the fluoroscope. S-distort ion causes translat ions and rotat ions, which 

may not be uni form for a l l pixels . T h i s causes a straight line to appear as a S-shaped line i n the 

fluoroscopic image. S-dis tor t ion is dependent on the locat ion and orientat ion of the C-a,rm, while 

p incushion d is tor t ion is constant for a given C - a r m . 

T h e warp ing in the image can be measured using a gr id of fiducial markers w i t h a. known 

geometry. F igure 2.5a is a fluoroscopic image of an 11 X 11 gr id of steal ba l l bearings embedded in 
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W (b) (c) 

Figure 2.3: (a) A fluoroscopic image of the T R U S probe, (b) the detected edge points, (c) the 
detected edges (the intersections of the edges are defined as the corners of the probe artifact) 

Plexiglas . B y observation, some pincushion dis tor t ion is visible i n the ba l l bearings furthest from 

the center. T h i s is better highl ighted in F igure 2.5b by p lo t t ing just the coordinates of the ba l l 

bearings. S-distort ion is clearly i l lus t ra ted in F igure 2.5c by p lo t t ing the coordinates of one row of 

bal l bearings. 

2.4.1 Dewarping Functions 

To remove image warping , the warp ing can be model led to define one or more transformations from 

the warped image to the undis tor ted image. These transformations are referred to as the dewarping 

function. 

Dewarp ing functions can usual ly be classified as either global or local . G l o b a l functions define 

one t ransformation for the whole image, whi le local functions subdivide the image into elements 

and define a t ransformation for each element. G l o b a l functions tend be less accurate, but can 

be implemented using physical ly-based principles. L o c a l functions are more accurate, but are not 

physical ly-based, so they must be redefined when the C - a r m is rotated or translated. Furthermore, 

local functions can have discontinuit ies at the boundaries of the elements. Loca l i zed functions 

smoothed w i t h a global function give good results, but are non-linear and of higher order than 

other models [51]. 

Selecting a dewarping function is dependent on the C-a rm , the appl icat ion, the gr id , the region 

of interest in the image, the accuracy required, the t ime available to compute the unwarped coor-
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Figure 2.4: (a) A cropped image of the T R U S probe, and (b) a plot of the intensity profile for the 
hor izontal red line in (a) to show the edge effects observed i n a fluoroscopic image of the T R U S 
probe. 

dinates, and whether the dewarping w i l l be done online or offline. For our R T D system the R O I is 

the region most l ikely to contain the T R U S probe and seed artifacts. Referr ing to F igure 2.5a this 

region includes the whole height of the image, but excludes the two columns of ba l l bearings on 

the far left and right of the dewarping j i g . For R T D the computa t ion of the unwarped image must 

be fast and can be sped up by only dewarping the coordinates of the seeds or edge points , rather 

than dewarping the whole image and interpolat ing a new image. 

It is desirable to determine the dewarping function offline and use the same function for al l 

cases, but online dewarping is possible. One approach is to leave a dewarping gr id on for the entire 

procedure, but the g r id may distort or block some of the seed artifacts. Al terna t ive ly , since the 

C - a r m is not moved dur ing the procedure and the equipment used for the procedure is always 

turned on for the entire procedure, the magnetic fields in the room are fairly constant. Therefore, 

the gr id could be placed on the detector and removed after a ca l ibra t ion image is acquired. B u t , 

i f the warp ing function only s l ight ly changes between procedures it w i l l be ideal to use the same 

function for a l l procedures e l imina t ing addi t ional ca l ibra t ion steps. 
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(a) (b) (c) 

Figure 2.5: (a) A fluoroscopic image of the 1 1 X 1 1 gr id of steal ba l l bearings, (b) A plot of the 
coordinates of the ba l l bear ing to demonstrate p incushion dis tor t ion, (c) A plot of one row of ba l l 
bearings to demonstrate S-distort ion 

However, determining the o p t i m a l dewarping model for the C - a r m is beyond the scope of this 

thesis, so just two methods are considered: a loca l method and a global physical method. These 

functions are described i n A p p e n d i x A . T h e dewarping a lgor i thm is implemented such that it can 

be easily changed wi thout effecting the remaining components of the system. 

A n op t ima l dewarping function for fluoroscopic images has not been established in the li ter

ature. For example, the three-film R T D system in [23] uses a bi l inear coordinate transform and 

cubic-convolut ion to estimate p ixe l intensities. A s imi lar system reported i n [57] uses a 5' f t-order 

po lynomia l to global ly dewarp the image. Ano the r three-film R T D system i n [52] does not report 

a dewarping method. In [51], Tang does an extensive review of dewarping functions wi thout estab

l ishing an op t imal function, but chooses a local l inear model to dewarp fluoroscopic images as part 

of a 3 D registrat ion a lgor i thm. 

2.4.2 Experimental Results 

T o test the two dewarping functions, described i n A p p e n d i x A , steel ball-bearings (referred to as test 

points) were added to the Plexiglas j i g in F igure 2.5a at known locations inside the elements, on the 

boundary of elements and at the intersection of four elements (see F igure 2.6a). F luoroscopic images 

of this test gr id were acquired w i t h the C - a r m displaced and rotated about the typ ica l posi t ion 

and orientat ion used dur ing implants to account for s l ight ly variances i n setup. Throughout the 
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experiment , a l l the equipment, inc lud ing the monitors of the fluoroscope, the ul t rasound machine 

and anaesthetist 's moni tor ing s ta t ion, were turned on to ensure a l l magnetic fields that are local ly-

generated were present. 

T h e centroids of the test points and the tie points in the fluoroscopic image were found using 

a thresholding technique and were manual ly verified. T h e dewarping functions were defined for 

bo th models using the images acquired when the C - a r m was not rotated about either axes, wh ich 

is typ ica l ly the desired orientat ion for an implant . The center and radius of the fluoroscopic image 

was determined using the software presented in [3]. T h e center and radius of the fluoroscopic image 

was w i t h i n 0.25 m m for a l l the images. T h e results w i t h no dewarping, dewarping w i t h the loca l 

model , and dewarping w i t h the global model are given in Tables 2.1. 2.2 and 2.3, respectively. 

Table 2.1: E r r o r in local iz ing the test points caused by warping 

Pos i t ion and Or ien ta t ion Region of Interest (mm) En t i r e Image (mm) 

trans (m) 6Z (deg) 0* (deg) M e a n M a x S T D M e a n M a x S T D 

0 0 0 0.85 3.10 0.67 1.08 3.16 0.80 

0 0 5 (1.75 3.09 0.72 0.95 3.0!) 0.81 

0 0 6 0.86 3.16 0.72 1.07 3. Hi 0.81 

0 5 5 0.78 3.03 0.67 1.00 3.03 0.79 

0 0 -5 ().!)! 3.16 0.69 1.18 3.27 0.N3 

0 -5 5 0.82 3.23 (t.75 1.02 3.2:', 0.83 

0.75 (-•/.) 0 0 0.70 1.61 0.38 0.81 2.05 0. Hi 

0.75 (-z) 5 -5 0.87 1.66 0. 10 0.88 1.72 0.42 

0.75 (-z) -5 -5 0.87 1.86 0. 17 0.90 2.19 0.52 

0.25 (+y) 0 0 0.82 1.71 0.-12 0.85 2.30 0.48 

Figure 2.6: A fluoroscopic image of the modified dewarping j i g used to test the dewarping models. 
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Table 2.2: E r r o r i n dewarping the test points using the loca l me thod 

Pos i t ion and Or ien ta t ion Region of Interest (mm) En t i r e Image (mm) 

trans (m) 9Z (deg) 0,. (deg) M e a n M a x S T D M e a n M a x S T D 

0 0 0 0.14 0.34 0.07 0.14 0.36 0.07 

0 0 5 0.18 0.38 0.10 0.20 0.38 0.10 

0 0 6 0.20 0.45 0.11 0.21 0.45 0.11 

0 5 5 0.20 0.31 0.07 0.19 0.31 0.07 

0 0 -5 0.16 0.57 0.13 0.19 0.57 0.14 

0 -5 5 0.18 0.40 0.12 0.20 0.44 0.12 

0.75 (-z) 0 0 1.05 1.99 0.50 1.15 2.03 0.50 

0.75 (-z) 5 -5 1.12 1.84 0.48 1.23 1.84 0.47 

0.75 (-z) -5 -5 1.13 2.02 0.52 1.23 2.26 0.56 

0.25 (+y) 0 0 1.05 2.05 0.52 1.14 2.16 0.54 

Table 2.3: E r r o r in dewarping the test points using the global me thod 

Pos i t ion and Or ien ta t ion Region of Interest (mm) En t i r e Image (mm) 

trans (m) 9z (deg) 0X (deg) M e a n M a x S T D M e a n M a x S T D 

0 0 0 0.38 1.04 0.21 0.45 1.27 0.26 

0 0 5 0.40 0.67 0.18 0.45 1.02 0.22 

0 0 6 0.41 0.76 0.17 0.46 1.06 0.23 

0 5 5 0.39 0.91 0.19 0.46 1.16 0.23 

0 0 -5 0.41 1.29 0.25 0.48 1.55 0.32 

0 -5 5 0.42 0.67 0.16 0.46 0.95 0.19 

0.75 (-z) 0 0 1.09 2.00 0.56 1.18 2.31 0.62 

0.75 (-z) 5 -5 1.16 2.08 0.55 1.24 2.28 0.58 

0.75 (-z) -5 -5 1.17 2.14 0.57 1.26 2.76 0.67 

0.25 (+y) 0 0 1.10 1.92 0.58 1.18 2.43 0.64 

T h e results i n Table 2.1 show the m a x i m u m error in the pos i t ion of test points is 3.23 m m . However, 

bo th the loca l and global dewarping functions reduce the error caused by warp ing when the C - a r m 

is not t ranslated to 0.57 m m and 1.55 m m , respectively. A s expected the loca l function reduces 
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bo th the mean and m a x i m u m error more than the global function. However, according to Table 2.1 

when the C - a r m is t ranslated the characteristics of the warp ing change because the magnetic fields 

ac t ing on the electrons change. So, when the dewarping functions defined before the t rans la t ion are 

appl ied to these images they introduce more error than the warp ing itself. S imi la r results where 

dewarping can introduce more error than the warp ing itself are reported in [59]. 

Fortunately, the pos i t ion of the bed is marked on the floor of the operat ing room, so the pos i t ion 

of the C - a r m is quite consistent between procedures. Therefore, the same dewarping function can 

be used for a l l procedures. T h e local dewarping method w i l l be used for the remainder of this work 

because it best reduces the amount of error caused by warping. 

2.5 Registering TRUS and Fluoroscopic Images 

Regis t ra t ion defines the t ransformation between two da ta sets, l n this work, the fluoroscopic and 

T R U S images contain the da ta of interest. The (x,z)-coordinates of the seeds i n the fluoroscopic 

image are projected back to the T R U S image frame, so the y-coordinate can be determined, and 

u l t imate ly the 3D seed d is t r ibu t ion w i t h respect to the base frame (and prostate). T h e transfor

mat ion between the T R U S and fluoroscopic images must be known to project the seeds found i n 

the fluoroscopic image back to the T R U S frame, such that: 

where XTRUS and XFLUORO are (x,z)-coordinates in the T R U S and fluoroscopic images, respec

t ively and TFT is the t ransformation from the fluoroscopic image to the T R U S image. In general, 

a 3D affine t ransformation, T, is defined as: 

XTRUS = TFT • X F L U O R O , (2.4) 

T = 

sxc(9z)c(9y) c(8z)s(9y)s(9x) - s(9z)c(9x) c(8z)s(8v)c(8x) + s(8z)s(8x) dx 

s(8z)c(8y) sys(8z)s(8y)s(8x) + c(8z)c(8x) s(8z)s(8y)c(8x) - c(8z)s(9x) dy 

-s(9y) c(9y)s(9x) szc(9y)c(6x) dz 

(2.5) 

0 0 0 1 

where the functions cosine and sin are abbreviated c and s and 9X, 9y, and 9Z are the rotations 

about the x, y and z-axes, respectively. T h e scaling of the x, y. and z-axes are represented as sx, 
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sy, and sz. respectively. T h e translat ions i n the x, y. and z directions are represented by dx. dy, 

and dz, respectively. 

However, in this case, the y-coordinates of the seeds are not determined from the fluoroscopic 

image. A n d , the ro ta t ion about the z-axis is assumed to be zero because the C - a r m is locked 

or thogonal to the (x,z)-plane of the base frame. So, the homogenous t ransformation between the 

fluoroscopic and T R U S images, Tpr, simplifies to: 

2.5.1 Prior Work 

In [51], six or seven fiducial markers w i t h known geometry have been used to determine the pose of 

the object from a single fluoroscopic image w i t h 1 m m and 2 degrees of accuracy. T R U S and fluoro

scopic images have been fused in [23] by detect ing four needle tips in bo th T R U S and fluoroscopic 

images. A s mentioned in Section 1.2, [53] uses a special T R U S probe equipped w i t h f iducial markers 

for point-based registrat ion between fluoroscopic and T R U S images. In [50] implan ted seeds have 

been used as f iducial markers to register T R U S and fluoroscopic images w i t h 3 m m accuracy i n a 

phan tom. A n d , i n [4] three.gold f iducial markers have been used to register T R U S and fluoroscopic 

images. A system has been proposed at J o h n Hopk ins Univers i ty where a wire-stealth is placed 

over a T R U S probe. T h i s allows the T R U S and fluoroscopic images to be registered [30]. 

2.5.2 Method 

T o the best of our knowledge the T R U S probe artifact has not been used to register T R U S and 

fluoroscopic images. However, using the corners of the probe artifact in the fluoroscopic image, the 

phys ica l dimensions of the probe, the source to image distance of the C - a r m , and the resolut ion of 

the fluoroscopic and T R U S images, a homogenous coordinate t ransformation from a single fluoro

scopic image to the T R U S image can be determined as follows. 

T h e registrat ion a lgor i thm is based on s imi lar triangles, but does not constrain the probe to 

be centered on the isocentric axis of the C - a r m . Instead, the project ion model uses a chord of the 

cross-section of the T R U S probe to determine the t ransformation. T h i s chord is defined by the line 

sxcos(9y) sin(9y)cos(0x) dx 

—sin(Oy) szcos(9y)cos(0x) dz 
(2.6) 

0 0 1 
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connect ing the two points where the radia t ion beams from the source are tangent to the edge of 

the probe (see Figure 2.8). Secondly, the method considers two cases depending on the posi t ion of 

the probe artifact w i t h respect to the ver t ica l mid l ine of the fluoroscopic image. 

U s i n g the corners of the probe artifact i n the fluoroscopic image, the physical dimensions of the 

probe, the source to image distance of the C-a rm , and the resolut ion of the fluoroscopic and T R U S 

images, a homogenous coordinate t ransformation between the two images is defined: 

TFT = 

sxcos(Oy) sin(9y)cos(9x) dx 

—sin(0y) szcos(8y)cos(0x) dz 

0 0 1 

(2.7) 

where 0X and 9y are the rotations about the x and y-axes, respectively. T h e sx and sz are the 

scaling of the x and z coordinates from the fluoroscopic to T R U S images, respectively, derived from 

the resolut ion of bo th images and the fluoroscopic project ion model . T h e translat ions in the x 

and z directions are represented by dx and dz. respectively. Because the y-coordinates of the seeds 

are determined in the T R U S image frame, scale and t ransla t ion terms i n the y-di rec t ion are not 

included i n E q u a t i o n 2.7. Fur thermore , the ro ta t ion about the z-axis is assumed to be smal l as the 

C - a r m is locked orthogonal to the (x.z)-plane (see Section 2.5.3). T h e coordinate systems referred 

to throughout this proof are shown in F igure 1.5. 

2.5.2.1 Determining 9y 

Fi r s t , the ro ta t ion of the T R U S probe about the y-axis , 9y, is determined. Referr ing to Figure 2.7, 

which is a top view of the probe artifact (i.e. from the perspective of the source i n the C-a rm) , 9y 

is calculated as follows: 

0y = l- atan (r^LzM . (2.8) 
2 \zA-zB J ' 

where the coordinates of the corners of the probe are denoted (XA, ZA) and (x£, ZB)-

2.5.2.2 Determining dy 

A l t h o u g h dy is not included in E q u a t i o n 2.7 it must be determined, so the coordinates of the seeds 

found in the fluoroscopic image can be back-projected to the T R U S image. U s i n g 9y, (XA, ZA) and 

(XB- ZB); are rotated about the y-axis and designated (x'A, z'A) and (x'B, z'B), respectively. Denot ing 
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>+xF, 

Figure 2.7: A top view of the T R U S probe artifact in the fluoroscopic image 

the coordinate of the center of the fluoroscopic image as (xjic. z/,- c) and referring to F igure 2.8. 

we can determine the distance from the center of the probe artifact to (xfic, zjic), denoted Xic, as 

follows: 

(2.9) 

Nex t , the distances from each edge of the probe artifact to xjiC are denoted X,,J,A and XjdB-, wh i ch 

are determined as follows: 

(2.10) %idA = rmn{\xA - xfic\, \xB - xfic\) 

XidB = max(|x'A - xfic\, \x'B - xfic\). (2.11) 

N o w , two cases based on the posi t ion of the T R U S probe artifact w i t h respect to the fluoro

scopic image must be considered: when the probe artifact does overlap and does not overlap the 

ver t ical midl ine of the fluoroscopic image. 



2.5 Registering TRUS and Fluoroscopic Images 31 

Case I: Probe Artifact Does Overlap Vertical Midline of the Image 

In this case the probe artifact overlaps x/iC as i l lus t ra ted i n F igure 2.8. Deno t ing the source 

to image distance as H and the radius of the T R U S probe as RQ, and referring to F igure 2.8. the 

ver t ica l distance from the fluoroscopic image plane to the T R U S probe. dv. can be determined as 

follows: 

6A = atari (^—] (2.12) 

9B = atan ( ) (2.13) 
V xidB ) 

8E = atan (^f) (2.14) 

7T 
0F = ^-OA (2.15) 

ec = \-eB (2.16) 

0D = 0 C - BE (2.17) 

siri(0E>) 

dy = H — K • cos{8E). (2.19) 

Case II: Probe Artifact Does Not Overlap the Vertical Midline of the Image 

In this case the probe artifact does not overlap xjiC as i l lus t ra ted in F igure 2.9. A g a i n , denot ing 

the source to image distance as H and the radius of the T R U S probe as R0. and referring to 

F igure 2.9. the distance from the fluoroscopic image plane to the T R U S probe. dy, can be determined 

as follows: 

0C = atan ( ^ ) (2.20) 

eB = atan ( ^ ) - 9C (2.21) 

K = R o , (2.22) 
tan^f) 

»A = \ ~ % (2-23) 

L = s m ( | _ eA) • Ro (2.24) 
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Radiation Source 

TRUS Probe 

Fluoroscopic Image Plane x, 

Figure 2.8: Case I: T h e T R U S probe artifact does overlap the ver t ical midl ine of the fluoroscopic 
image. 

dy = H - (K + L) • cos(ec + -f) (2.25) 

2.5.2.3 Determining sx and sz 

T h e variables sx and sz represent the ra t io of the fluoroscopic and T R U S image resolutions and 

the back-project ion from the fluoroscopic image space to T R U S image space. Thus . sx and sz are 

bo th a function of the image resolutions and the height of the T R U S probe from the fluoroscopic 

image: 

' rXTRUS \ H - dL, 
H 

H - rfj 

H 

1 ^fluoro / 

TZTRUS\ 

' %fluoro J 

(2.26) 

(2.27) 
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F igure 2.9: Case II: T h e T R U S probe artifact does not overlap the ver t ical midl ine of the fluoro
scopic image. 

where the resolution of the T R U S and fluoroscopic images (in mil l imeters per pixels) are denoted 

in r x i r u s and rxjiuoro in the x-di rect ion and r z t r u s and rzfiuoro in the z-axis. respectively. 

2.5.2.4 Determining dx and dz 

T h e center of the T R U S probe artifact corresponds to the center of the T R U S image projected to 

the fluoroscopic image and is denoted (xuc- ztic)- To compute the t ransla t ion from the fluoroscopic 

image to the T R U S image, the seed coordinates and the center of the T R U S image are defined 

w i t h respect to the center of the fluoroscopic image. (xjiC, zjiC). T h e n , these coordinates are back-

projected to the T R U S image and redefined w i t h respect to the left edge of the T R U S image, 

y ie ld ing: 

'/., = {^^B _ Xfic)j . Sx + ( 2 2 8 ) 

Using a s imilar method dz is computed, except the T R U S image does not correspond to the 

line connect ing x'A and x'B. Referr ing to Figure 2.7, an offset must be added to dz. to compensate 
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for the distance from the corners to the image plane of T R U S , when it is imaging the base of the 

prostate, A : 

dz = \ Z B ~ */«=) • sz + ztlc + A - (2.29) 

2.5.2.5 Determining 0X 

Referr ing to F igure 2.10, the ro ta t ion about the x-axis , 9X, is computed by determining the height of 

the T R U S probe above the fluoroscopic image at another point , d'y, on the probe artifact. K n o w i n g 

the distance, 11, along the z-axis of the probe, the ro ta t ion about the x-axis can be determined as 

follows: 
dv — d' 

9X = arcsin( ' v). (2.30) 

2.5.3 E r r o r Analysis 

T h e accuracy of the registration a lgor i thm is most sensitive to the height of the T R U S frame above 

the fluoroscopic image plane denoted dy. T h e accuracy w i t h wh ich the height of the probe can be 

Radiation Source 

Fluoroscope Image Plane 

Figure 2.10: A side view of the T R U S probe and the fluoroscopic image plane. 
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determined is a function of image resolut ion and the true height of the probe. F igure 2.12a shows 

the error in determining dy as a function of image resolution for several different heights. 

Because the resolution of the fluoroscopic images is only s l ight ly better than 0.5 m m / p i x e l , the 

height of smal l objects, such as seeds, cannot be determined from a fluoroscopic image. However, 

by f i t t ing a line to the edge points on the probe, the resolution of the fluoroscopic can be improved. 

T h i s allows the height of the probe to be determined w i t h reasonable accuracy as demonstrated in 

the next section through experimental results. 

Referr ing to E q u a t i o n 2.26 and 2.27, we see that sx and sz are dependent on dy. However, 

the triangle formed between the point source and the fluoroscopic image is sufficiently steep (see 

F igure 2.11) because the ra t io of Ay and A x is large. Therefore, errors in determining the height 

result in only a smal l error when back-project ing coordinates from the fluoroscopic image to the 

T R U S image frame. T h e error in back-project ing points from the (x,z)-plane as a function of error 

in the height is shown in F igure 2.12b for a point 10 m m from the center of the fluoroscopic image. 

Fortunately, bo th the T R U S and fluoroscopic axis (see F igure 1.5) are roughly paral le l so 9X, 

B Y . and BZ are smal l . A s shown above, B Y can be computed w i t h reasonable accuracy. However, 0X 

is more error prone as shown in the exper imental results given i n the next section. W e see from 

E q u a t i o n 2.6 the cosine of 8X is used to compute the t ransformation, so i f 9X is smal l the function 

w i l l be close to one. We assume 9Z is zero because the fluoroscopic image is posi t ioned or thogonal 

to the (x,z)-plane of the T R U S image. Therefore, 9Z is not present in E q u a t i o n 2.5. 

R a d i a t i o n S o u r c e 

F l u o r o s c o p i c I m a g e P l a n e 

Figure 2.11: A simple model of the fluoroscopic project ion image. 
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(a) (b) 

Figure 2.12: (a) T h e error in dy as a function of fluoroscopic image resolut ion, and (b) the error in 
back project ing the (x.z)-coordinates as a function of error in dy. 

2.5.4 Resul ts 

O u r registrat ion a lgor i thm was tested in the operat ing room at the V C C used for prostate brachyther

apy. The setup shown in F igure 1.2 was mounted to the bed. U s i n g the fine ver t ica l adjustment 

of the stage the ver t ical pos i t ion of the probe was incremental ly adjusted and measured before a 

fluoroscopic image was acquired. T h e ro ta t ion about bo th the x and y-axes was measured to be 

approximate ly zero and the C - a r m was locked orthogonal to the (x,z)-plane. T w o experiments were 

done, the first w i t h the probe overlapping the ver t ica l midl ine of the fluoroscopic image and the 

second w i t h the probe not overlapping the ver t ica l midl ine of the fluoroscopic image. In bo th cases 

the images were dewarped as described in Sect ion 2.4.1. 

W i t h the probe artifact overlapping the ver t ica l mid l ine of the image, 21 fluoroscopic images 

at different heights were acquired, ranging from 305 m m to 335 m m above the fluoroscopic image 

plane. T h e result ing error is shown in the scatter plot i n F igure 2.13a. T h e mean absolute error 

is 1.1 m m and a m a x i m u m absolute error is 2.8 m m . T h e mean error in comput ing the ro ta t ion 

about the x-axis was reported to be 6.17 degrees. 

W i t h the probe artifact off-center, such that the artifact does not overlap the ver t ica l midl ine 

of the image, 15 fluoroscopic images at different heights were acquired, ranging from 282 m m to 

312 m m . T h e result ing error is shown in the scatter plot in F igure 2.13b. T h e mean absolute error 
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is 1.6 m m and a m a x i m u m absolute error is 5.8 m m . T h e mean error in comput ing the ro ta t ion 

about the x-axis was reported to be 3.81 degrees. 

T h e results from bo th cases are very promis ing . Referr ing to Figures 2.12a and 2.12b. the height 

of the probe can be determined w i t h enough accuracy to back-project the (x.z)-coordinates of the 

seeds from the fluoroscopic image to the T R U S image space w i t h reasonable accuracy. 

T h e h igh error in the ro ta t ion about the x-axis results from error in t roduced in determining 

addi t iona l corners of the probe artifact. T h e bo t t om of the probe artifact is the only hor izontal 

edge of the probe artifact of significant length. Therefore, only a few edge points are detected for 

the other dimensions of the probe artifact and thus the edges are poor ly delineated. Fortunately, 

errors i n determining 9X contr ibute only m i n i m a l error to our registrat ion approach as discussed i n 

the previous section. 

T h e accuracy w i t h which the height of the probe can be determined is somewhat surprising, 

given the steep tr iangle shown in F igure 2.11 and the resolution of the fluoroscopic image. However, 

f i t t ing lines to the edges of the probe artifact significantly improves the resolut ion at wh ich the 

corners of the T R U S probe are delineated account ing for this high accuracy. 

300 305 310 315 320 325 330 335 340 
Measured d (mm) 

(a) 

280 285 290 295 300 305 310 315 
M e a s u r e d d (mm) 

(b) 

Figure 2.13: A scatter plot of the error in de termining the height of the T R U S probe versus the 
measured height, when the probe artifact (a) d id overlap and (b) d id not overlap the vert ical midl ine 
of the fluoroscopic image 
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2.6 Registering the TRUS and Needle Guide 

Ul t ima te ly , the seed d i s t r ibu t ion is reported in a base frame. T h e base frame is the needle guide 

because it is r ig id ly attached to the T R U S probe and the prostate can easily be defined i n this 

frame. T h e t ransformation from a point , XTRUS-. m the T R U S image to a point , XBASE, m the 

base frame is defined as: 

XBASE = TTB • XTRUS- (2-31) 

where TTB is defined as: 

0 0 0 

0 Sy 0 dy 

0 0 0 dz 

0 0 0 1 

(2.32) 

T h e offset in the z-direct ion, dz, is determined when the rad ia t ion oncologist inserts the first 

needle, wh ich in the V C C protocol is a needle destined for the base plane (the most superior plane) 

of the prostate. T h e T R U S probe is posi t ioned to image the base plane of the prostate, and the 

needle advanced un t i l a, whi te artifact appears in the T R U S image. T h e distance from the needle 

guide to the hub of the needle is measured using a ruler and reported w i t h mi l l imeter accuracy 

to the radia t ion therapist. B y knowing the length of the needle, LN. and the distance from the 

needle guide to the hub of the needle, Dth-, the displacement of the base plane of the prostate in 

the z-direct ion to the needle, dz, can be determined (see F igu re 2.14): 

dz th- (2.33) 

B o t h coordinate systems are paral le l and the scal ing constants, sx and sy are determined from 

the known resolut ion of the T R U S image. K n o w i n g the t ransformation between the base frame 

and the T R U S frame, bo th the T R U S and fluoroscopic images are essentially registered to the base 

frame of the system. 
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Figure 2.14: A diagram of a needle inserted into the prostate through a needle guide under T R U S 
guidance 

2.7 Conclusion 

T h e cal ibra t ion procedure for our R T D system fits into the current procedure for prostate brachyther

apy w i t h minor modificat ions. Regis ter ing the preoperative and intraoperat ive T R U S images is 

current ly pract iced. A n addi t iona l fluoroscopic image of the T R U S probe is acquired. T h e same 

set of local dewarping transformations w i l l be used for a l l procedures, as the dewarping varies l i t t le 

w i t h rota t ion of the C - a r m and the C - a r m is posi t ioned at roughly at the same locat ion i n the op

erat ing room. C o m p a r i n g F igure 2.12b and F igure 2.13 we see the T R U S and fluoroscopic images 

can be registered accurately enough to determine the (x.z)-coordinates of the seeds in the T R U S 

frame from a single fluoroscopic image. F ina l ly , registering the T R U S images to the base frame is 

current ly part of the pract iced protocol . 



Chapter 3 

Finding the Needle T ip from T R U S 

Because the y-coordinate of the seeds cannot be determined from a single fluoroscopic image, a 

needle pa th must be interpolated from the needle t ip to the entry point of the needle. T h e entry 

point of the needle and the expected locat ion of each needle t ip are known from the preoperative 

p lan . However, it is not possible or even desirable to always guide the needle t ip to the pos i t ion 

given in the preoperative p lan . Therefore, the needle t ip posi t ion must be accurately delineated 

from T R U S . 

It is desirable to automate the needle t ip local iza t ion step to ensure the system can operate i n 

real-t ime and w i t h i n the current protocol used for prostate brachytherapy. T h i s problem can be 

d iv ided into two dis t inct problems: identifying the last video frame i n T R U S containing a needle 

t ip artifact and locat ing the needle t ip from the artifact in the T R U S image. 

3.1 Prior Work 

T h e R T D system presented in [23] uses four needle t ip artifacts to register the T R U S and fluo

roscopic images. In this work the needle t ip artifacts are manual ly located w i t h an accuracy of 

1.1 m m . T h i s work suggests au tomat ing needle t ip loca l iza t ion in T R U S images is difficult, but 

improved accuracy might be achieved w i t h 3D U S . In [21], wh ich is an early paper on the work 

presented in this thesis, the needle tips are manua l ly selected. To the best of our knowledge these 

are the only two works which at tempt to localize the needle t ip artifact from an image perpendic

ular ly to the needle direct ion. There are several works that a t tempt to delineate a needle artifact 

when the needle direct ion is paral le l to the image plane. In these works the goal is to delineate a 

40 
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line rather than a point . 

In [20], a me thod for t racking a steerable needle in U S is presented. Several niters are tested 

to reduce image noise and a median filter is selected as an op t ima l filter. T w o techniques are 

a t tempted to determine the needle direct ion: a masking a lgor i thm and fitting a third-order line to 

the edge points found using an edge detector. T h e later me thod is found to be more robust, but 

del ineat ing the t i p needle is s t i l l difficult. To overcome this problem the needle is v ibra ted and 

power doppler imaging is used to delineate the needle t ip . 

Ano the r approach for segmenting a needle from a U S image is presented in [18]. T h e goal of 

this work is to segment a breast biopsy needle from a U S image, where the needle is again paral le l 

to the image plane. A variance map is used to remove the speckle in the image. A thresholding 

technique is implemented to create a b inary image, followed by a closing operat ion to smooth the 

edges i n the b inary image. Nex t , p r inc ipa l component analysis is used to determine the di rect ion of 

the needle from the clusters of pixels that make up the needle artifact. Once the needle di rect ion is 

determined the needle t ip is found by masking the b inary image w i t h the needle pa th . T h i s paper 

suggests that pr ior knowledge of the needle locat ion would be beneficial and that a sequence of i m 

ages might be used to detect mot ion between them, and hence, help delineate the needle artifact. 

In [15], a method of segmenting a needle from a 3D ul t rasound volume is presented. T h i s 

method uses two orthogonal 2 D image projections, which are both paral le l to the needle di rect ion 

and intersect on the line of the needle t ip artifact. Us ing a cropped image volume (from pr ior i 

knowledge) the needle is segmented from the 2D images using a fixed threshold. In [17] the same 

authors delineated a needle from a 2D T R U S image using an adaptive threshold and H o u g h trans

forms. T h e two techniques presented in [15] and [17] are combined in [16] to increase the robustness 

of the a lgor i thm. 

A s part of a robot ic needle guidance system, a method to delineate a needle artifact from U S 

images is briefly presented i n [27]. A H o u g h transform is used to find the domina t ing line repre

senting the direct ion of the needle, however the details of the segmentation method are not given. 

T h e end point is found by searching for groups of unconnected pixels. 

F r o m these works, it is clear that au tomat ing needle delineation is a difficult. There is support 

for using a median filter to reduce image noise and an in i t i a l estimate of the needle loca t ion to 

reduce processing t ime. 
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3.2 Methods 

Figure 3.1 describes the method used to find the needle t ip artifact i n T R U S . A search for a clustered 

change i n intensity between sequential frames is done i n a cropped region of the image centered at 

the expected needle t ip loca t ion (which is known from the preoperative p lan) . T h i s search returns 

frames wh ich may contain the needle t ip artifact immedia te ly prior to the needle being retracted 

and an approx imat ion of the centroid of these needle t ip artifacts in each frames. Nex t , the centroid 

of the artifact is more accurately computed using an adaptive thresholding method. T h e loca t ion 

of the centroid is displayed on the T R U S image so the radia t ion oncologist can confirm the needle 

t ip has been correct ly located. T h e rad ia t ion oncologist can manua l ly select another locat ion as 

the needle t ip . overr iding the au tomat ica l ly found needle t ip . 

FROM 
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Figure 3.1: A flow chart of B l o c k 2 of F igure 1.6 showing our approach for f inding a needle t ip i n 
T R U S 
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3.2.1 Identifying the Frame with the Needle Tip Artifact 

To accurately determine the coordinate of the needle t i p the frame containing the needle t ip artifact 

immedia te ly pr ior to the needle being retracted must be determined. There are two items of a p r io r i 

knowledge that help automate this process, but also several factors cont r ibu t ing to noise. 

T h e expected needle t i p loca t ion is known from the preplan. T h r o u g h observation of the c l in ica l 

da ta presented in this work, and i n agreement w i t h two prac t ic ing rad ia t ion oncologist, the needle 

t i p artifact appears in the T R U S image w i t h i n 2.5 m m of the expected locat ion of the needle t ip 

for the major i ty of the needles inserted. Us ing this informat ion the frames are cropped to localize 

the search and reduce processing t ime. 

T h e second i tem of a p r io r i informat ion is the t ime of the needle retract ion. A l t h o u g h several 

possible automated options to determine when the needle has been retracted exist, such as a video 

camera or a variety of sensors, in the system presented here this is done manually. 

T h e noise components include U S speckle, patient and prostate mot ion , T R U S probe mot ion , 

and rectal gas. Identifying the frame immedia te ly pr ior to the needle retract ion is compl ica ted by 

mul t ip le needle t ip artifacts that occur as the radia t ion oncologist posit ions the needle. T h r o u g h a 

sequence of f i l tering and impos ing thresholds the noise components can be reduced. 

3.2.1.1 Methods 

A l g o r i t h m 2 presents our approach to use the a p r io r i knowledge and reduce the image noise to 

find the frame conta in ing the needle t ip just pr ior to the retract ion. 

Af ter the user indicates the needle has been retracted, the previous N frames, from F\ to Fj\. 

are acquired for processing. T h i s frames are cropped to the region expected to conta in the needle 

t ip artifact. 

Nex t , a median filter is appl ied to each cropped image to remove US speckle noise. Speckle 

d i s t r ibu t ion is h ighly non-linear. T h e median filter is more robust than a mean filter because a 

single very unrepresentative p ixe l in a neighborhood w i l l not affect the median value. Since the 

median value must be the value of one of the pixels i n the neighborhood, the median filter does not 

create new unrealist ic p ixe l values when the filter straddles an edge. Therefore, the median filter 

can preserve sharp edges whi le removing salt-and-pepper speckles. 

T h e basic idea of A l g o r i t h m 2 is to detect intensity differences between sequential frames in the 
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region of the expected needle t ip . To achieve this the a lgor i thm takes the difference, FD, between 

every k frames: 

FD = •fjv-(i-i)**; — Fjv-itk, \ < i < floor{N/k). (3.1) 

Figures 3.2a and 3.2b show two sequential frames. Frame FN-(i-\)*k does not have a needle 

t ip artifact while Frame F^-i*^ does, the result ing difference image, w i t h k = 10, is shown as 

F igure 3.2c. 

T h i s method works well assuming the T R U S probe does not move w i t h respect to the anatomy. 

If the T R U S probe is t ranslated in the z-direct ion (for example, to image another slice of the 

prostate), the patient or prostate moves, or the stage holding the T R U S probe is adjusted there 

w i l l be a large change between sequential frames. Fortunately, a significant por t ion of FD w i l l 

appear as high intensity. B y comput ing the mean intensity value of FD large changes (i.e. greater 

than Tmaxij) between frames can be detected and FD is ignored. 

F igure 3.2c demonstrates that the needle t ip artifact appears clearly in the difference image, but 

there is s t i l l some low intensity noise result ing from smal l changes i n intensity between sequential 

frames. Fortunately, the needle t ip artifact causes a large clustered change in intensity, so apply ing 

a fixed intensity threshold to FD allows potent ia l needle t ip artifacts to be identified. T h e result 

of apply ing this thresholding technique to F igure 3.2c is shown i n F igure 3.2d. 

E v e n after apply ing a threshold some non-artifact pixels s t i l l appear i n the b inary image (as 

observed i n Figure 3.2d). Therefore, a connected p ixe l a lgor i thm is applied to find the clusters of 

F igure 3.2: T R U S images cropped to the region expected to contain a needle t ip artifact, where 
(a) is frame 1 and (b) at frame 10. (c) The difference image result ing from the subtract ion of (b) 
from (a), and (d) is a b inary image of (c). 
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whi te pixels. These clusters are filtered based on size to identify potent ia l needle t ip artifacts. 

To correctly posi t ion a needle rad ia t ion oncologists often insert and retract the needle several 

t imes, therefore the needle t ip artifact appears and disappears from the T R U S image. T h e frame 

conta in ing a needle t ip artifact closest to the t ime of the needle re t rac t ion is used to determine the 

coordinate of the needle t ip . 

A s shown i n F igure 3.1. if no needle t ip artifact is detected the next step i n loca l iz ing the needle 

t ip is bypassed and the artifact is manual ly selected by the rad ia t ion oncologist. 

A l g o r i t h m 2 T h e a lgor i thm to identify the frame w i t h the needle t ip artifact 

Input: T R U S video 

T h e expected locat ion of the needle t ip 

Signal Needle has been Ret rac ted 
Get Previous N Frames 
C r o p Frames 
A p p l y M e d i a n F i l t e r 
Compute Difference Between Sequential Frames 
if M e a n Difference < Y„..,.,7, then 

Create a B i n a r y Image using a F i x e d Thresho ld 
L o o k for Clus ters of W h i t e P ixe l s 
F i l t e r Clusters Based on Size 
Check for Repeated Ar t i fac t s 

end if 

O u t p u t : T h e T R U S frame containing the needle t ip artifact 
T h e approximate centroid of the needle t ip artifact 

3.2.2 Locating the Centroid of the Needle Tip 

T h e metal of the needle acts as a specular reflector because of the significant difference in acoustic 

impedance between the needle and the soft tissue of the prostate. Therefore, needle t ip artifacts 

appear as clusters of high intensity pixels in the T R U S images [18]. F r o m observations i n a phan tom 

and c l in ica l data, the shape and locat ion of the artifact is related to the angle of the bevel on the 

needle t ip . T h e bevel acts as a parabol ic reflector. W h e n the inside surface of the bevel is facing the 

source of ul t rasound waves, the sounds waves are reflected di rect ly back to the transducer of the 

probe create a bright intensity artifact in the T R U S image. W h e n the angle between the normal of 
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the bevel and the direct ion of propagat ion of the sound waves is 90 degrees the sounds waves are 

reflected away from the transducer. Las t ly , when the t i p is not in the image, but the entire shaft 

is present there are two regions of high intensity appear i n the image. 

T h r o u g h experimentat ion it was found that the center of the needle t ip is the desired point 

because it corresponds to the center of the needle t ip shaft and thus the center of the seeds being-

implanted . 

L o c a t i n g the needle t ip from the artifact involves f inding the coordinates of the center of the 

needle t ip artifact. T h e z-coordinate of the needle t ip is known from the preplan or the pos i t ion 

of the T R U S probe. T h e image background is known from the frame FN_^_^TK. U S speckle 

introduces noise into the system, but knowing the frame w i t h the needle t ip artifact minimizes the 

cont r ibu t ion of the other noise components mentioned in the previous section. O u r approach for 

identifying the centroid of the needle t ip artifact is given in A l g o r i t h m 3. 

G i v e n FD, a b inary image is created using an adaptive thresholding technique. T h e mean 

intensity of the image, / i ^ , , is computed from which a threshold is defined: 

Tbase = a* ubk. (3.2) 

where a is a constant between 0 and 1. Nex t , the pixels in FQ are sorted by intensity. T h e n an 

image, Ir, is created by leaving the Nartifact highest intensity pixels that are also greater than T},ase 

unchanged, but assigning al l other pixels a value of 0. Here, N a r t i j a c t is the m a x i m u m size of most 

needle t ip artifacts determined by observation and exper imentat ion. 

To smooth the edges a median filter is appl ied to Ir. Las t ly , the centroid of the artifact is found 

by comput ing an average weighted by the intensi ty of the non-zero pixels. 

Algorithm 3 T h e a lgor i thm to locat ing centroid of the needle t ip 

InputiFr; - a T R U S image w i t h a needle t ip artifact 

Create an Image from FD using an A d a p t i v e Thresho ld 
A p p l y M e d i a n F i l t e r 
C o m p u t e the Cent ro id of Non-Zero P ixe l s 

Output: T h e coordinates of the centroid of the needle t ip artifact. 
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3.3 Results 

To demonstrate the a lgor i thm can correct ly locate needle t ip artifacts i n T R U S c l in ica l da ta col 

lected dur ing implants was processed post-operatively. T h e U S frames were collected at 30 frames 

per second ( F P S ) from the video output of the U S machine using an Adap tec A V C - 2 2 1 0 video cap

ture device. T h e video was digi t ized i n M P E G file format and later compressed using the X - D I V 

codex to an A V I file format. T h e procedure was recorded w i t h a video camera so the pos i t ion of 

the T R U S probe and the t ime of each needle retract ion times are known. 

T h e method presented in this chapter is tested on twenty-two needles inserted dur ing one pro

cedure. The locat ion of the needle t ip manual ly identified. T h e locat ion found using our automated 

method is compared to the manual ly selected locat ion. T h e parameters used in the a lgor i thm are 

given in Table 3.1. 

For twenty-two needle tips the mean Euc l idean distance between the manual ly and automat i 

cal ly detected needle tips was 3.7 m m . T h e mea.n absolute difference in the y-direct ion was 1.9 m m . 

O f the twenty-two needle tips, five would have needed to be manual ly relocated, either because the 

wrong frame was selected or the noise resulted in the wrong centroid being computed. 

T h e two reasons for h igh error were the needle t ip not appearing as a bright h igh intensity 

artifact or the artifact only appears when there significant mot ion i n the image, therefore the frame 

is ignored. 

3.4 Conclusion 

A new method to locate a needle t ip in T R U S has been presented. To the best of our knowledge 

this is the first work reported to localize a needle t ip in US when the needle direct ion is or thogonal 

to the to the U S image. O u r method has been shown to work on noisy c l in ica l data, however some 

needle tips which appear in noisy regions of the image must be manual ly selected. There are a lot 

of parameters to be set using our method. M a n y of these have been determined experimental ly, 

however op t imiz ing these is an area for future work. 
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Table 3.1: Parameters used to demonstrate our needle t ip finding a lgor i thm 

Parameter Value 

N 90 

preprocessing 

median filter 3 x 3 pixels 

size 

k 10 

T 20 

Tdiff 25 

M a x cluster size 400 pixels 

M i n cluster size 40 pixels 

a 0.9 

Nartif act 100 

postprocessing 

median filter 5 x 5 pixels 

size 



Chapter 4 

Locating Seeds in Fluoroscopic Images 

T h e (x.z)-coordinates of the seeds must be determined in a fluoroscopic image so the seed posi t ion 

can be back-projected to the base frame to compute the 3D seed d is t r ibu t ion . For our R T D system, 

most of the seed artifacts must be automat ica l ly located to ensure the system is real-t ime and to 

min imize changes to the current protocol for the prostate brachytherapy. 

A s discussed i n Chap te r 2, seeds appear as dark artifacts i n fluoroscopic images because they are 

composed of metals wh ich attenuate X - r a y energy more than the surrounding tissues. F igure 4.1 

is a fluoroscopic image of implanted seeds. A u t o m a t i c a l l y del ineat ing the seeds from a fluoroscopic 

image is compl ica ted by background image noise and overlapping seed artifacts, where two seeds 

appear as one artifact in the fluoroscopic image. 

Fur thermore , seeds can move between fluoroscopic images, so the system must be able to update 

the coordinates of the previously located seeds. To expla in this, two terms must be defined: old 

seeds and new seeds. If a sequence of n fluoroscopic images are taken, la at t ime ta to In at t ime 

tn, then a l l the seeds imaged in In-\ are referred to as old seeds. Those seeds implanted between 

7„_i and / „ w i l l appear only i n / „ so they are referred to as new seeds. Fortunately, the problem 

of upda t ing the coordinates of the o ld seeds is simplif ied by knowing the (x,z)-coordinate of the 

seeds i n the fluoroscopic image In-\-

Because the (x.z)-coordinates of the seeds are used to compute the y-coordinate of the seeds 

based on a needle path , every seed must be associated w i t h a needle pa th . F igure 4.1 i l lustrates the 

complexi ty of associat ing a seed w i t h a needle when, at the end of a procedure, 80 to 150 seeds are 

present i n the image. However, this p rob lem is simplif ied by knowing the expected seed locations 

49 
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from the preoperative p lan and the needle pa th . 
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Figure 4.1: A n example of a fluoroscopic image of implanted seeds 

4.1 Prior Work 

Several approaches for automated seed delineation i n fluoroscopic images are presented in the 

l i terature. T h e simplest being manual ly locat ing the seeds in digi t ized radiographs as reported in 

early approaches for comput ing postoperat ive dosimetry. [2], [45], [5], [1], [47] 

In [6] a mult iscale geometric s ta t is t ical pat tern recognit ion ( M G S P R ) segmentation method for 

segmenting seeds from digi t ized radiographs is proposed. T h i s approach requires a t ra in ing set to 

describe seed artifacts. T h i s t ra in ing set is applied to an image w i t h seeds at unknown locations 

to determine the locat ion and orientat ion of the seeds in the image. However, the potent ia l of this 

technique is questionable because it was only tested on computer-s imulated images. 

A more developed method is presented in [57]. T h e noise in the image is reduced as follows: 

v(x.y) = log(u(x.y) + 1) (4.1) 
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where u(x, y) is the or ig ina l fluoroscopic image and v(x, y) is the noise-reduced image. Nex t , the 

image is normal ized as follows: 

i \ v{x,y) - vmm(x,y) 
w(x. y) = - -255 + 0.5, (4.2) 

Vrnax(X.y) - Vmin(x,y) 

where w(x,y) is the normal ized image and, vmj.n(x,y) and vmax(x,y) are the m i n i m u m and m a x i 

m u m intensity values of the image v(x, y), respectively. T h e background is removed using a top-hat 

opening gray-scale morphological filter (morphological operators are described i n [9] and the A p 

pendix of [53]). A threshold is set dynamica l ly us ing an entropy-based method and the seeds are 

segmented from the image. T h e segmented artifacts are labelled using a s imply recursive label l ing 

technique based on connected pixels. T h e resul t ing artifacts are analyzed as particles to dis t inguish 

noise from val id seed artifacts and identify clusters of seed artifacts. 

T h e system presented i n [53] first inverts the fluoroscopic image of the seeds and fiducial mark

ers. T h e n , a gray-scale top-hat opening a lgor i thm is appl ied to suppress the background noise. 

Nex t , a threshold is dynamica l ly set based on the average brightness of the image and a b inary 

image is produced. T h e seeds are segmented from clusters using a part icle analysis a lgor i thm which 

considers perimeter, eccentrici ty and moment invariants . 

T h e seed segmentation a lgor i thm used in the R T D system reported in [23] and [32] is explained 

in more detai l in [10]. F i r s t , the image background is est imated w i t h the morphological opening 

function followed by gray-scale reconstruct ion. T h e result ing image s t i l l contains some unwanted 

structures i n the background, so a morphological estimate of the background is subtracted from the 

image (a background image is acquired at the beginning of the procedure). T h e result is an image 

w i t h only seeds, needles and a low frequency background. T h e n , a the threshold is dynamica l ly set 

using discr iminant analysis to to delineate the seeds and needle t ip artifacts. T h e end points of the 

seeds are found using a connected component analysis and the b inary image is analyzed through 

template matching. T h e a lgor i thm finds 59 to 60 seeds when 61 seed artifacts are present in the 

image. T h e remaining seeds are located manually. 

T h e major i ty of these works use some combina t ion of morphologica l operators and threshold

ing to locate and label seed artifacts. Morpho log ica l operators take advantage of the dis t inct and 

consistent shape of the seed artifacts, whi le thresholding takes advantage of the intensity contrast 

between the seed artifact and the image background. However, these works do not make use of a 
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p r io r i informat ion about the expected seed loca t ion and as a result have difficult ma tch ing seeds 

between mul t ip le fluoroscopic images. [32] A l t h o u g h these methods have been verified in phan

toms, they have not been extensively tested on c l in ica l data. Therefore, problems such as artifact 

exclusion and merging (two or more seeds appear as one artifact) have not been fully explored. 

Morpho log ica l operators and thresholding, combined w i t h a pr ior i knowledge of the expected seed 

d is t r ibu t ion , w i l l be needed for our approach. 

4.2 Methods 

Figure 4.2 describes our method to find the (x,z)-coordinates of seeds in a fluoroscopic image. A 

fluoroscopic image of the coronal plane of the patient is acquired. Because the seeds are d i s t inc t ly 

different than the image background a thresholding and morphologica l operators are used to identify 

potent ia l seed artifacts in the image (morphological operators are described i n [9] and the A p p e n d i x 

of [53]). To simplify the search for new seeds, the old seeds are first identified i n the image. T h e 

coordinates of the o ld seeds are updated using their coordinates in the previous fluoroscopic image 

(i.e. 7 „ _ i ) . T h e new seeds are identified arid matched to a needle using informat ion from the 

preoperative p lan and the needle pa th . T h e coordinates of a l l the seeds are displayed and confirmed 

by the radia t ion oncologist. T h e seed locations can be manual ly updated , i f necessary. F i n a l l y the 

coordinates of the seeds are dewarped using the me thod presented i n Sect ion 2.4. 

4.2.1 Identifying Possible Seed Artifacts 

T h e a lgor i thm for ident ifying seed artifacts is given as A l g o r i t h m 4. T h e image, In is cropped to 

a region of interest ( R O l ) using the expected seed locations to save computa t ion t ime. A median 

filter is applied to the image to reduce some of the background noise and the image is inverted. 

A l t h o u g h the seed artifacts appear as significantly darker artifacts than their sur rounding tissue, 

a s imple thresholding a lgor i thm cannot be used to create a b inary image because as is evident in 

F igure 4.3a the background of the image is not consistent. T h e opera t ing table is i n the background 

of the top half of the image and not the bo t t om and the anatomy of the patient varies w i t h i n the 

image as well as between patients. However, the seed artifacts are clearly dist inguishable, so local ly 

sett ing the threshold effectively creates a b inary image, If,, differentiating the seed artifacts from 

the background. T h e local threshold, Tj, is set between the mean intensity of the region and the 
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F igure 4.2: A flow chart of B l o c k 3 of F igure 1.6 showing our approach for locat ing seeds in 
fluoroscopic images. 

m a x i m u m pixe l intensity (the image has been inverted so the seed artifacts are now a m a x i m u m ) . 

T h e local background is defined as a region of 9 x 5 pixels about the p ixe l of interest. F igure 4.3b 

shows the result ing b inary image, 

T h e sensi t ivi ty of the thresholding a lgor i thm is control led by the parameter a. Increasing 

a reduces the noise i n the b inary image, but increases the risk of e l imina t ing seed artifacts. T h e 

morphological opening function can be used to take advantage of the known shape of the seed 

artifact. T h e opening function produces another b inary image from two inputs: the b inary image 

and a structure element, SE. T h e structure is an approximate to the shape of the seeds, wh ich 

is 4 pixels long by 2 pixels wide. T h e results of app ly ing the opening function to F igure 4.3b are 

shown i n F igure 4.3c. 

Once a b inary image is created the connected components must be label led. T h i s is achieved 

by simple search: 
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Figure 1.3: (a) A fluoroscopic image of the seeds, (b) a b inary image of (a), and (c) an opened 
image of (b) 

1. S tar t ing in the top-left corner of search for the first whi te p ixe l . 

2. W h e n a whi te p ixel is found, check the eight neighboring pixels label l ing a l l whi te pixels. 

3. Repeat step (2) unt i l no more white pixels are found. 

4. Cont inue searching //, for whi te unlabelled pixels. 

A s demonstrated in F igure 4.3c, the T R U S probe and c lamp appear as artifacts in the image, along 

w i t h some inherent noise. These artifacts are removed as candidate seed artifacts by restr ic t ing the 

size of the clusters to be greater than C,„,„ and less than Cmax. 

The problem of seed artifact identification using only projection images is complicated by 

is the possibi l i ty of overlapping seeds which merge to appear as one cluster of connected p ix

els. [57], [10], [53] Th i s problem is overcome by doing a part icle analysis. A l t h o u g h , more advanced 

part icle analysis methods are used in [57]. [10] and [53]. where bo th the dimensions and orientat ion 

of the artifact are considered, only the dimensions of the clusters are considered here. T h i s allows 

merged artifacts to be identified as two or more artifacts if the length or w i d t h of the artifact 
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exceeds Lsee(i or Wseeci, respectively. L a s t l y the centroid of each seed artifact is to computed as 

follows: 

. 2 ) ( (p^'max xrnin) (^rnax ^min) 
\floor((xmax - xmin)/Wseed) + 1' floor({ )/Lseeri) + 1 

where (xc.zc) are the (x,z)-coordinates of centroid of each of the possible seed artifacts and xmax, 

Xmim zmax. and zmin denote the range of the cluster of connected pixels. F igure 4.4 shows the 

coordinates of the seed artifacts shown as yellow x 's . 

Algor i thm 4 A n a lgor i thm to identify possible seed artifacts in a fluoroscopic image 

1: Input: / „ - a fluoroscopic image of the implanted seeds 

2: In = C r o p ( / 7 1 ) 
3: A p p l y median filter 
4: Imax = m a x ( J n ) 

6: for y = 1 to number of rows in In do 
7: for x = 1 to number of columns in / „ do 

n s 

Y. /I In{x + i,y + j) 
_ i=-R j=-S 

8 : ^ v — (2y?,+:i)*(2S+i) 

9: Ti = uv + a(Imax - Hv) 

10: if In(x,y) > Tj then 
11: Ib{x,y) = l 
12: else 
13: lb{x,y) = 0 
14: end if 
15: end for 
16: end for 
17: A p p l y o p e n ( / / „ S E ) (open() is a morphological operation} 
18: Identify clusters 
19: D o part icle analysis 
20: C o m p u t e the centroid of each possible seed artifact 

21: Output: T h e (x.z)-coordinates of the centroid of each seed artifact 

4.2.2 Updat ing the Coordinates of Previously Found Seeds 

A s noted [38], [12], [48] and [44], the seeds can move intraoperatively, so the (x,z)-coordinates of 

the seeds must be updated after each fluoroscopic image. Fur thermore , by ident ifying the o ld seeds 
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F igure 4.4: The coordinates of the seed artifacts (marked as yellow x"s) found i n the fluoroscopic 
image shown in Figure 4.3a. 

i n the fluoroscopic image the search for new seeds is simplif ied. 

G i v e n the (x.z)-coordinates of the seed artifacts are known from the image I„-i, the candidate 

seed artifacts found using A l g o r i t h m 4 w i t h i n a distance ra of the o ld seed artifact are identified. 

T h e n , these possible seed artifacts are associated w i t h each needle by min imiz ing the error terms 

given i n Equat ions 4.4 and 4.5 i n the next section. Af ter a seed artifact has been associated w i t h 

a needle, it is removed as a candidate seed artifact for other needles to simplify the search for 

addi t iona l seeds. 

Interestingly, tests on sequences of fluoroscopic images show intraoperative seed mot ion cannot 

be characterized as an affine t ransform in the (x,z)-plane. It is possible that this mot ion can be 

characterized as a combina t ion of rota t ing, swell ing and shifting i n 3D, but an extensive classifying 

of intraoperat ive seed mot ion is left as possible future work. 

4.2.3 Matching Seed Artifacts to a Needle Path 

Because the needle pa th is used to determine the y-coordinate of the seeds, each seed artifact must 

be associated w i t h a needle. Fortunately, the seeds lie roughly on the predicted needle pa th and the 

seed spacing is known from the preoperative plan. Therefore, this information can be incorporated 
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into a model to predict the seed locations for each needle, and hence, select the seed artifacts for a 

given needle. 

In Chapte r 5 a needle pa th for each needle is determined from the loca t ion of the needle t ip and 

the entry point of the needle. B y project ing this needle pa th to the fluoroscopic image and from the 

known seed spacing the expected locations of the seeds are predicted. Interestingly, model l ing the 

needle pa th as a line more closely predicts the expected seed locations than a second-order curve 

for the major i ty of needles. 

A l t h o u g h the seed locations in the fluoroscopic image can be predicted quite accurately, one 

source of error is in t roduced through intraoperat ive seed mot ion between the t ime of the needle 

insert ion and the acquisi t ion of the fluoroscopic image. Secondly, some needles are inserted sl ight ly 

more superiorly than required by the preoperative p lan . A n d lastly, the needle t i p may not accu

rately local ized i n T R U S . To compensate for these errors a search a lgor i thm for potent ia l seeds is 

employed. A radius of r0 centered at the predicted locat ion of each seed artifact is searched for 

potent ia l seed artifacts to find combinat ions of seed artifacts that could be associated w i t h a given 

needle pa th . 

N o w that the potent ia l seed artifacts for a given needle have been identified the correct combi

nat ion of seeds must be found. To do this a cost function is evaluated for a l l possible combinat ions 

of the potent ia l seed artifacts identified in the search for potent ia l seed artifacts. T h e cost function 

models bo th the distance from the predicted seed artifacts to the potent ia l seed artifacts and the 

spacing of the seeds as springs. 

T h e first part of the cost function is as follows: 

n 

ES = Y, ( ° - 5 • Kl-mg • (Ci " Ci-1 " ^seedf + 0.5 • Klat • (& - &_i )2). (4.4) 
?:=] 

T h e first term of E q u a t i o n 4.4 computes the energy between the seeds in the z-direct ion. Here, the 

Asee(j is seed spacing required by the preoperative p lan , wh ich is the equ i l ib r ium posi t ion of the 

spring, is the z-coordinate of the ilh potent ia l seed artifact, and K \ m g is the spr ing constant. 

T h e second term accounts for seeds devia t ing from a straight needle pa th . Here, the equ i l ib r ium 

posi t ion of the combina t ion of seeds is zero, £7; is the x-coordmate of the i"1 potent ia l seed artifact, 

and Kiat is the spr ing constant. 

A n addi t iona l cost is added to each combina t ion of seeds based on the distance from the most 
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superior seed to the needle t ip . T h e x-coordinate of the needle t ip is accurately known from T R U S , 

however from observations of c l in ica l images the z-coordinate of the needle t i p varies. Therefore, 

a te rm is added to the cost function to p u l l the x-coordinate of the most superior seed artifact to 

the locat ion of the projected needle t ip : 

E = Es + 0.5 • K o J f s e t • (x0 - Co)2. (4.5) 

Here x„ and £ G are the x-coordinates of needle t ip and the most superior potent ia l seed artifact, 

respectively, and K0jjset is the spr ing constant. 

T h e combina t ion of seed artifacts that minimizes the error term, E, is selected at the combi

nat ion of seed artifacts for a given needle. These seed artifacts are removed from candidate seed 

artifacts to help s implify the search for addi t ional seed artifacts in the fluoroscopic image. 

T h e values of rQ, Kiong, Kin.i and K0jfset were determined through exper imentat ion. A s pre

sented in the next section this method of match ing seed artifacts to needles works i n c l in ica l data, 

but some manua l ly intervention is required. Loose seeds 1 do not always line up paral le l to the 

z-axis and have inconsistent spacing. Therefore, they are difficult to segment from the image and 

match to a needle. Therefore, each seed is searched for ind iv idua l ly leaving only the second te rm 

of Equat ions 4.5 cont r ibut ing to the error term. 

4.3 Results 

It is difficult to test the accuracy w i t h which the seeds are located because the true loca t ion of 

the seeds in c l in ica l da ta is not known and phantoms do not proper ly create the noise observed i n 

c l in ica l images. In Chapte r 6 the final seed d is t r ibu t ion determined by our R T D system is compared 

to a known seed d is t r ibu t ion in a phan tom and the seed d i s t r ibu t ion found using postoperative C T 

images in c l in ica l data. However, these results are coupled w i t h error in t roduced through regis

t ra t ion , dewarping and identifying the needle t ip . Therefore, our method is val ida ted by p lo t t ing 

the coordinates of the seed artifacts found in c l in ica l da ta on the fluoroscopic image and manual ly 

verifying the seed artifacts for each needle are correct. A s imi lar va l ida t ion approach is used in [53] 

and [56], where the seeds determined using their approach for R T D are projected to fluoroscopic 

'The t,wo types of seeds implanted at the V C C are described in the introduction of Chapter 1. 
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images of the implant seeds. T h e error between the projected seed locat ion and the seed artifact 

i n the fluoroscopic image is reported. 

T h e T R U S and fluoroscopic images obtained from an implant were processed using our approach 

to determine R T D (Chapter 6 presents the details of da ta collect ion). T h e T R U S and fluoroscopic 

images were registered and the needle t ip for each needle was identified using T R U S . Af ter each row 

of needles, the seed artifacts are segmented from a fluoroscopic image. T h e o ld seeds are identified 

and their locations updated, and then, new seeds are identified for each needle. T h e coordinates 

of the seed artifacts are plot ted on the fluoroscopic image for each needle. Seeds artifacts found 

to be misclassified are recorded as an error and manual ly relocated to the correct seed artifact, as 

indicated i n Step 3.4 of F igure 4.2. Table 4.1 gives the values of the parameters used i n this test. 

Table 4.1: T h e parameters used to locate and track seed artifacts in fluoroscopic images. 

Parameter Va lue 

7?. 4 pixels 

5" 8 pixels 

a 0.09 

SE 4 x 2 pixels 

Cm ax 100 pixels 

Cmiri 8 pixels 

15 pixels 

^7seed 5 pixels 

•^long 1000 

Klat 60 

Ktop 10 

To 25 pixels 

median filter size 3 x 3 pixels 

O u t of the 100 new seeds delineated in the images and associated w i t h needles, 73 were found to 

be correct. T h e major i ty of missed new seeds occur in the last fluoroscopic image when the seed 

artifacts were very clustered (see F igu re 4.5). In the prior images the two reasons for missed seed 

artifacts were exclusion by the T R U S probe or the seeds were deposited further in the negative 

z-direct ion than indicated by the preoperative p lan . T h e first problem can be easily solved by 
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backing the probe up further before acquir ing fluoroscopic images and the second is a consequence 

of the procedure where manua l intervention w i l l be required. 

O f the 238 old seed artifacts tracked between sequential images, 211 seed artifacts were cor-

F igu rc 4.5: A fluoroscopic image showing seed artifacts merging (enclosed by the yellow rectangle) 
and par t ia l occlusion (enclosed by the yellow oval). 

rect ly identified and assigned to the correct needle. A g a i n , the majori ty of the errors occurred when 

the number of artifacts in the image increased in the last fluoroscopic image. It was noted that 

the loose seeds tended to move a lot between sequential fluoroscopic images. However, for seeds 

incased i n R A P I D St rand the major i ty of the seed mot ion was observed between the first image 

of the seeds ( / „ ) and the next fluoroscopic image (Y,i + i ) . In the fluoroscopic images that followed 

l i t t le seed mot ion was noted s impl i fy ing the seed artifact t racking. 

4.4 Conclus ion 

T h i s chapter presents a method to locate and match seed artifacts to a needle path . O u r approach 

is tested on one case of c l in ica l data . 

A s shown i n F igure 4.4. the seed artifacts, w i t h the exception of loose seeds, are identified quite 

w-ell using previously publ ished methods. Loose seeds are not consistently delineated if they rotate 
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about the x or y-axis . R o t a t i o n about the y-axis causes the seed artifact to be e l iminated by the 

opening function, whi le ro ta t ion about the x-axis causes the seed artifact to be too smal l to be 

detected. F igu re 4.4 does show some false posit ives result ing from the T R U S probe and penis c lamp 

artifacts being present i n the image. In practice the T R U S probe should be further retracted and 

the penis c l amp moved to e l iminate this problem. 

T h i s chapter also presents, to the best of our knowledge, the first a t tempt to au tomat ica l ly 

match seed artifacts to a needle path . T h e major i ty of the errors observed occurred near the end 

of the procedure when the seed artifacts become clustered result ing i n seed artifacts merging or 

being excluded (see F igure 4.5). Fur ther refinement of the parameters of the cost function given as 

E q u a t i o n 4.5 may improve the accuracy of our approach, but this is left as an area of future work. 

O u r approach for upda t ing the loca t ion of the seed artifacts in sequential fluoroscopic images is 

quite promis ing. T h e major i ty of the misclassified seed artifacts result from loose seeds, wh ich tend 

to move significantly more than R A P I D St rand seeds. Repo r t i ng intraoperat ive seed mot ion from 

these fluoroscopic images may be an area of further research of interest to the medical community . 



Chapter 5 

Computing Seed Distr ibution and 

Displaying Dosimetry 

Once the (x,z)-coordinates of the seeds have been determined from a fluoroscopic image and back-

projected to the base frame, the y-coordinate of each seed must be found to compute the 3D seed 

d i s t r ibu t ion . Nex t , the y-coordinate of the seeds must be tracked to account for intraoperat ive 

seed mot ion . T h e dose d i s t r ibu t ion (a.k.a. dosimetry) is computed based on the seed d is t r ibu t ion . 

Las t ly , to achieve interactive p lanning , the dosimetry must be displayed to the radia t ion oncologist. 

5.1 Methods 

Figure 5.1 describes our approach for compu t ing the 3D seed d is t r ibut ion and displaying the dosime

t ry to the rad ia t ion oncologist. B y knowing the entry point of the needle i n the needle guide (from 

the preoperative plan) and coordinate of the needle t ip , a needle pa th can be interpolated. Us ing 

the interpolated needle pa th and the (x,z)-coordinates of the seeds the y-coordinate of each seed 

is computed . Throughou t the procedure the y-coordinate of the seeds is tracked using a corre

la t ion technique. T h e 3 D seed d i s t r ibu t ion is used to compute dosimetry. Las t ly , the dosimetry 

is displayed to the rad ia t ion oncologist by d isp laying bo th a color-coded dosimetry map and the 

corresponding T R U S image. 

62 
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Figure 5.1: A flow chart of B l o c k 4 of F igure 1.6 showing our approach for comput ing the seed 
d i s t r ibu t ion and d isp lay ing dosimetry. 

5.1.1 Ca lcu la t ing the y-Coordina te of the Seeds 

A s shown in F igure 2.13a. the resolution of the available fluoroscopic images is not sufficient to 

accurately determine the y-coordinates of seeds. A n d . B - m o d e T R U S cannot localize seeds because 

they do not appear re l iably in the images [24]. However, using the needle t ip artifact, which does 

appear rel iably in T R U S images (see Chap te r 3), and the known entry point of the needle from the 

preoperative p lan , a needle pa th can be interpolated. 

Referr ing to Section 4.2.3, bo th first-order and second-order needle paths were projected to the 

fluoroscopic image. For the major i ty of needles a first order needle-path more accurately predicted 

the locat ion of seed artifacts. T h e large differences i n stiffness between the needle and the soft 

tissue of the prostate could expla in this observation. A l t h o u g h the needle bends under the force 

of the radia t ion oncologist 's fingers, it returns to a l inear pa th when this force is removed, wh ich 

occurs before the needle is retracted and the seeds deposited. Therefore, a first-order pa th is also 

used for predic t ing the needle pa th . 

Deno t ing the (.'/;,y,z)-coordinates of the seeds as (xs,ys,zs) the needle pa th can be expressed as 
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follows: 

ys — axs + bzs + c, (5-1) 

where a and b are the slopes of the needle pa th in the (x.y) and (y.z)-planes, respectively. U s i n g 

the two known points on the needle pa th , the coordinates of the hole in the needle guide used to 

insert the needle and the posi t ion of the needle t ip . the value of these coefficients can be computed . 

T h e n , the value of c is computed by subs t i tu t ing the coordinate of the needle t ip into E q u a t i o n 5.1. 

5.1.2 Tracking Seed Motion in T R U S 

Intraoperative seed mot ion dur ing prostate brachytherapy is wel l documented. Seed mot ion results 

from edema, patient mot ion and prostate shift ing in response to forces appl ied du r ing needle inser

tions [38], [12], [48], [44]. In our system, seed mot ion i n the (x.z)-plane is t racked using sequential 

fluoroscopic images as presented in Section 4.2.2. 

Because dosimetry is displayed w i t h respect to the T R U S images, seed mot ion must be tracked 

w i t h respect to the T R U S probe. There are two ways the seeds can move w i t h respect to the 

T R U S probe: the prostates moves as mentioned above or the T R U S probe is t ranslated. T h e later 

cases occurs if the radia t ion oncologist uses the fine adjustments on the stage shown in F igure 1.2 

to adjust the posi t ion of the T R U S probe. T h e purpose of these smal l adjustments is to realign 

the intraoperat ive T R U S images to the preoperative T R U S images. In this section an approach to 

track bo th these sources of seed mot ion i n the y-di rec t ion using T R U S is presented. 

5.1.2.1 Prior Work 

There has been a significant amount of work reported on t racking organ mot ion using various 

imaging modali t ies . However, only a very brief review specific to approaches which di rect ly use 

image da ta from brightness-mode (B-mode) U S is presented in this section. 

In [55] b lood flow is successfully t racked in vivo using a normal ized cross-correlation coefficient 

method. A mask is cropped from an image and the normal ized cross-correlation is computed 

between the mask arid a region of interest ( R O I ) in another image. T h e locat ion of the m a x i m u m 

cross-correlation coefficient is assumed to be the loca t ion of the mask i n the second image. S imi la r 

work is reported in [7], except a sum of absolute difference ( S A D ) is used to compute the new 

locat ion of the mask. A non-normal ized t ime domain correlation-based a lgor i thm is used in [58] as 
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a measure of s imi la r i ty to track mot ion in phantoms. 

These methods a l l measure the s imi la r i ty between a mask and a sequential image expected 

to have s imi lar artifacts and /o r noise characteristics. Because T R U S images of the prostate have 

several dis t inct artifacts that appear i n sequential image the same approach w i l l be used here. 

5.1.2.2 Methods 

A l g o r i t h m 5 describes our approach to t racking seed mot ion using T R U S . T h e basis of our seed 

t racking a lgor i thm is to correlate a mask from a. T R U S image, denoted I0, w i t h a later frame, 

denoted / „ . In our current system masks are manua l ly selected from I0 by either the rad ia t ion 

oncologist or a radia t ion therapist . Ideally, masks contain a bright artifact, such as a seed or b lood 

t ra i l or dis t inct features, such as the prostate boundary. 

T h i s seed t racking method uses a single transverse slice of the prostate. If the T R U S probe is 

translated in the z-direct ion to image a new slice, new masks must be selected. However, if the 

mot ion is m i n i m a l , the probe can be returned to the or iginal slice and the seed t racking resumed. 

T h a t being said, this me thod works best i f the T R U S probe is parked at a consistent slice when 

not being used to image the prostate or guide a needle, in par t icular i f the stage is adjusted to 

compensate for prostate mot ion . U s i n g the same slice allows changes i n the prostate pos i t ion to be 

easy observed by compar ing sequence images. 

It may be possible to automate this step by either searching Ia for clusters of high intensity 

artifacts or unique features. Since the prostate boundary is known from the preplan volume study, 

i t could be selected as a mask. However, automated mask selection and the selection of op t ima l 

masks is a complex problem beyond the scope of this thesis and wall be dealt w i t h i n the future. 

T h e goal of this step is to determine the locat ion of the mask selected from / „ in the new frame 

In. T h i s is accomplished by doing a normal ized cross-correlation of the mask w i t h a R O I i n In, 

denoted Iroi. T h e mask, Imask, consists of TV x M pixels centered at (x", y°), whi le Iroi is an 

(N + 2S x M + 2T) patch of pixels (R and S define the R O I in In) w i t h the same centroid. T h e 

normal ized cross-correlation coefficient of Im„sk a n ( l Iroi. is computed as follows: 

pim. n) 
Ei=i YJJ=I {Imask{i-,j) ~ I'..,.,..!.•) • {I,oi{i + n.j + m) - u r o i ) 

(5.2) 

YriLl E j l l {Imaskihj) - Vmask)2 ' E i ^ l E j L l {lrot(i + n, j + m) - fJ.,„.ask)2 
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where pmask and Mroi are the mean intensity value of Imask a n d Iroi, respectively. 

T h e m a x i m u m correlation-coefficient in the mat r ix , p(m,n), corresponds to the centroid, (x'c, 

y'c), of Imask m In- Ca lcu la t ing the distance between (x°, y") and (x'c, y'c) gives the distance 

the mask has move w i t h respect to the T R U S probe. However, since the x-coordinate is already 

updated using sequential fluoroscopy images, only y° and y'c are used to update the y-coordinate 

of the seeds. 

Once the mot ion of each of the masks is computed, the mot ion of each of the seeds in the 

y-di rec t ion is computed based on the distance from the seed to (x°, y") as follows: 

Here, y's is the new y-coordinate of the seed, K is the number of masks, i refers to the iih mask, 

and x° and y° are the coordinates of the seed i n In. 

A l g o r i t h m 5 T h e a lgor i thm to t racking the y-coordinate of the seeds. 

Input: T R U S video 

F i n d Ar t i fac t s to Track 
Track Ar t i f ac t s 

Upda t e the y-Coord ina te of the Seeds 

O u t p u t : T h e coordinates of the seeds. 

5.1.2.3 Results 

T h i s seed t racking a lgor i thm was tested on c l in ica l data. D u r i n g the procedure the height of 

the probe was adjusted, the frames immedia te ly before and after the adjustment are shown as 

Figures 5.2a and 5.2b. The locat ion of three dis t inct artifacts (see F igure 5.2c) was found in bo th 

the o ld and new frames by finding the centroid of the artifact us ing a thresholding technique. T o 

define a gold s tandard, the mot ion of the centroid of these artifacts between the o ld and new frames 

(reported i n the second column of Table 5.1) is defined as the true motion of the prostate. T w o 

seeds or b lood t r a i l artifacts and the anterior boundary of the prostate were selected as masks (see 

F igure 5.2c). T h e mot ion detected by our a lgor i thm (reported in the th i rd co lumn of Table 5.1) was 

Vs = 
<(<0)2 

(5.3) 
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compared to the true motion of the three artifacts used to define the gold s tandard. T h e results 

in Table 5.1 show that seed mot ion can be intraoperat ively tracked in T R U S w i t h a high degree of 

accuracy. 

Table 5.1: The results of t racking seed mot ion in c l in ica l da ta using T R U S 

Seed M o t i o n Detected Seed 

Seed in Image (mm) M o t i o n (mm) 

1 -0.92 1 - 0 . 9 4 7 

2 -0 .924 - 0 . 9 1 2 

3 - 0 . 9 2 2 - 0 . 9 9 5 

(a) (b) (c) 

Figure 5.2: (a) T h e old frame, IU. (b) the new frame, / „ (note seed mot ion between frames), and 
(c) the masks (enclosed in rectangles) and seeds (circled) used to show T R U S can be used to track 
seed mot ion in c l in ica l da ta 

5.1.3 Computing Dosimetry 

T h e dose d i s t r ibu t ion resul t ing from the 3D seed d is t r ibut ion determined in the previous section 

must be computed to convey dosimetry information to the radia t ion oncologist. 

T h e seeds used at the V C C are A m e r s h a m 6711 which contain the isotope Iodine-125. For the 

purposes of comput ing dosimetry the prostate space is d iv ided in 2.5 mm voxels. The center of the 

voxel is taken as the point of interest. The voxel size was selected at the suggestion of a radia t ion 

oncologist. 
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T h e dose rate ca lcula t ion is based on the Repor t of Task G r o u p N u m b e r 43 of the A m e r i c a n 

Assoc ia t ion of Phys ic is t s i n Medic ine [43]. A point source model is used here as seed orientat ion 

cannot be determined accurately enough to compute a more compl ica ted model (as a line source 

model) . Consistent w i t h the recommendations i n [43], the geometric center of a seed artifact is 

assumed to be the geometric center of the seed. 

T h e dose model for each seed is defined as: 

D{r) = A " 1 • SKO • A • • gp(r) • 0 o n (r) , (5.4) 

where: 

• r is the distance, i n centimeters, from the geometric center of a seed to the center of the voxel 

of interest, (xv.yv. zv). E q u a t i o n 5.4 is only defined for r greater than 0.05 cm. If r is less 

than D(r = 0.05cm) is used to compute the dose cont r ibut ion . 

• ra represents a reference point 1 c m from the center of the seed. 

• A is the decay constant, wh ich is computed as follows: 

A = ^P, (5.5) 
1 I 

2 

where T i is the half-life of the seeds, which is 1425.6 hours for A m e r s h a m 6711 seeds. 

2 

• SKO is the in i t i a l a i r -kerma strength of a seed, measured as a uni t of a i r -kerma strength, U . 

SKO is 0.424 U for seeds used at the V C C . 

• A is the dose-rate constant in water, measured in cGy • hr1 • U~x. A is reported to be 0.965 

cGy • hrx • U~l in [43] for A m e r s h a m 6711 seeds. 

• Gp(r) models the rad ioac t iv i ty as a function of r. For a point source: 

Gp(r) = 1. (5.6) 

• gp(r) is the radia l dose function describing the dose rate at a distance r from a source relative 

to the dose rate at r„. T h e numerical values of gv(r) for A m e r s h a m 6711 seeds are l inear ly 

interpolated from Table II of [43]. T h i s t e rm is dimensionless. 
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• <Pan(r) is the I D anisotropy function. T h e numer ica l values of 4>an(r) f ° r Amersharn 6711 

seeds are l inearly interpolated from Table V of [43]. T h i s te rm is dimensionless. 

T h e to ta l dose is determined by summing the dose contr ibut ions from each seed. A plot of the 

one-dimensional dosimetry resul t ing from seven seeds is given as F igure 5.3. 
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Figure 5.3: A I D plot of dose versus seed pos i t ion for seven seeds posi t ioned at 0, 2.5. 5. 10. 20, 
30, and 40 m m (shown as red circles) 

5.1.4 Overlaying Dosimetry on T R U S Images 

To allow radia t ion oncologists to do interactive p lann ing the dosimetry result ing from the implanted 

seeds must be displayed w i t h respect to the prostate. T h i s allows for addi t ional seeds to be inserted 

to compensate for under-dosed regions of the gland. 

A transverse dosimetry map is displayed for each T R U S image, where the dosimetry map 

corresponds to a T R U S image. T h e dosimetry map displays the ampl i tude of the dose for the each 

voxel . A smoothing function is appl ied to smooth the dosimetry display between adjacent voxels. 

In order to remove the spikes int roduced by the dosimetry computa t ion (see F igure 5.3) the dose 

displayed is saturated at a threshold Tsat defined as: 

(5.7) 
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where fj,d and 9d are the mean and the s tandard devia t ion of the ampl i tude of the dosimetry, re

spectively. A s future work, this color-coded map could designed to map colors to dose values wh ich 

are c l in ica l relevant. 

D i sp l ay ing the dosimetry and T R U S images adjacent to each other allows the rad ia t ion oncolo

gist to register the dosimetry map to the T R U S image and modify the preoperative p l an as needed. 

It wou ld be ideal to overlay a semi-transparent color-coded dosimetry map over a T R U S image. 

A s a step towards that , two images are displayed beside each other, one being the color-coded map 

and the other a T R U S image a par t icular slice of the prostate. F igure 5.4 shows four slices of the 

dose delivered to the prostate and the corresponding T R U S image. 

5.2 Conclusions 

A method to compute and track the y-coordinate of the implanted seeds mot ion has been presented. 

Once the 3D seed d is t r ibu t ion is computed the resul t ing dosimetry and displayed to the radia t ion 

oncologist. 
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Figure 5 . 4 : The images on the left show the the color-coded dosimetry for several slices of the 
prostate volume and the images on the right are the corresponding T R U S images. 



Chapter 6 

Results 

In Chap te r 2 the error i n our registrat ion and dewarping methods was quantified. In Chapters 3 and 

4 our methods for loca l iz ing needle tips in T R U S and seeds in fluoroscopic images were supported 

w i t h tests on c l in ica l data. In this chapter our overall approach is val idated on a phan tom and 

tested on c l in ica l data. 

Repor t i ng meaningful error parameters is difficult. T h e error in loca l iz ing seeds i n the phantom 

is easily computed, but the phan tom lacks the noise of c l in ica l images along w i t h intraoperat ive 

seed mot ion . However, it is difficult to define a gold standard for the locat ion of seeds i n c l in ica l 

data . 

S imi la r problems in va l ida t ion of R T D system are evident in works discussed i n Chap te r 1. T h e 

system presented i n [23] is tested on two phantoms and the root mean square error is reported to 

be 0.8 m m and 1.3 m m . T h e registrat ion error is reported separately. T h e total rad ia t ion dose 

received by the prostate (i.e. D90 and V100) is compared to that determined from C T images. T h e 

work reported in [52] is also val idated using a phan tom repor t ing point -pai r error. 

In [11] the results of using an 1MR. imaging machine to computed R T D are reported in terms of 

dose coverage to anatomical structures, such as the rec tum and urethra,, and percentage of under

dosed regions. Here, implants w i t h and wi thout interactive p lanning are compared. T h i s form of 

val ida t ion assumes the seeds are being accurately located and requires that interactive p lann ing be 

done throughout the procedure. 

In [40] the seed d is t r ibu t ion determined from three fluoroscopic images was projected onto the 

same fluoroscopic images. The'difference between the locat ion of the projected seed and the seed 

72 
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artifact i n the images is reported to have a mean of 0.5 m m . In [56] and [53] s imi lar approaches for 

R T D are compared to the seed locations found using t rad i t iona l radiographic three-film methods. 

In a l l works a point -pai r error between the seed dis t r ibut ions is reported. 

F r o m the variety of error metrics reported i n these works it is clear a gold s tandard for va l ida t ing 

R T D systems have not been established. In this work C T images are used to define the locat ion of 

the seeds. A l t h o u g h in most ins t i tut ions C T images are used to define post-operative dosimetry, 

the resul t ing seed d i s t r ibu t ion does suffer from post-operative seed migra t ion , prostate swell ing and 

errors i n locat ing the seed locations in the C T images [37]. Fur thermore it is difficult to report 

meaningful error metrics, so several based on dosimetry and seed dis t r ibut ions are reported. 

6.1 Phantom Results 

T h e phan tom shown in F igure 6.1a was constructed to further validate our registrat ion a lgor i thm 

and to estimate the accuracy w i t h which our system can locate seeds. T h e phan tom is contained 

i n a Plexiglas box (approximately 100 m m in each dimension) . In one wal l of the box there is one 

32.5 m m diameter hole to insert a T R U S probe and four 1.5 m m diameter holes to insert needles. 

M o u n t e d on the inside of the same wa l l is a metal needle guide to prevent needle deflection. O n 

the inside of the opposite wal l there is a Plexiglas shelf w i t h four grooves to hold seeds that are 

al igned w i t h the holes i n the needle guide. A latex condom filled w i t h ul t rasound gel extends from 

the 32.5 m m diameter hole to the opposite wal l to simulate the rec tum. Twelve seeds are secured 

i n the grooves of the Plexiglas shelf and the remaining space in the phan tom is filled w i t h gelat in 

(13 percent gelatin and 3 percent cellulose by mass). 

A T R U S probe was inserted i n the condom to a pre-deterrnined depth between the meta l 

needle guide and the Plexiglas shelf (the angle was measured to be approximate ly zero). A single 

fluoroscopic image was acquired (see F igure 6.1b). T h e first needle was inserted un t i l the needle 

t ip appeared in the T R U S image (see F igure 6.1c). The distance from the wa l l of the phan tom to 

the hub of the needle was recorded. Us ing this distance and the fluoroscopic image of the T R U S 

probe, the T R U S image and fluoroscopic image spaces were registered. Three more needles were 

inserted un t i l each needle t ip appeared in the T R U S image. 

T h e seed coordinates found by our system closely match the known seed locations. T h e mean 

absolute error in the x, y, and z-directions is 0.96 m m , 0.33 and 0.68 m m , respectively, and the 
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(a) (b) (c) 

Figure 6.1: (a) D i a g r a m of the phantom, (b) a fluoroscopic image of the phantom, and (c) a T R U S 
image of the phan tom (the needle t i p artifact is enclosed by a circle) 

m a x i m u m error is 1.85 m m , 0.56 m m and 1.63 m m . The mean and m a x i m u m error i n Euc l idean 

distance are 1.40 m m and 1.84 m m , respectively. Table 6.1 gives the error for each seed in the 

phantom. These results support our approach for registering the T R U S and fluoroscopic image and 

our method for comput ing the coordinates of the seeds. However, our approach must be tested on 

c l in ica l da ta to prove its overall ab i l i ty to achieve real-time dosimetry. 

Table 6.1: T h e error i n the distance between the known locat ion and the computed locat ion of the 
seeds in the phantom. 

Seed E r r o r i n x (mm) E r r o r i n y (mm) E r r o r in z (mm) E r r o r i n E u c l i d i a n Distance (mm) 

1 -0.76 -0.43 -1.61 l.s [ 

2 0.19 -0.14 -0.57 0.61 
3 1.01 -0.27 0.05 1.05 
4 1.72 -0.56 0.08 1.81 
5 -0.51 -0.39 -1.60 1.72 
6 0. 16 -0.13 -0.46 0.66 
7 -0.63 -0.35 -1.63 1.7S 

8 0.92 -0.25 -0.02 0.95 
9 1.85 -0.50 0.42 0.96 
10 -0.74 -0.30 -1.32 1.51 
11 1.04 -0.22 0.08 1.06 
12 1.68 -0. 15 0.31 1.76 
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6.2 Clinical Results 

O u r approach was tested on c l in ica l da ta collected dur ing eight prostate brachytherapy implants . 

T h e u l t rasound video was captured at 30 frames per second using an Adap t ec A V C - 2 2 1 0 video 

capture device. T h e video was dig i t ized as M P E G file format and later compressed using the D I -

V X M P G 4 (version 3) codex to an A V I file format. F luoroscopic images were acquired as described 

i n F igure 1.4, stored d ig i ta l ly as b i tmaps on the fiuoroscope's hard drive, and later downloaded 

through the machine 's floppy drive. A l l procedures were recorded w i t h a video camera and syn

chronized w i t h the U S video so the t ime of each needle retract ion is known. C o m p u t e d tomography 

( C T ) images of the patient 's prostate were acquired three to four hours after each implant and the 

seed artifacts were located in the C T images using Variseed's software. 

T h e images acquired dur ing the implants were processed post-operatively. For each case two 

seed dis t r ibut ions were generated from the seed locations found using our R T D system and the 

C T images. T h e two seed dis t r ibut ions are registered by defining a t ransformation from the C T to 

R T D seed dis t r ibut ions . A n in i t i a l t ransformation between the two dis t r ibut ions is guessed based 

on the typ ica l difference i n the orientat ion of the prostate between the C T and T R U S images ac

quired du r ing the implant . In some cases the two seed dis t r ibut ions are manua l ly observed to be 

significantly different. In these cases, match ing seeds in the two dis t r ibut ions are manua l ly selected 

to define an in i t i a l t ransformation. 

Nex t , corresponding points w i t h i n a fixed distance between the two dis t r ibut ions are selected 

using a closest point me thod ( typica l ly resul t ing i n more than ten points) . A transformation, re

str icted to rotat ions, t ranslat ions and scaling, is defined. Rota t ions and translat ions are required 

to account for the different coordinates system between the R T D and C T data . Scal ing accounts 

for uniform post-operative prostate swell ing. T h i s is acceptable because the registrat ion method, 

wh ich wou ld contr ibute error in scaling, is val idated in Chap te r 1 and w i t h our phantom experi

ment. Shearing is not allowed because it w i l l inaccurately deform the C T d i s t r ibu t ion to match the 

R T D seed d i s t r ibu t ion . F igu re 6.2 compares a set of registered R T D and C T seed dis t r ibut ions in 

three orthogonal views (the seed dis t r ibut ions for a l l eight cases are given in A p p e n d i x B ) . 

T w o sets of error, each w i t h several metrics, are reported. T h e first set are based on dose and 

the second based on the distance between seeds in the two dis t r ibut ions. In bo th cases the seed 

locations determined from the C T images are considered to be the gold standard. 
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T h e first dose metr ic computes the percent error i n dosimetry, e(x,y,z), on a voxel-by-voxel 

basis as follows: 
i , DnTD{x,y,z) - Dcr{x,y,z) 

e(x,y,z) = - — r 100, (6.1) 
DcT(x,y,z) 

where x, y, and z are the coordinates of the voxel , and DRTD and DQT represent the dosimetry 

computed using E q u a t i o n 5.4 and the seed d is t r ibut ions found from R T D and C T data, respectively. 

T h e mean percentage error, fie, is given i n Table 6.2 and a plot of the percentage error versus 

percentage volume are reported (see F igu re 6.3 as a example and A p p e n d i x B for the results for a l l 

cases). 

T h e second dose metr ic uses a m i n i m u m dose threshold, defined as the D 9 0 (the computa t ion 

of the D90 is discussed below). Voxels that are below this threshold are located i n bo th DRTD and 

DQT and mean Euc l idean distance to the closest under-dosed voxel i n DQT-, HdisUDose, is computed. 

T h i s value for each case is reported in Table 6.2. T h i s metr ic indicates the accuracy w i t h which 

our R T D system can identify under-dosed regions, and therefore assist i n interactive p lanning . 

T h e last dose metr ic compares the dose delivered to the entire prostate. T h e D 9 0 is defined 

as the dose delivered to 90 percent of the prostate volume and the V 1 0 0 is the percentage of the 

prostate receiving 100 percent of the prescr ip t ion dose. For bo th metrics the prostate volume is 

defined as a rectangular box enclosing bo th seed d is t r ibut ions w i t h a 5 m m boarder. T h e D 9 0 and 

1^100 for the R T D and C T seed d i s t r ibu t ion are denoted D90RTD and V\0QRTD and D90CT and 

VIOQCT; respectively. T h e results are given in Table 6.2 for each case. 

Because the dosimetry ca lcula t ion is very sensitive to smal l errors when the seed is close to 

a voxel center, three parameters based on just the seed d is t r ibut ions are given. T h e first, e', is 

defined as E q u a t i o n 6.1, but dose computa t ion is defined as: 

D-,(r) = \ , (6.2) 

where Dx represents the dose computa t ion for DRTD and DQT and r is the distance between a 

seed and voxel center. T h i s is essentially the same as E q u a t i o n 5.4, except gp(r) and F(r. 9) are 

excluded. In the second, e" is again defined as E q u a t i o n 6.1, except the dose computa t ion is defined 

as: 

Dx(r) = -, (6.3) 
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Figure 6.2: A top view of (a) the R T D and (b) the C T seed dis t r ibut ions , (c) and (d) are a side 
view of the R T D and C T seed dis t r ibut ions , respectively, and (e) and (f) are a front view of the 
R T D and C T seed dis t r ibut ions , respectively. 
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Figure 6.3: A plot of percent error i n dosimetry (see Equa t ion 6.1) versus percent volume. 

where DX represented the dose computa t ion for DRTD and DQT and r is the distance between 

a seed and voxel center. T h e last metr ic is the E u c l i d i a n distance between a seed i n the R T D 

d i s t r ibu t ion and the closest seed in the C T d i s t r ibu t ion and the mean. i i p p , is reported for each 

case. These metrics are given i n Table 6.3 for each case of c l in ica l data. 

Table 6.2: T h e dose error metrics reported for the c l in ica l data. 

Case 
Pe 

(percent) 
Pdi.sU Dose 

(mm) 
D90RTD 

(Gy) 

D 9 0 C T 

(Gy) 

V100RTD 

(percent) 

y i O O c r 

(percent) 

A 22.75 0.38 36.0 33.3 32.7 30.9 

B 21.02 0.40 62.2 65.1 58.2 58.9 

C 22.96 0.23 28.4 35.3 26.2 34.0 

D 18.31 0.15 18.1 17.8 24.9 24.6 

E 31.31 0.30 35.9 40.2 45.0 47.9 

F 25.24 0.20 23.7 22.9 44.2 42.6 

G 22.71 0.24 46.6 47.6 52.1 51.6 

H 20.18 0.29 34.4 32.5 32.8 30.9 

P h a n t o m 17.01 0.01 30.1 31.6 37.4 37.4 
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Table 6.3: T h e distance error metrics reported for the c l in ica l data . 

Case 
M e ' 

(percent) 
M e " 

(percent) 
PPP 

(mm) 

A 18.42 4.35 3.60 

B 17.80 3.96 3.84 

C 17.46 3.83 4.33 

D 13.15 2.40 4.49 

E 23.24 6.09 4.43 

F 18.62 4.90 4.33 

G 17.62 4.56 4.15 

H 15.83 3.55 4.01 

6.3 Discussion 

T h e c l in ica l results given i n Tables 6.2 and 6.3 show that our approach can be used on c l in ica l noisy 

images. These tables also show the accuracy of the system varies significantly by the error mat r ic 

reported. 

A sample of the two seed dis t r ibut ions is shown in F igure 6.2 (the seed dis t r ibut ions for al l 

cases is given in A p p e n d i x B ) . In the R T D and C T seed dis t r ibut ions boundaries of the two seed 

dis t r ibut ions roughly match , however the frontal view shown in Figures 6.2e and 6.2f appear to 

be rotated about the z-axis by approximate ly 90 degrees. Referr ing to F igure 6.2d we see there 

is significant postoperat ive swell ing in negative z-direct ion. T h i s is occurs because this end of the 

prostate is not constrained by the pubic arch and allowed for more swelling than in the posi t ive 

z-direct ion. T h i s swel l ing causes the frontal view of the seed d i s t r ibu t ion to appear as columns of 

seeds. 

6.3.1 Sources of Error 

Fi r s t , there is error i n the locat ion of seeds found using our approach. T h i s error results from the 

registrat ion of the T R U S and fluoroscopic images, the local izat ion of needle t ips, the loca l iza t ion 

of seed in the fluoroscopic image, and intraoperat ive seed mot ion . 

Unfortunately, the seed d is t r ibu t ion found using C T images is not always representative of the 
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seed d i s t r ibu t ion at the t ime of the implan t . It is wel l known that after an implant the prostate 

continues to swell resul t ing in the seed migra t ion . In [19] C T images obtained the day of or immedi 

ately after an implant are reported to underestimate the dose delivered to the prostate because the 

prostate is larger than at any other t ime in the prot rac ted dose delivery per iod. A n d . in [61] and [60] 

post-operative edema is reported to increase the prostate volume 40 to 50 percent. A l t h o u g h our 

registrat ion technique allows for scal ing of the seed dis t r ibut ions to par t ly compensate for edema, 

nonuniform swell ing and the resul t ing seed migra t ion are not accounted for. O u r observations have 

also shown that the seeds move between sequential fluoroscopic images. It is reasonable to assume 

that if the seeds migrate intraoperative!}' they w i l l continue to move immedia te ly after the implant . 

E r r o r is also in t roduced into our va l ida t ion method when defining a t ransformation between 

the R T D and C T seed dis t r ibut ions . T h e corresponding points do not exact ly match because of 

the errors present in bo th dis t r ibut ions as mentioned above. 

6.3.2 Percentage Dose Error 

T h e percentage dose error, u,e. is quite high for a l l cases. T h e equation for the dose computa t ion is 

given as E q u a t i o n 5.4, but repeated for the purposes of discussion: 

D(r) = A " 1 • SKo • A • • gp(r) • <f>an(r). (6.4) 

Since, dose is inversely p ropor t iona l to the square of the distance between the gr id point and the 

seed locat ion. Therefore, this function is very sensitive to seeds that are close to the voxel center. 

T h e gp(r) function also contributes to this sensit ivity. F igure 6.4 shows a plot of gp(r) versus r to 

i l lustrate this point . 

T h e fj,e for the phan tom is 17.01 percent when compared to the known seed locations. In this 

case the mean and m a x i m u m error i n E u c l i d i a n distance are 1.40 m m and 1.96 m m , respectively. 

T h i s shows that a smal l error in seed locations results in a large error i n the percentage error in 

dose. 

6.3.3 Seed Distribution Error 

To get a better idea of the relat ionship between the seed locations, dosimetry was computed wi thou t 

the gp and Fp t e rm in E q u a t i o n 6.4. These results, given in Table 6.3 show significantly less error 
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Figure 6.4: A plot of gp(r) versus r to show gp(r) has a significant impact on dosimetry. 

than those in e. W h e n dose is computed as being only inversely propor t iona l to the distance from 

the gr id point the error drops significantly. T h e purpose of these metrics is to show the two seed 

dis t r ibut ions are reasonable close. 

6.3.4 Under-dosed Distance Error 

Repor t ing the error mean error between under-dosed voxels indicates how wel l regions not receiving 

sufficient dose are found using our approach. For most cases the mean distance between under

dosed regions between the two dis t r ibut ions is low. T h i s is par t ly because under-dosed regions 

typ ica l ly appear on the extremes of the volumes. 

6.3.5 Dose Volume Error 

For most cases the D90 and V100 closely correspond between the R T D and C T seed dis t r ibut ions . 

A s repor t ing i n [19] determining the dose delivered to the entire prostate is not necessarily indicat ive 

of the locat ion of the seeds. There are many different seed dis t r ibut ions that can give the same D90 

and V 1 0 0 values. T h a t being said, these metrics are used to support the R T D systems proposed 

i n [23]. These parameters is commonly reported i n l i terature as they are meaningful to the medical 

communi ty and a correlat ion between the D 9 0 and tumor control was found in [19]. 
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6.4 Conclusion 

T h e results from a phantom s tudy strongly support our method to compute seed dis t r ibut ions . 

However, bo th the T R U S and fluoroscopic images of the phan tom images lack the noise of c l in ica l 

images. T h e eight cases of c l in ica l da ta presented (plots of the seed d is t r ibut ions are given i n 

A p p e n d i x B ) lends support to our method, however the seed d is t r ibut ions determined from post

operative C T images do not provide an ideal gold s tandard. 

It might be possible to achieve a more accurate gold s tandard by acquir ing three or more 

fluoroscopic images of the patient at the end of an implan t . B u t , the films must be taken at a 

sufficiently large angle to l imi t seed exclusion and seed artifacts merging. T h e three-film a lgor i thm 

presented in [40] is reported to give the best results on c l in ica l data. 



Chapter 7 

Conclusions and Future Work 

A means of comput ing real-time dosimetry for prostate brachytherapy has been presented. O u r 

approach is designed to fit into the current protocol pract iced at the V C C and using the current ly 

available image equipment. O u r method has resulted i n several contr ibut ions . 

1. A new method to register T R U S and fluoroscopic using a single fluoroscopic image of the 

T R U S probe has been presented and tested. A fluoroscopic image of the T R U S probe is 

acquired, then using the known dimensions of the T R U S probe and the C - a r m a transfor

mat ion between the two images is computed . T h e t ransformation is determined w i t h enough 

accuracy to back-project the loca t ion of the seed artifacts from the fluoroscopic image to 

the T R U S image. The pos i t ion of the T R U S probe w i t h respect to the fluoroscopic image 

is determined w i t h a m a x i m u m error of 5.8 m m , which occurs in de termining the height of 

the probe above the fluoroscopic image. T h e ro ta t ion about the x-axis is determined w i t h 

l imi t ed accuracy, but it has been shown that this does not contr ibute significant error to the 

transformation. 

2. A new method of automat ica l ly determining the locat ion of a needle t ip in a T R U S is pre

sented. To the best of our knowledge, a me thod to au tomat ica l ly locate the pos i t ion of a 

needle i n an image perpendicular to the needle di rect ion has not been previously reported. 

To achieve this, clustered changes in intensi ty between sequential T R U S images are detected 

and the needle t i p is local ized using an adaptive thresholding technique. O u r me thod has 

been shown to work on c l in ica l data . 
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3. A means of del ineat ing brachytherapy seeds from a fluoroscopic image is presented based on 

previously publ ished work. Us ing the predicted loca t ion of the seeds and the known seed 

spacing, a new method of match ing the seed artifacts to a needle pa th is presented. T h e 

distance between the seeds and the predict seed locations is model led as a spr ing and the 

energy i n the springs is m in imized to determine the seed artifacts that match to a given 

needle pa th . 

4. Intraoperative seed mot ion is t racked throughout the procedure. A l t h o u g h the mul t ip le film 

systems reported i n the l i terature could be used to track intraoperat ive seed mot ion , to 

the best of our knowledge no such work has been previously reported. In this work the 

seed mot ion in the coronal plane is determined by upda t ing the pos i t ion of the seeds from 

sequential fluoroscopic images. A correlat ion technique is used to track artifacts in T R U S . 

T h e mot ion of these artifacts is used to determine the ver t ical mot ion of the seeds w i t h respect 

to the T R U S probe. 

5. A new procedure to compute the locat ion of seeds as they are implanted for prostate brachyther

apy is presented. T h e coordinate of each needle t ip is determined from T R U S . Af ter each 

fluoroscopic image is acquired at a fixed angle, the (x.z)-coordinates of the seeds are deter

mined and back-projected to the T R U S image. A needle pa th is interpolated from the needle 

t ip to the known entry point of the needle in the needle guide and the y-coordinates of the 

seeds are computed. T h e result ing dosimetry is displayed in the T R U S image frame a l lowing 

the radia t ion oncologist to do interactive p lanning . To the best of our knowledge, this is the 

first work to fuse fluoroscopy and T R U S to compute the seed d i s t r ibu t ion . Fur thermore , the 

C - a r m does not need to be rotated throughout the procedure to update the dosimetry a l lowing 

the system to be easily integrated into the current protocol used for prostate brachytherapy 

at the V C C . 

6. O u r method has been val idated on a phan tom and tested on c l in ica l data . T h e phan tom 

results show the accuracy of our approach under ideal condit ions. T h e c l in ica l da ta shows 

that our approach is feasible i n a c l in ica l setting. However, it is difficult to determine the 

accuracy of our system using the present c l in ica l data . 
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7.1 Future Work 

A s this system is a first prototype there are several opportuni t ies for future work. 

1. M a n y parameters are used for f inding the needle t ip in T R U S and the locat ion of the seeds 

i n a fluoroscopic image. O p t i m i z i n g these parameters and increasing the robustness of these 

algori thms w i l l decrease the amount of manual interventions required by our system. 

2. O u r approach could be further tested on c l in ica l da ta and possible better val idated i f three or 

more fluoroscopic images of the seed d is t r ibu t ion were acquired at the end of the procedure. 

Postoperat ive seed mot ion would be less than is observed i n postoperative C T images acquired 

three to four hours after the procedure. 

3. Because our approach requires the radia t ion oncologist and radia t ion therapists to interact 

w i t h our system an user interface needs to be developed and tested in the operat ing room. 

Such an interface w i l l require significant feedback from bo th the rad ia t ion therapists and the 

rad ia t ion oncologists. 

4. Accura t e ly del ineat ing the prostate volume from the T R U S images would allow for better 

t racking of intraoperat ive seed mot ion . T h i s could be expanded to recommend seed or needle 

tips locations to the rad ia t ion oncologist to ensure the prostate receives enough rad ia t ion to 

destroy a l l the cancerous cells. 
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Appendix A 

Background on Dewarping Functions 

In this appendix the details of the two dewarping functions tested in Section 2.4.1 are provided. The first 

dewarping function is a local model and the second is a. global model. 

A . l Local Model 

Local models use a grid of known geometry to define transformations between a warped image and an 

undistortcd image. The centroids of the ball bearings in Figure 2.5a are used as tie points. By knowing the 

undistortcd coordinates of the tic points, tu, and determining the distorted coordinates of the corresponding 

tic points in the fluoroscopic image, t,\, an affine transformation, A, between the distorted and undistortcd 

coordinate systems can be defined. For the clement, bounded by a set of three tie points, the following 

relationship can be defined: 

tu(i) = A(i)*t„(i). (A.i) 

The affine transformation for a given element is used to dewarp all points inside the element. Using the grid 

in Figure 2.5a 161 affine transformations were defined. 

A.2 Global Model 

An alternative to defining multiple transformations is to define just one global transformation to dewarp the 

whole image. For example, 

X,, = D * X.u (A.2) 

where Xu and X,i are the undistortcd and distorted coordinates in the fluoroscopic image, respectively and 

D is the distortion transformation. 
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A.2 Global Model 91 

The global physical-based model presented in [22] is implemented; where pincushion and S-distortion are 

considered additive, so the global transformation, D, is defined as: 

D = Dr,i,l + DTOt + D trims- (A.3) 

The pincushion distortion is modelled as: 

Drai1{Xu,Zu) = ( 7 l /? „ + 7 2 ^ ) R„ (A.4) 

where Ru = \JX^L + Z 2 and 71 and 72 are constants dependent on the focal length of the C-arm. 

S-distortion is decomposed into rotational and translational components denoted by Drot and Dtrnn 

respectively: 

Drot(Xv.,Zu) = (QlRu+a2Ri) /?.„ 

KM. 
(A.5) 

where a\ and 02 are dependent on the magnetic field parallel to the direction the electrons are travelling. 

This magnetic field acts on the radial velocity of the electrons causing a rotation in the image. A n d , 

1-^t.ran s(Xi, . Z / 7 i ) 

&1 + Pz2R» 

(A.6) 

where fi.x\ and fiX2 arc dependent on the magnetic field transverse to the direction the electrons are travelling. 

This magnetic field acts on the longitudinal component of the electron's velocity causing a translation in the 

image. 

The grid in Figure 2.5a was used to determine D. The coefficients in D, (7 ] , 72, Qj, Q'2; fix\-, Px2- Pz\-, 

and (iZ2)-, were determined by minimizing the error in distance between X,/ computed using Equation A.2 

and the known undistorted locations of the ball bearings. 



Appendix B 

Results from Clinical Data 

In this appendix a three orthogonal plots of the R T D and C T seed distributions and a plot of percentage 

error in dosimetry (computed using Equation 6.1) are given for each case of clinical data. 

B. l Case A 

,i , , , , , , i _ i 
0 10 20 30 40 50 60 70 80 90 100 

Percent Error 

Figure B . l : A plot of percent error i n dosimetry (see E q u a t i o n 6.1) versus percent volume. 
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B.l Case A 93 
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Figure. B . 2 : A top view of (a) the R T D and (b) the C T seed dis t r ibut ions, (c) and (d) are a side 
view of the R T D and C T seed dis t r ibut ions , respectively, and (e) and (f) are a front view of the 
R T D and C T seed dis t r ibut ions , respectively. 
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Figure B . 3 : A plot of percent error i n dosimetry (see E q u a t i o n 6.1) versus percent volume. 
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Figure B . 4 : A top view of (a) the R T D and (b) the C T seed dis t r ibut ions , (c) and (d) are a side 
view of the R T D and C T seed dis t r ibut ions , respectively, and (e) and (f) are a front view of the 
R T D and C T seed dis t r ibut ions , respectively. 
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Figure B . 5 : A plot of percent error i n dosimetry (see E q u a t i o n 6.1) versus percent volume. 
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Figure B . 6 : A top view of (a.) the R T D and (b) the C T seed dis t r ibut ions , (c) and (d) are a side 
view of the R T D and C T seed dis t r ibut ions , respectively, and (e) arid (f) are a, front view of the 
R T D and C T seed dis t r ibut ions , respectively. 
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B.4 Case D 
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Figure B . 7 : A plot of percent error in dosimetry (see E q u a t i o n 6.1) versus percent volume. 
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Figure B . 8 : A top view of (a.) the R T D and (b) the C T seed dis t r ibut ions , (c) and (d) are a side 
view of the R T D and C T seed dis t r ibut ions , respectively, and (e) and (f) are a front view of the 
R T D and C T seed dis t r ibut ions , respectively. 
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Figure B . 9 : A plot of percent error in dosimetry (see E q u a t i o n 6.1) versus percent volume. 
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Figure B .10 : A top view of (a) the R T D and (b) the C T seed dis t r ibut ions , (c) and (d) are a side 
view of the R T D and C T seed dis t r ibut ions , respectively, and (e) and (f) are a front view of the 
R T D and C T seed dis t r ibut ions , respectively. 
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Figure B . l l : A plot of percent error in dosimetry (see E q u a t i o n 6.1) versus percent volume. 
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Figure B .12 : A top view of (a) the R T D and (b) the C T seed dis t r ibut ions , (c) and (d) are a side 
view of the R T D and C T seed dis t r ibut ions , respectively, and (e) and (f) are a front view of the 
R T D and C T seed dis t r ibut ions , respectively. 
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Figure B .13 : A plot of percent error i n dosimetry (see E q u a t i o n 6.1) versus percent volume. 
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Figure B.14: A top view of (a) the R T D and (b) the C T seed dis t r ibut ions , (c) and (d) are a side 
view of the R T D and C T seed dis t r ibut ions , respectively, and (e) and (f) are a front view of the 
R T D and C T seed dis t r ibut ions , respectively. 
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Figure B .15 : A plot of percent error in dosimetry (see E q u a t i o n 6.1) versus percent volume. 
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Figure B.16: A top view of (a) the R T D and (b) the C T seed dis t r ibut ions , (c) and (d) are a side 
view of the R T D and C T seed dis t r ibut ions , respectively, and (e) and (f) are a front view of the 
R T D and C T seed dis t r ibut ions , respectively. 


