Automated seed detection and three-dimensional reconstruction. II.
Reconstruction of permanent prostate implants using simulated annealing
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We present an algorithm, based on simulated annealing, for automatic seed matching and three-
dimensional spatial coordinate reconstruction using either three radiographic films or three fluoro-
scopic images taken from different perspectives. The matching problem is defined in the framework
of combinatorial optimization, which allows robust reconstruction in presence of calibration impre-
cision, patient movements, and isometric distortions. Furthermore, by using a global criterion to
select the correct matching, we evade common problems of the three-film method and its variants
in presence of noise. The algorithm has been tested on 112 clinical cases and 100 simulated
implants and used clinically on more than 100 cases. Simulated implants were reconstructed with
an average error of 0.21 mm. For clinical cases, comparison of the precision is performed between
results obtained with this new method and results obtained using the three-film technique. Com-
pared to the latter technique, the reconstruction precision was improved in 62% of the clinical
cases. ©2001 American Association of Physicists in Medicif®Ol: 10.1118/1.1414309

[. INTRODUCTION whether the reconstruction has been successful or not: A fail-
ure to correctly identify one of the seeds on the images leads

As an important step of postimplant evaluation in brachy-mmediately to a failure of correctly reconstructing that par-

therapy, three-dimension&BD) reconstruction of implants icylar seed, and moreover, since the algorithms are often

has received considerable attention during past 20 years. ThEceq to reconstruct a specified number of seeds, one false
best known and probably the most widely used method fOEeed also has to be inserted.

3D implant reconstruction has been the three-film methdd. This paper presents a new method that aims at providing

A(_:cordlng {0 the reports |n_the iteratdrand our experience, ?Ccurate and cost efficient procedure for 3D reconstruction of
this method does not provide an excellent precision: 90% o . . L
ermanent implants using three sets of projections of seeds.

the seeds are reconstructed within 2 mm from their correrﬁhe algorithm has been validated by reconstructing 100 im-
position. Approximately 8% of the seeds are reconstructe 9 y 9
lants generated by computer whose seed positions are

with errors greater than 5 mm, and some of the seeds af® ] T
reconstructed with errors as big as 30 mm. Even if in Somémown in advance. 112 clinical implants have also been re-

cases a small error is acceptat®86—4% of the seedisit is constructed and the results were compared with the results
preferable to have a reconstruction as accurate as possible. BEEViously obtained using the three-film method.

fact, some of our applications require 100% of the seeds to This new algorithm uses _three sets of Mo-dimensional
be reconstructed within 2 mm from their exact position. (2D) projections of seeds, which can be obtained either from

Recently, a number of algorithms based on MRI or cTradiographic films or fluoroscopic images. At our institution,
have been reporteti’ These algorithms suffer from ambigu- fluoroscopic images were adopted since they are an inexpen-
ities created by the space between consecutive images resuitve imaging modality, they do not require any film manipu-
ing in the number of detected seeds that can be twice as lard@tion and, more importantly, they can be used to automati-
as the number of implanted seeds. Also it is often the caseally extract 2D projections of the seeds. It is beyond the
that some of the seeds are connected on reconstructed imageope of this paper to describe the procedure of automated
due to artifacts or insufficient resolution of the images. Thereextraction of 2D projections and throughout this paper, it will
is no overall validation criteria that can be used to indicatebe assumed that three sets of projections have already been
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S,

Fic. 2. Example of seed configurations that creates ambiguities undetectable
by the three-film technique.

some solutions could not be found due to the imprecision. To
Fic. 1. lllustration of the matching problem. avoid this problem a global criterion is used to select the
correct solution.

acquired and properly placed in 3D space, according to the
geometry of the simulator. A companion paper describes an

algorithm for automatic seed localization. 1. RECONSTRUCTION
Because of the intrinsic imprecision of the acquisition
Il. METHODS procedure, imaginary lines connecting x-ray source and the

As for the three-film method, three films or three fluoro- Projections will never intersect perfectly and, therefore, it is
scopic images, taken from different perspectives, are used ipossible to obtain only an approximation of the seed posi-
order to obtain the three sets of projections that will be usedions. The least-squares solution is used obtain the 3D seed
to reconstruct the actual 3D positions of the seeds. A treafP0sition, as described in the following. Givéhprojections,
ment simulator is used to acquire the images. P1,P2,....pw, obtained fromM positions of the x-ray

The real problem of the reconstruction is not obtaining theSOUrce s;,;,...sv , the reconstructed positign* of a seed
position of the seed but rather forming triplets of projectionsis the point in 3D space for which the sum of its distance
that will be used to reconstruct position for the seeds. Thigrom the lines connecting the sourcggo the projectiong;
procedure will be referred to as matching. The matchingS Minimum, i.e.,p* is the argument that minimizes the fol-
problem is illustrated in Fig. 1. lowing function:

For this simple case of two seeds, there are four possible M
;olutions as shpwn in.Tat.)Ie I. Since there i_s no way to knqw f(p*)ZE d(L;,p*), (1)
in advance which projections belong to which seed, the trip- i=1
lets of the projections have to be found before proceedingare
with the reconstruction. Due to an extremely large number of
possible solutions, authors of three-film methods considered o (p*—s)"(pi—s)|?
that it was impossible to verify all the combinations. This is d(Li.p*)= - pi—S I @
due to the fact that in the early 1980s when these methods . , , .
were developed, combinatorial optimization algorithms, sucHS the Euclidean distance between the pgifitand the line
as simulated annealing, were unavailable or relatively unki- This distance will be referred to as the reconstruction

known. The number of possible combinations of projectionserror for the rest of the paper. Note that the reconstruction
is (N!)2 whereN is the number of seeds. For an implant of error is not the distance between the reconstructed and actual

50 seeds there is 48 possible solutions. position of the seed. The ling connecting the x-ray source
A common feature of all three-film techniques, and thePositions and the projectior; is defined parametrically as

p* —s

main cause of its imprecision, is the use of a threshold to p=g+u-(p;—s). 3
eliminate false solution. This approach, although very fast, ) ) _
can generate incorrect solutions as illustrated in Fig. 2. It is easy to obtain the following result for the recon-

There are two solutions equally plausible since the disStructed seed position by deriving Hd) with respect te*.
tance between the lines for both solutions is less than th&VenM projections of a seed, its reconstructed positidn
threshold. When reducing the threshold there is the risk thaf

M -1 M
TasLE I. All possible solutions for matching the projections of two seeds. p*= I(Zl A k§=:1 Aipi|, )
Solution 1 Solution 2 Solution 3 Solution 4 1 0 0O
Seed 1 P11.P12.P13  Pr1.P22:Prs  P11P12:P2s  Pr1.P22.P23 A=|— W 1=/0 1 O (5)
Seed 2 py1,P22:P23  P21.P12.P23 P21.P22:P13  P21.P12.P13 : “pi _3”2 ’ 00 1
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IV. MATCHING The parameters of the algorithm are a compromise be-
tween the speed of the execution and the quality of the so-
lution found: By increasing the algorithm’s speed, the prob-
ability that the algorithm will end up finding a local
the seeds, wheilie=1,...N is the index of a projection on the minimum rather than the g_IobaI one is also m_c_reased. 100
Lo L o ! implants were generated with known seed positions and the
film j=1,...M. The initial order of the projections is the . . . .
simulated annealing parameters were adjusted until all the

order in which the projections are entered in the computelrm lants were reconstructed correctly. The parameters are
and are considered as being completely random. P Y- P

Definition 1:A solution of the matching problem is a ma- specified as follows:

The matching problem can be formally stated as follows
Let the matrixP=[p;;] of dimensionNxXM be a matrix
whose elementp;; are the coordinates of the projections of

trix =[] whose column vectors (@ initial “temperature” c, was found by “melting” the
=(myj,my;,...,my;)" satisfy mje{all permutations of system until most of the proposed reconfiguration were
(1,2,...N)}. The solution spac€ is defined ag) = {all the accepted95%);
matrices as defined in definitior}.1 (b) initial configuration is random;

Cost functionf:Q)— is defined as (c) sequence length, is fixed—steps2) and (3) are re-

peated until the number of accepted reconfigurations is
(6) greater or equal to Onumber of seeds or the number
of rejected reconfigurations is greater or equal t0X.00
number of seeds;
the temperature is decreased using the following cool-
ing schedule—,=cy/(1+k* @), wherea=3.5;
the algorithm stops when the temperature decreases be-
low 0.5.

N M
fID=2 2, ld(Ly,;.pDI?

where Lﬂ'ijj :p=§+u-(pwijj—§). The cost function repre-
sents the sum of reconstruction errors for all reconstructed
seeds. The optimal solution is a solutibif € () such that )

f(I*)<f(II),VIle Q. (7)

A solution IT of the matching problem is a matrix of in- Two different types of reconfigurations were used. For the
dices specifying which projections will be used to recon-first type of reconfiguration, two randomly chosen projec-
struct each seed; e.g., the seadlill be reconstructed using tions belonging to the same, randomly chosen, film are ex-
the projectionsp,;. 1, P2, andp, 3. For example, in changed. In other words; , and 7 , are exchanged, where
Table I, the matrixI that corresponds to solutidB) is i,j €[ON) andke[0,M) are randomly chosen. This type of

reconfiguration is made with probability 0.9. The second

(112 type of reconfiguration forces the algorithm to explore dif-
1= 2 2 1) ferent regions of the search space. This type of reconfigura-
tion corresponds to a random reordering of all projections

In other words, we want to find the solution that best™i k. |.ke[i,j] andke[0M),i<], wherei and] are also
approximates the actual implant using measured projection§andomly chosen. The probability of this type of reconfigu-
Note that finding the minimum of this cost function does notration is 0.1.
imply that each seed will be reconstructed with the minimal At low temperatures simulated annealing becomes an in-
reconstruction error. efficient local search algorithm, since most of the proposed

The optimal solution, which minimizes the cost function reconfigurations will lead to an increase of the cost function
Eq. (6) can be obtained using a combinatorial optimizationand will therefore be rejected. It is possible to improve the
algorithm. Simulated annealing proposed by Kirkpatrickexecution time of the algorithm by stopping the simulated
et al®° was chosen for that purpose. Simulated annealing i@nnealing at some point and use a local search algorithm.
a well-known algorithm successfully applied on a variety of Empirically, it is found that if the simulated annealing is
combinatorial optimization problems. The detailed descrip-Stopped when the temperature falls below 0.5, the solution
tion of the algorithm is out of the scope of this paper, but carwill be good enough so that a local search can be performed
be found in Refs. 8 and 9. The general functioning of theto find the global minimum. The local search corresponds to
algorithm is given in the followind: (1) initialize control  the first type of reconfiguration as described previously but
parametercy, initial configurationIl,, and the sequence the projections are not chosen randomly: Adl, and ; ,
lengthL,. Setk=0 (number of the iterations(2) generate a i,j €[ON) andke[0,M) were exchanged until no further
new configuratiodl,, ,; (3) if f(II,,;)<f(II,) the change improvement is possible.
is accepted. If not the change is accepted with the probability The execution time of the algorithm can be shortened if

the reconstruction errofsee the cost function of E¢l)] for

ex;{ f(ITrq)— f(Hk)) . all the triplets of projections are precomputed. This way, dur-

Ci ' ing the execution of the algorithm, the cost functj&y. (6)]
can be calculated simply by reading and adding the appro-

(4) repeat step$2) and (3) L, times;(5) k«—k+ 1, calculate
new values fot., andcy; (6) repeat step&2)—(5) until some
stopping criteria is satisfied.
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not the same as the number of possible solutions. The num-
ber of possible triplets iN®. Although additional time is
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required to calculate the table, the performance improvement [1 0 0 ]

is large since the number of evaluations of the cost function R(a)=| 0 coga) —sina)

is usually much larger thaN®. The quality of the solution x(aj)= ! e

depends on the quality of the random number sequences, and L0 sinla;) code;) |

one needs to ensure that the specific algorithm of the random - . -

number generator will have a very large period. Excellent codpy) 0 sinp)

results were obtained wittMersenne Twistergeneratolr0 Ry(Bj)= 0 1 0 , (12
whose period is ¥ %'—1 and gives uniform distribution up —sin(B) 0 cogp;

to 623 dimensions.
cogy;) —sin(y;) O

Ry(y;)=| sin(y;)) cosy)) 0.
V. CORRECTION OF TRANSLATIONS AND 0 0 1
ROTATIONS

The correct implant corresponds to a global minimum of

Patient movements, hardware imprecision, and OIOE'\rat%is cost function, and this minimum can be found using a

errors might affect the precision of the measured projectionj[. . . L .

These kinds of imprecisions will be referred to as distortion ocal search algorithm if the initial conditions; = 5;=y;

for the rest of the paper. Most of them, however, are isomet_='0'c0rrespond'to a po'lnt in the same vaI'Iey as the global
ric and the resulting image is a perfect image of the seﬁgwmlmur_n. Practically, this means tha_lt f[he distortions have to
cloud at the moment of the acquisition, although taken fro e relatively Sm‘?”: Experimentally, it is found thaF angular
an unknown perspective. Therefore, there has to be sucpors up to 10° can be corregted. quever It is recom-
transformation that will put the image planes and the x-ra))ne.nde.d to keep thg;e errors 1n th‘? interval2.5, 2.5,
source positions so that lines connecting the projections an‘efh'c.h is usually sufficient for a.‘” practical purposes.
the x-ray source intersect perfectly. It is assumed that the Since the X rays are_approx_lmately parallel in close vicin-
prostate does not change shape between two consecutive ith. of the iso-center, it is possible to show that small trans-

ages and that the projections have been found correctly. ‘IJ@t'onS Of. the implant W'I.I not affect the _shape of the recon-
correct the distortions, the same cost function as defined iﬁtrUCted implant. ASS“”"”Q that. the projections ar e correctly
Eq. (6) is minimized, but this time with respect to rotation matched and that the orientation was well estimated, the

angles and translation vectors. If the initial conditions, i'e.’translanon of the implant during acquisition can be detected

measured distances and angles, are close enough to their &' minimizing the following function:

act values, a strictly local search will end up very close to the N M

desired minimum. It is however possible that, if the rotations  argminf(IT)=>, >, ld(L ;P + )lI% (13
and translations are corrected simultaneously, the correct im- ¢ 1=1j=1 :

plant does not correspond to a minimum of the cost function, '<*™

which might result in scaling the seed cloud. To avoid this -~ T .
. X . wheree;=[xr yr Zzr] is a translation vector.
problem, correction of rotations and translations are sepa- _. L .
Since it is the seeds and not the image planes that are

rated. . . . ranslated, it is guaranteed that the size of the seed cloud will
To preserve the absolute orientation of the implant, one o

the images is always kept fixed and the positions of the oth2€ preserved. To minimize the above-mentioned functions

: . -~ " Brent’s Praxis algorithit was used.
ers are estimated. In other words the following function is . . N
s . . Until now it was assumed that the projections were cor-
minimized with respect to anglesg;, 3;, andvy;:

rectly matched, that 2D projections were perfectly extracted,

N M and that the orientation of the implant was correctly esti-
argmin f(l'[):Zl 21 ||d(|—77ijj P2 (8)  mated as described previously. In reality it is hardly the case.
j “[jl’ﬁj]'j?;k s The matching algorithm, however, is robust enough to cor-

rectly match most of the projections in presence of distor-

tions as large as rotations of 10° or translations of a few

millimeters. We estimate that the matching is good enough
so that distortions can be corrected or at least their influences
reduced. Also, correction of distortions depends on quality of

Lj; :p=§’+u-(pi’j —sj’), (9) matching.

In other words, the success of the correction depends on
the quality of the matching, and vice versa. To solve this
problem the matching and corrections are iterated until no
IOi'j=Rx(a1)Ry(ﬁj)Rz(7j)pij, (100  further improvement is possible. The overall procedure is
summarized as follows:

whereM is number of filmsk is index of the film that is kept
fixed, anday,= Bx= y=0. The lines connecting projections
and x-ray sources are defined as

where the rotated projectiorm’j and x-ray sourcesj’ are
given by

§ =Rula)Ry(BR:(7))s; (D (1) match the projections,

The rotation matrice®,, R, , andR, are defined as (2) for k=0,1,2 repeat step®) and (4),

y il
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(3) fix the film k and correct rotations, 2 , . . . i
(4) correct translations, x0 ®
(5) repeat until no further improvement is possible. 20} o
[
VI. VALIDATION OF THE RECONSTRUCTION 10 N o
Q
It was shown that a fixed threshold could not always be T of ) e 9 |
used to match the projections correctly, especially in the 3 50 c o9
presence of distortions. However, after the correction, the > .10k _'; ° °
main sources of imprecision in the reconstruction are pixel ]
size and imprecise 2D projections. Usually this imprecision 20b °
will not result in a reconstruction error larger than 0.5 mm, ®
which is an empirically determined value. It is therefore pos- 3o}
sible to detect incorrect matching: If for all seeds the recon- :
struction error remains below 0.5 mm the reconstruction can 40 . .
be considered as successfsée Fig. 4. wo% & 0 voxn %
The fact that incorrect matching can be detected allows a X (mm)
significant improvement of the performance of the algorithm.
After the first run of the algorithm it is expected that most of 0 i . . i .
the projections will be correctly matched and that distortions ° .
will be corrected. Therefore, the next run of the algorithm 20l i
can be done with a reduced set of projections. Usually a bad 8
matching affects the seeds whose position algraxis is 10} ® °
similar. Therefore projections that are included in the next ; ® 4
matching are projections assigned to seeds whose reconstruc- € o 4 @ 9 ]
tion error is larger than 0.5 mm. f; is such projection we E o 6° ® o
include all projectiongy; that satisfy > o} ® o ®
®
=V <, (14 ®
|ykJ ylj| 20} .
where =1 mm is an empirically determined value. The re-
sults presented in Sec. VIl are obtained with this modifica- et
tion of the algorithm. 8 ) ) . ) .
.40-40 -30 -20 -10 0 10 20 30
VII. RESULTS X (mm)

. .FirSL the results obtgiped with the algor.ithm we prOpO_Squle. 3. Correction of the distortions: backprojected seeds without the cor-
is illustrated on two clinical cases for which the three-film rection (top), backprojected seeds after the correction of distortidnm-

method failed. In the first example, the three-film methodtom. The open circles stand for the original projections while the crosses
filed because of an angular errr of 1050 fims taken at 5 PIRCtere of e econsiucted socds Xue plne epieset e
320° and 330° were accidentally swappeBrojections of  |efi_right axis andY the implant axis.

reconstructed seeds without correction are shown on Fig. 3.

Clearly, using a fixed threshold it would be impossible to
reconstruct this implant since the seeds are not equally af-
fected by rotation. Even for perfect matching for some seeds The validation of the reconstruction can also be illustrated
the reconstruction error is larger than 2 mm. Our new algoin the example shown in Figs. 4 and 5: Seeds that have been
rithm correctly matched and reconstructed the implant. Théncorrectly matched have a reconstruction error larger than
angular error of 10° was correctly detected. Projections 0o0.5 mm (circled projectionsand those seeds were detected
the reconstructed seeds with correction are shown in Fig. dising the criteria defined in E¢L4). Note that the validation

The second example illustrates the ambiguities created big possible only if the distortions have already been cor-
specific configurations of seeds, for one of clinical casestected.

Fig. 5. The three-film method found a solution such that all The algorithm has been tested on two sets of implants.

reconstruction errors are smaller than 2 mm. This solution iFhe first set contains 100 implants whose seed positions
incorrect and a better solution is found with the proposedvere generated by computer. The second set contains 112
algorithm. clinical implants.

Even if the difference between the two sets of projections In order to simulate distortions, for simulated implants,
seems to be small, the effect of this difference in 3D space igmplants were both translated and rotated before the seeds
quite dramatic, resulting in a largest displacement of 11 mmwere projected, and each projection was translated sepa-
which is an unacceptable error, as shown in Fig. 5. rately. The conditions of the test are summarized as follows:
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-30 20 10 1} 10 20 30 40 . 20
X (mm)
40 20 X (mm)
30 ® T
° Fic. 5. The effect of the wrong matching. The open circles represent the
20l ® ° ] seeds reconstructed with incorrectly matched projections. The crosses are
the seeds reconstructed with correctly matched projectidris. the left—
° © °© @ right axis,Y is the implant axis, and is AP axis.
10} ® a o k
] ]
— OF 1 . .
£ ° °© all 100 implants, the average distance was 0.21 mm, the
5_10 . ° °® e © ] average maximal distance is 1.1123 mm, and the maximal
> :’ L ° distance is 2.4557 mm. The maximal distance was greater
o © % e o | than 2 mm for three implants only, for one or two seeds in
0g 0 °e o each implant.
ol o > o o We also reconstructed implants for 112 patients and com-
pared the results with the results previously obtained using
. . . . . ha the three-film method. For the clinical cases, of course, it is
% 2 0 0 0 2 X 4 not possible to measure the precision since the seed positions
X (mm) are not known in advance, but it is possible to measure the

Fic. 4. lllustration of the effect of the wrong matching: backprojected seedsrelatlve pe_rformance _by comparing t_he results Wlth the re-
in case of the wrong matchingop), backprojected seeds with correctly SUltS previously obtained by three-film method. Since the
matched projectiongbottom). Incorrectly matched projections are circled. distortions were not corrected during the reconstruction us-
The open circles stand for the original projections while the crosses arqhg the three-film method. the new algorithm always gives
projections of the reconstructed seeds. €Y plane represents the pro- ’ . .
jection of the seeds from looking down at the patient wittbeing, the better.results. In order to make a fair compa'rlson, only the
left—right axis andY the implant axis. matching produced by the three-film method is used.

The seed positions were reconstructed under same condi-

tions for both methods including the correction for distor-
(1) number of seeds randomly chosen from the intervafions. As a measure of the performance both maximEiwy)(

[40,70); and average H,,) reconstruction error were considered.
(2) all seeds are inside a cube whose dimensions aré 4 Clearly the method that gives both smaller average and
X4 cm; maximum errors results in a better approximation of the

(3) seeds have been rotated around all three axes—rotatighiginal implant. The number of seeds in these implants
angles are randomly selected from the intefvaR.5°,  ranges from 30 up to 97.

2.57; Even if the new algorithm gives smaller error in 64% of
(4) all seeds are translated during each “acquisition” for atthe cases it does not always result in large difference be-
most 5 mm:; tween the two seed clouds. However, for some cases, the
(5) all projections are translated separately in random direcdifference is as large as 2 cm. For example in Fig. 5 the
tions for at most 0.5 mm; largest distance was 1.17 cm.
(6) All random values had uniform distribution. For 16 patients, the three-film method completely failed,
giving unacceptable errdtarger than 2 mr and those re-
The results are shown on histograms in Fig. 6. sults were not recorded. The new algorithm successfully re-

For the simulated implants the distance between the reconstructed the implants for these 16 patients. For the other
constructed and exact positions of seeds was measured. F&8 patients the results are shown in Figs. 7 and 8.

Medical Physics, Vol. 28, No. 11, November 2001
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For three patients the maximum error is larger than 1.5/48Le Il Clinical comparison of the workload for the new method and the
mm and the average error is larger than 0.3 mm. In thesi"ee-films method.
cases, the rgconstructlon is con;udered as having fa|Ied.'The New method(fluo)  Three-film method
reason for this was found to be limited to incorrect extraction

of 2D projections due to a very low contrast on the films. Patent positioning 10=15 min 10-15 min
A lidati L . h hold of 0 5Ach|S|t|0n of images 2 min 20-30 min
s a validation criteria a maximum error threshold of 0.5 ;. fiim gevelopment
mm was established. There are two reasons why the maXidentification of seeds 1-15 min 30 min-1 h
mum error goes beyond that value. In some cases only a feWatching and correction 1-5 min 1 h or more
projections were incorrectly markédsually 1-3 seedsFor ~ Total 14-40 min 2 h or more
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