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Objectives. When analysing the 3D structure of tissue, se-
rial sectioning and staining of the resulting slices is some-
times the preferred option. This leads to severe registration
problems. In this paper, a method for automatic registration
and error detection of slices using landmark needles has been
developed. A cost function takes some parameters from the
current state of the problem to be solved as input and gives
a quality of the current solution as output. The cost func-
tion used in this paper, is based on amodel of the dlices and
the landmark needles. The method has been used to regis-
ter dices of prostates in order to create 3D computer mod-
els. Manua registration of the same prostates has been un-
dertaken and compared with the results from the algorithm.
Methods. Prostates from sixteen men who underwent radical
prostatectomy were formalin fixed with landmark needles,
sliced and the slices were computer reconstructed. The cost
function takes rotation and trandation for each prostate dlice,
aswell as slope and offset for each landmark needle asinput.
The current quality of fit of the model, using theinput param-
eters given, is returned. The function takes the built-in insta-
bility of the model into account. The method uses a standard
algorithm to optimize the prostate dlice positions. To verify
the result, s standard method in statistics was used.

Results. The methods were evaluated for 16 prostates. When
testing blindly, a physician could not determine whether the
registration shown to him were created by the automated
method described in this paper, or manually by an expert,
except in one out of 16 cases. Visua inspection and analy-
sis of the outlier confirmed that the input data had been de-
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formed. The automatic detection of erroneous slices marked
afew dlices, including the outlier, as suspicious.
Conclusions. The model based registration performs better
than traditional simple slice-wise registration. In the case of
prostate dlice registration, other aspects, such as the physi-
cal slicing method used, may be more important to the final
result than the selection of registration method to use.
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1. Introduction

Physical sectioning and 3D reconstruction of aspec-
imen is a common method to create computer models.
A well known exampleisthe*Visible Human” data set
available on the Internet, which can be used for many
3D modelling purposes. Another example, is the re-
construction of prostatesin order to use computer sim-
ulation to learn more about prostate cancer distribu-
tions[1].

Physical sectioning usually implies that the rela
tive positioning between the slices will be lost. Sev-
eral methods have been developed in order to auto-
matically find the correct trandations and rotations,
usually depending on the outlines of the dlices. Most
commonly, automatic positioning (registration) isdone
by positioning the dices pairwise. Severa different
approaches exists, among others scale-space based
search [2] and least square minimisation of a set of
points [3,5]. These methods assume that the contour
is known, for example extracted using thresholding, if
applicable. The methods rely on a good starting point.
The usefulness might depend heavily on the applica
tion. Stacks of dices are commonly improperly reg-
istered too tightly when using such methods. That is,
the final 3D volume will be more straight and “cigar
shaped” than the original shape of the specimen.

In some casesit is possible to make landmarks. That
is, before the specimen is diced, some information is
stored into the specimen that can be localised in each
dlice. A simple way is to penetrate the specimen per-



160 H. Frimmel et al. / Automatic registration and error detection of multiple slices using landmarks

pendicular to the dlicing direction with an ink filled
needle.

However, ink tends to spread in the tissue and gives
a diffuse landmark that is not reliable. Our group has
developed a method to make landmarks by inserting
paralel, sharp needlesin the unfixed specimen [4]. The
needlesremain in the specimen during the fixation pro-
cedure and small holes can subsequently be identified
in the sections. It is important to understand, that the
landmarks will not be ideal — they are sometimes de-
formed because the dices may have been stretched
implying no perfect match if several landmarks are
used. Landmarks may vanish during preparation of the
dlices. The specimen itself can be deformed when the
landmarksare positioned. A singlelandmark is enough
to determine the trandlation of an object but two land-
marks are needed to also find the rotation. Even two
landmarks are seldom enough, since you can only de-
tect deformation in one dimension using two land-
marks. Thus, landmarks do not solve all problems, and
new problems arise due to the landmarks.

Automatic positioning is done by small movements
and rotations of the dlices in directions that improve
the fit, that is, make the sum of distances between the
landmarks smaller. The sum of distances is called the
“cost function”. The current rotations and trandations
are used as input and the output of the function is the
sum of distances (or some other measure of the qual-
ity fo fit). Commonly, the dlices to be registered are
assumed to be similar [6]. Unfortunately, when dlic-
ing prostates (Fig. 1) at the interdlice distance of 2.5 or
5 mm as are the assumptions in this report, the shape
can vary significantly between any two dlices. In this
report, we present a method that registers all dices si-
multaneoudly using landmark needles that do not de-
pend on the shape of the specimen.

Fig. 1. A wholemount slice of aprostate, including landmarks.

2. Methods

Prostates from sixteen men that underwent radical
prostatectomy were formalin fixed with landmark nee-
dies [4] and dliced at 2.5 mm. This is the smallest
possible dlices to make when considering both avail-
able equipment and time consumption. Thinner slices
cannot be created without step-sectioning the dlices,
which is a very time consuming process. The slices
were computer reconstructed [1]. Figure 2 shows the
position of the needles in the prostate.

The registration (positioning) of the dlices in the
computer was done automatically but also manually
in order to be able to evaluate the computer method.
The manua registrations was done using a computer
software. Movement, scaling and rotation of one of
two displayed super imposed neighbouring slices was
made. Also shown graphically was the current x- and
y-transformations of al slices. The processisfully de-
scribed in [7]. The computer registrations were made
with 5 different combinations of cost functions.

For the automated computer registration an algo-
rithm that could search for the optimal position was
needed. The Powell [8] search algorithmiswidely used
and is simple and straighforward. It iterates towards
the solution by moving in the current steepest gradi-
ent direction in the multi-dimensional parameter space
using some additional gradient conditions in order to
avoid getting stuck with slow convergence in multi-
dimensional narrow valleys. We applied that algorithm
in astraightforward way in this project.

Two cost functions have been used. The straight for-
ward cost function gives at output the sum of pairwise
Euclidean distances between the corresponding land-
marks. The second cost functionis amodel of the nee-
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Fig. 2. The rigid needles are inserted prior to fixation, but are not
bound to each other. After the needles have been removed, the
prostate is cut into slices, and each slice will contain four round
traces from the needles.
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diesinserted in the biopsy. This cost function has asits
input the current tranglations and rotationsfor all slices
in the prostate and also al current rotations and trans-
lations for the four landmark needles. The output is a
measure of how well the model fitsthe actual case. The
observed behaviour for landmark needles in prostates
is that slopes between pairs of needles are opposite in
direction. Thisis taken care of in the model by giving
aless good fit if the dopes are in the same direction.
Theoptimisationisiterative. That is, for the current in-
put parameters the quality, based on the cost function,
is calculated and the parameters are updated in order
to best improve the quality in the next iteration. The
iteration stops when the quality improvement is below
a certain threshold value. In short, the proposed cost
function can be described as:

#dlices #landmarks

d= Z:l Z:l Vim2,, — needié?,,.

The penalty, if the needles are numbered 1, 2, 3 and
4 in clockwise order, is calculated in pairs for each
of the x- and y-projection of the needles angle in re-
spect to the horizontal plane. The z-projection angle
for each of needle 1 and 4 is compared to angle 2 and
3, respectively. For the y-projection, needle angle for
each of needle 1 and 2 is compared to angle 3 and
4, respectively. The penalty for each of these pairsis
(angley + angleg)™ wheren istypicaly 3.0. Thismay
be interpreted as if the angles are the same size with
opposite sign, the penalty will be low.

The following piece of pseudo-code shows the cost
function (V' isthe vector containing the current values
for al parameters, set by the optimisation algorithm):

set distance = 0
For each dice
For each landmark
Transform the landmark position using the
transformation parametersgivenin V
for the current slice
Compute the corresponding needle coordinate
using the parametersfor the needle given
inV
Add to distance the distance between the land-
mark and the needle coordinate.
For each pair of needles
Add to distance a penalty based on the similar-
ity of the angles, based on the pairwise dif-
ference between slopes.
return distance

To determine whether slices have been extraordinar-
ily stretched or deformed, the resulting landmark po-
sitions have been used as input in a regression analy-
sis. Theinverse I of the correlation matrix for the Stu-
dentized residuals e* was calculated [9-11]. Using the
matrix I, the mahalanobisdistanceto origin was calcu-
lated. If the distance was large (>3 o5) the point was
considered as suspicious and indicated that the corre-
sponding slice should be checked manually.

3. Results

Figure 3 shows the results for the different methods
for four of the sixteen cases as the centre pointsfor all
landmarks superimposed in oneimage. In the registra-
tion using the landmark needle model, the points line
up not in random order but with a very good fit of the
model. To compare the fit, the cost function’s output
after optimisationis presentedin Table 1. In order to be
ableto comparethe manual registrationswith the other
registration types, the needle position for needles per-
pendicular to the slices were generated using the same
cost function as in the model based registration after
the manua registration had been applied to the set of
dlices. All optimisations were made using the Powell
[8] optimisation algorithm.

A blind test to compare the model registration qual-
ity compared to the manual registration was made. For
each case, the physician had to answer if registration A
was better, equal or worse than registration B, where A
and B were the manua and model based registrations
shown in random order on the screen. Before compar-
ison, the dlices in the automatic registration without
landmarks were manually registered by a non physi-
cian in order to get a complete set of registered dices.

The physician who had made the manual registra-
tion went through all cases twice. In the first pass, the
registration software used to register dices manually
[1] was used to show the position of the slices in both
the manual registration and the model based registra-
tionin parald. In the second pass, the same procedure
was used, but the volume rendering software [1] was
used for visualisation. In both passes, the cases were
shownin random order. In thefirst pass, two caseswere
marked as noticeably different. All cases were referred
to as “equa” in quality. In the second pass, one case
was marked as“worse”, al other cases were marked as
“equal” in quality. The case marked “worse” was the
model based registration. This case was shown to have
atransformed set of landmarks (Fig. 3, rightmost case)
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Full model registration

Manual registration

Restricted model registration

Pairwise registration

Fig. 3. The landmarks of four prostates were compared using different optimisation methods compared to manual registration. The restricted
model works the same as the full model, but the needles must be orthogonal to the slice planes. The images shows all landmarks as seen from the
top of the stack of slices using parallel projection. The 2D line up of pointsin the full model is not a coincidence — the slices are stacked so that
the 2D projection of the 3D line is well shown. The rightmost case is the one where the automatic registration was marked as “worse” than the
manual registration. Two groups of slices can be seen. Investigation of this case reveals that this is because of the treatment in the fixation phase,
where the lower and upper half of slices has been treated differently.
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Table1
Cost function outcomes for different optimisation methods

Cost function Case number Mean

2 3 4 5 6 7 8

10 11 12 13 14 15 16

Full needle model® 47 58 143 155 19 35 34 99
18 78 137 95 70 86 151 77 81.4

Full needle model® a4 58 102 130 18 35 33 94
18 64 123 95 62 74 124 67 71.3

Manual registration® 91 146 150 229 117 152 118 103
98 89 131 249 124 102 181 230 144.4

Vertical needle model¢ 40 77 125 170 32 68 45 81
a4 78 131 211 87 88 137 76 93.1

Pairwise around mean® 61 86 157 172 48 76 56 75
46 78 124 216 91 82 145 86 100.0

Pairwise around slice’ 51 100 113 185 36 79 56 89
45 78 100 252 275 122 167 82 114.4

Pariwise around slice? 55 106 121 187 35 72 61 92
46 81 98 254 109 124 173 89 106.4

2All dlice positions have been optimised at once, using the cost model described in this report.
bSame optimisation as ¢, but the extra cost for needle displacment has been removed from the table.
¢The distances have been measured from a vertical needle placed in order to minimise cost using the Powell optimisation algorithm after the

slices had been registered manually.

4 Same optimisation as ®, but the needles were restricted to be perpendicular to the slice planes.

¢The mean landmark positions for all slices of the unregistered slices defines the centre. Slices has been registered one at atime.
fThe landmark positions for asingle slice of the unregistered slices defines the centre. Slices has been registered one at atime.
9Same as f but when optimising, the squared distance was used in the cost function. Here, the Euclidean distances are shown.

and in the manual registration the world knowledge of
prostate shapes was used to compensate for this.

The registration of seven slices was marked suspi-
cious by the software. Only one of them was consid-
ered erroneous by the physician. That sice wasthe one
in the transition in the case which aso was marked as
“worse” than the manual registration.

4. Discussion

Since many years, computer models of the prostate
have been used in oncology for planning of radio-
therapy of prostate cancer. These models are based
on computer tomography scans or magnetic reso-
nance images [12]. In prostate pathology, computer-
ized three-dimensional models have been used by sev-
eral groups during recent years[1,13-21]. The aim of
these studies has usually been to create a model for
biopsy simulation. Prostate cancer is nowadays most
often diagnosed by ultrasound-guided transrectal core
biopsies. As many as 18 to 56% of prostate cancers
are isoechoic and, hence, not seen by ultrasound [22—
24]. Therefore, biopsies are usually taken according to

a standardized biopsy protocol. Severa protocols for
systematic core biopsies have been described in the lit-
erature and their ability to detect cancer and to esti-
mate the extent of cancer has been investigated in nu-
merous studies [25-27]. For the evaluation of biopsy
strategies, computer models have obvious advantages.
A large number of possible biopsies can be taken from
the same prostate without harm for the patient. These
prostate models are based on histological tissue sec-
tionswith cancer outlined with Indiaink. The sections
are usually horizontal whole mount sections, i.e., slices
through the whole prostate taken perpendicularly to the
rectum. The segmented horizontal sections are stacked
and the volume between them interpolated. A major
problem in the reconstruction is the registration of the
sections, i.e., to position the dlices as close as possi-
bleto the original anatomical relations. Usually, thisis
done simply by comparing the sections pairwise as re-
gardsthe shape of the prostate gland and the outline of
the cancer areas. Thereis an obviousrisk that this sub-
jective method yields an erroneous alignment of dlices.
To avoid such misalignments, there is a need of land-
marks that can be traced from one dice to another. In-
serting foreign material in the tissue may cause signif-
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icant technical problems when processing the tissue.
When the blocks are cut, the foreign material may tear
the sections. Therefore, we developed a novel method
to create landmarks [28]. Briefly, four parallel needles
are inserted through the unfixed prostate. After forma-
lin fixation, the needles are removed and small holes
can easily be identified in the stained sections. Land-
marks for alignment of the sections are particularly
valuable in the sections close to the apex and the blad-
der neck where the prostate lacks natural landmarks
such as the boundary between the transition zone and
peripheral zone, the midline groove of the rectal sur-
face and the gjaculatory ducts. The relations between
different tumor foci in adjacent sections can be bet-
ter analyzed when perfect alignment is obtained. The
landmark needles do not consume tissue, but compress
the surrounding prostate. It isessential to leavethe nee-
dles in place until fixation is complete; otherwise the
holes will collapse when the needles are removed.

The aim of this study was to develop an algorithm
for automatic registration using the paralel landmarks.
We were able to demonstrate that automatic registra-
tion of prostate dlices is as good a manual registra-
tion as described in the last section. The automatic er-
ror detection correctly finds the erroneously registered
dlices. Slicesthat had been physically stretched prior to
the computer reconstruction phase was the reason for
misregistration. Only 16 cases were compared, which
is too few to draw high precision conclusions. How-
ever, it is clear that automatic registration using the
proposed algorithm is as good as manual registration if
input data are considered to be undamaged. The main
error in the resulting registrations are the deformations
caused by the physical handling of the slices during
the prostate fixation and dlicing phases. Uniform dlice
thickness and minimal physical deformations of the
dlices are important factors for good results.

To use statistical tests with higher accuracy, more
samples (i.e., dices) must exist. Unfortunately, the
physical environment when slicing prostates does not
provide this. In other registration problems where
dlices are used, the presented method will probably be
even more useful.
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