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Abstract
Tovalidate new imagingmodalities for prostate cancer, imagesmust be three-dimensionally correlated
with thehistological ground truth. In thiswork, an interpolation algorithm is described to construct a
reliable three-dimensional reference from two-dimensional (2D)histological slices. Eight clinically
relevant in silicophantomswere designed to represent difficult-to-reconstruct tumour structures. These
phantomswere subjected to different slicingprocedures. Additionally, controlled errorswere added to
investigate the impact of varying slicing distance, front-face orientation, and inter-slicemisalignment on
the reconstructionperformance.Using a radial-basis-function interpolation algorithm, the 2Ddatawere
reconstructed in three dimensions.Our results demonstrate that slice thicknesses up to 4mmcanbeused
to reliably reconstruct tumours of clinically significant size; the surfaces laywithin a 1.5mm90%-error
margin fromeachother and the volumedifference between the original and reconstructed tumour
structures does not exceed10%.With these settings,Dice coefficients above 0.85 are obtained.The
presented interpolation algorithm is able to reconstruct clinically significant tumour structures from2D
histology slices. Errors occurring are in the order ofmagnitude of common registration artefacts. The
method’s applicability to real histopathological data is also shown in two resected prostates. An inter-slice
spacing of 4mmor less is recommendedduringhistopathology; theuse of a 1.5mmerrormargin along
the tumour contours can then ensure reliablemappingof the ground truth.

1. Introduction

Imaging of prostate cancer (PCa) is still a challenge.
The latest figures show that PCa is themalignancy with
the highest incidence and second-highest number of
deaths among Western men [1, 2]. Needle biopsy is
currently the only method to confirm PCa, but this
technique is associated with complications [3] and
underdiagnosis due to (aggressive) foci being missed
[4]. However, a large fraction of prostaticmalignancies
are expected to remain clinically insignificant during
the patient’s lifetime [5]. Hence, there is a substantial
clinical demand to develop imaging strategies that are
sufficiently accurate to target or even avoid biopsy, and
to apply tissue-preserving focal therapy.

In recent years, several magnetic resonance (MR)
and ultrasound (US)modalities have been investigated
for targeted biopsy, among which multiparametric MR
imaging and contrast-enhanced US [6]. In focal

therapy, imaging is not only important for localizing the
malignancy, but also in risk stratification and to identify
insignificant lesions that do not require treatment [7].
The most recent guidelines on focal therapy and trial
design indicate that imaging is of vital importance for
treatment planning [8, 9].Moreover,minimally-invasive
monitoring methods are required for follow-up after
treatment. However, to validate these techniques it is
crucial to accurately correlate the images with ground
truth information fromhistopathology.

Histopathology involves the examination of pros-
tate tissue after biopsy or the removal of the gland (i.e.,
radical prostatectomy (RP)). During the histopatholo-
gic procedure after RP, the specimen is usually fixated
by immersion in formalin, deprived of the seminal
vesicles, and sliced [10]. After the microscopic exam-
ination and marking of malignant areas by the pathol-
ogist, the slices are digitized. These slices serve as gold
standard for distinction between malignant and
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benign tissue, and allow the pathologist to determine
the definitive tumour grade, size, and type [10].
Usually also the tumour volume is assessed, but due to
the lack of a simple measurement method it is gen-
erally expressed as a percentage of the entire prostate
volume [11, 12].

Since images and histology slices are in general not
aligned, correlating the two is a complicated task.
Moreover, whereas MR images are spaced in a parallel
fashion, transrectal US imaging planes may differ in
orientation, especially towards basis and apex [13, 14].
The registration process (i.e., the mapping of each
location in the RP specimen to the image) is therefore
a three-dimensional (3D) problem.

Registration is also important because of the pros-
tate deformations that occur after resection. Compar-
ing in vivo with ex vivo MR acquisitions, Orzcyk et al
found that prostates shrink on average by 19.5% [15].
This is most likely caused by the loss of vascular
pressure and the absence of in-body connective tissue.
The shrinkage is not homogeneously distributed; in
particular, the ratio between the anterior–posterior
and left–right dimensions decreases after RP. Defor-
mations may also occur as a consequence of the hand-
ling of the specimen during fixation and slicing [16].
Furthermore, the shape of the in vivo prostate during
imagingmight be altered by the pressure applied to the
prostate because of the use of an endorectal coil inMR
imaging [17] or a transrectal probe inUS [14].

Many 3D registration methods have been devel-
oped for a reliable matching between image data
and histopathology. This usually involves the use of
landmarks that are manually chosen [18], auto-
matically identified [19], or added after resection
[20, 21]. Sometimes ex vivo MR [20–24] or elasto-
graphic MR images [25] are obtained to facilitate the
registration to in vivo MR. Alternatively, registration
approaches make use of 3D-printed moulds based on
3D imaging [26, 27] or the surface contours of both
histology and imaging [14]. Reported registration
errors are generally in the order ofmillimetres.

The accuracy of the validation, however, does not
only depend on the ability of the registration algo-
rithm to accurately restore the in vivo prostate shape.
In the first place, it relies on the ability to reliably
reconstruct and digitize the histopathologically exam-
ined RP specimen. Almost all registration techniques
require a 3D model of the histology slices
[14, 18, 22, 23, 27]. For the model reconstruction, the
tumour contours have to be interpolated to form 3D
structures. In other words, based on the two-dimen-
sional (2D) slices, the entire tumour shape has to be
estimated. In all of these steps—slicing, alignment,
and tumour interpolation—errors are introduced that
complicate the validity of this ground truth.

Figures 1(a)–(c) depict the type of errors occurring
during the slicing procedure. Firstly, the sectioning
process introduces variations with respect to the inter-
slice distance and front-face orientation (i.e., the angle

of the slicing planewith respect to the longitudinal axis
of the specimen). Gibson et al observed these to be dis-
tributed with standard deviations of 0.5 mm and 1.1°
for a 4.4 mm tissue cutting procedure [28]. In a later
study, standard deviations of 0.4 mm and 0.9° were
found [29].Ward et al reported a standard deviation of
only 0.2 mm for the same slice thickness [20]. Many
devices have been developed to standardize the slicing
procedure and minimize the errors [16]. However,
88% of the European pathologists cut the RP speci-
mens free-hand [30].

After slicing, the slices have to be re-aligned three-
dimensionally (seefigure 1(d)). This is usually performed
based on block-face photographs (i.e. photos of the RP
specimen’s front face during slicing) (e.g. [22, 29]). Align-
ment can also be done using intensity matching of the
slices, for example by using mutual information (e.g.
[31]). Due to the loss of similarity between slices, how-
ever, this method is generally not usable for inter-slice
spacings ofmore than 1mm [13]. Also the use of natural
features such as prostate contours, urethra, or ejaculatory
ducts suffers from limited information redundancy and,
moreover, most structures are not present in all slices
[13]. Lastly, some groups use fiducial markers (some-
times in combination with ex vivoMR imaging) to find
the original alignment [13, 32, 33]. Although very small
errors are reported, this approach is laborious andmight
deteriorate the specimen. The most common method,
still, is manual alignment of the histological slices [34],
which introduces significantly more errors than a con-
trolledworkflow [35].

For the 3D reconstruction of prostatic malignancy
from the 2D slices, the interpolation algorithms repor-
ted in the literature range from sparsely stacking the his-
tological data imposed on the photos [22], or simply
extrapolating the tumour contour over the entire slice
thickness [36, 37], to spline interpolations of the edges
[32]. Many other 2D contour-based surface-reconstruc-
tion algorithms are designed for medical purposes and
might be applied to PCa (e.g. [38–42]). The best choice
for interpolation depends on the application, the relia-
bility of the input, and the accuracy required. The need
for a smooth interpolation instead of a step-wise
approach is oftenmentioned [32, 43], aswell as the list of
assumptions underlying 3D modelling (e.g., about slice
deformation, parallelity, and location) [29]. Moreover,
actual 3D tumour models are very difficult to validate
due to the lackof a 3Dground truth.

In this paper,we investigate the effect of the inaccura-
cies and settings of the slicing procedure on the reliability
of the 3D reconstruction. First, we present a method
to reconstruct the geometrical tumour structures in
3D based on 2D histopathological data. Then, the
reconstruction errors as a result of the slicing procedure
are quantified. To this end, we simulate the slicing proce-
dure and compare the result of interpolation with RP
phantoms representing a wide range of clinically relevant
tumour shapes.
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2.Methods andmaterials

2.1.Histological procedure
A regular prostatic pathologic examination as described
in Montironi et al is assumed [10]. In brief, the
procedure involves the (a) weighting and sizing of the
specimen; (b) inking of the surface to distinguish left and
right; (c) (possibly) fixation by 10% neutral-buffered
formalin buffer injections; (d) immersion in 300–400ml
of formalin for 24 h; and (e) sectioning by removing the
seminal vesicles, dissecting the apical and basal parts and
step-slicing the rest of the prostate in ∼4mm sections
perpendicular to the apex-base axis. After the sectioning
procedure, (f) the slices are post-fixed for 24 h; (g) front-
face sections are stained and (h) histologically examined
as 5 μm thick slices, either whole-mount or in quad-
rants. Subsequently, the pathologist prepares the histo-
logical slices and draws contours around the malignant
areas on each section. These contour data are digitized
andproperly alignedwith respect to eachother.

2.2. Interpolation approach
The tumour interpolation and reconstruction algorithms
were implemented in Matlab (MathWorks 2015b,
Natick, MA). The program retrieves the digital 2D
contours and then consecutively (step 1) places them in
3Dspace; (step 2)determineswhich contours are likely to

belong to the same lesion along several slices; (step 3)
estimates enclosing points above or below the contours
that are not connected to a contour in an adjacent slice;
(step 4) computes the distance points indicating the
surface of each lesion using the surface normal vectors;
(step 5) interpolates the points to form a distance map
using radial basis functions (RBFs) and (step6) constructs
the lesion surfaces at zero-distances. The RBF-approach
was chosendue to its characteristic smooth interpolation,
versatility andapplicability inPCa [44, 45].

2.3. Step 1. Positioning of histological data
The 2D contours of the tumour as determined during
the histopathological examination, which have been
aligned in the x,y-plane (transverse plane), are placed a
slice thickness, d, apart in the z-direction (longitudinal
direction).

2.4. Step 2. Identification of independent lesions
Prostatic malignancies are known to be diverse and
multifocal [12, 37, 46]. Therefore, it is important to
determine whether contours in the histology set belong
to the same lesion, or to two independent lesions. In the
literature, different criterions are used to select the
contours that are to be connected in the interpolation
process: for example, Rojas et al used a heuristic<5mm
distance between the contours [33] and Erbersdobler

Figure 1. Introduction of errors during the slicing procedure of the radical prostatectomy specimen (in apex-base versus anterior–
posterior view): (a) ideal casewith equally-spaced, perfectly-aligned, parallel slices; (b) parallel slices of varying slice thickness; (c)
equally-spaced slices of varying orientation; (d) equally-spaced and parallel slices that aremisaligned.
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et al defined <3mm [47]. In this work, the maximum
inter-contour distance is dependent on the used slice
thickness.More specifically, it is defined that contourCk

is connected to contourCl ifCl is in an adjacent slice and
if at least one point on the area of Cl is located within a
distance d of the area ofCk in the x,y-plane.

This criterion allows us to compute a square
matrix M of which each row and column represent a
specific contour; a value of 1 is appointed to elements
where contour Ck is connected to contour Cl, and a
value of 0where they are not:

M k l C i C j d, 1 if min

0 otherwise
.

1

k l= - < ⎧⎨⎩( ) ( ( ) ( ) )

( )

Here, ||Ck(i)− Cl( j)|| is the Euclidean distance
between point i on the area of contour Ck and point j
on the area of contour Cl. Based on the connection
matrix M, labels are assigned to all groups of inter-
connected contours. The number of labels represents
the number of separate lesions that will be considered
for interpolation individually. In figure 2(A), a typical
set of contours forming one lesion is depicted.

2.5. Step 3.Definition of tops and bottoms
Once the labels are assigned, the solid-tumour bound-
aries are defined by a specific set of 2D contours. The
top and bottom of the structures, however, are not
considered to be flat. Therefore, additional top and
bottom points are positioned under and above the
lowest and upper contour, respectively.

For small contours, these top and bottom points
are placed at the centre ofmass of the adjacent contour
C, half the slice thickness d away. This is based on the
assumption that, in the absence of more information,

lesions probably reach half the distance between the
contour and the next, empty slice.

Heuristically, if the average distance between the
points on C and its centre of mass differ by more than
1 mm, the contours are divided in n different k-means
clusters for which top or bottom points are added in
their centre of mass at d/4. This number n depends on
the standard deviation s( ) in distances to the centre of
mass via the expression n 1 3 2 .s= + ⌈ ⌉ This form-
ula ensures that top or bottom contours that are large
or less circular are more rigorously enclosed. These
additional points are also visible infigure 2(A).

2.6. Step 4.Definition of seed points using surface
normal vectors
Each tumour structure is now enclosed by its contours
and top and bottom points. This can be viewed as a 3D
point cloud defining the lesion’s surface. Following the
method described by Carr et al [45] and used by
[44, 48], it is possible to reconstruct the outer surface
of the prostate by RBF interpolation. We refer to [45]
for themathematical foundations of the algorithm.

The interpolation algorithm does not only require
the points on the surface (on-surface points) as input,
but also points at a certain distance from the surface
(off-surface points). More specifically, it has been
shown that the problem is more straightforward to
solvewhen two off-surface points are defined on either
side of each on-surface point. Points inside of the
structure are marked with its negative distance to the
surface, whereas points on the outside have a positive
distance value. Generating such a set of distance points
is a critical task, given the wide range of complex con-
tour shapes. In the presented method, given the con-
tour shapes encountered, it was possible to reduce the
number of points on the contour circumference to one

Figure 2. Intermediate steps of interpolation: (A) connected contours (in blue)with top and bottompoints (in red) and outward
pointing normal vectors; (B) distancemap point cloudwith on-surface points depicted in blue, inner off-surface points in red and
outer off-surface points in green; (C) surface plot of the RBF interpolation.
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point every ∼1 mm in order to reduce the computa-
tion time. In our case, thismeant a reduction by 5/6.

Considering the typical dimensions of PCa lesions,
off-surface points are added at approximately 1mm on
either side of the surface as shown in figure 2(B). Their
positions are computed using the normal vectors in the
contour plane. It is not uncommon to encounter con-
tours of which the centre of mass is located outside the
tumour area; therefore, their outward direction is verified
by calculating the number of intersections between the
normal line and the contour: an odd number of intersec-
tions in the direction of the normal vector cannot occur.
For all top and bottom points that are added in the pre-
vious step, the normal vectors will point in the outward
longitudinal direction (see figure 2(A)). Since these 1mm
distancesmustnot intersect otherparts of the contour, the
algorithmmight fail in reconstructing contours that have
very sharp edges or lie in a close range to each other. In
these rare cases, thedistance settings shouldbeadjusted.

2.7. Step 5. Interpolation byRBFs
Based on the set of distance points, the interpolation
algorithm is used to compute a so-called 3D distance
map. In this map, the distance to the lesion’s surface at
any location can be found. In order to create a smooth
distance map, each distance point is allowed to deviate
from its original value. The extent of this deviation is
controlled by a smoothing parameter, ρ, which is
heuristically set to 0.001 [45]. This low value was
adopted, as we do not allow our histologic data to
deviate much from the pathologist’s 2D delineations
in order tomake smoother structures [49].

2.8. Step 6. Isosurfacing of the distancemap
Since the distance map contains the interpolated
distance to the lesion’s surface at every location, the
shape of the lesion is now defined by all locations at
which the map is equal to zero. An example of the
interpolation result is shown infigure 2(C).

2.9. In silicophantoms
In order to quantify the interpolation errors, the entire
slicing and reconstruction processwas simulated using
digital phantoms. This does not only solve the absence
of a 3D ground truth volume in vivo and in vitro, but it
also enabled us to separately study the effects of
variations in slice thickness, front-face orientation,
and alignment. Furthermore, it allows many different
experiments on a single phantom. Obviously, it is of
paramount importance that the phantom designs
represent the spectrum of frequently encountered PCa
shapes as well as possible.

Over the years, several distribution maps have been
created that show that PCa ismost often found in the per-
ipheral zone (74%) and, therefore, in the lower, posterior
regions of the prostate [33, 37, 46, 50]. Lesions often have
predictable smooth shapes, especially since small lesions
are known to spread along the prostatic and zonal

boundaries (94%) [37].Most lesions ofmore than 1ml in
volume (83%) are found to be roughly diamond-shaped
in longitudinal (apex-base)direction [37].

A large majority (83%) of the RP specimens exhibits
multiple foci [46]. In these cases, the non-index (i.e., not
largest) PCa foci most often (69%) occur on the opposite
side of the index-tumour [37]. Furthermore, transition-
zone tumours are almost always associated with well dif-
ferentiated peripheral index tumours [46]. In general, the
index lesiondetermines theprognosis [7].

Typically, PCa lesions of >0.5ml are considered
clinically significant [7, 37]. It was found by Frimmel
et al that the tumour volume in resected prostates is, on
average, 3.67ml. Based on their volume, the lesions have
been subdivided in small (0.3–1.6 ml), medium
(1.6–3.6 ml) and large (3.8–36.2 ml) tumours [50]. In
this work, the focus is on the small and medium-sized
structures, because small foci are most frequently found
[46]. Moreover, large tumours are more easily inter-
polated because they appear in more histological slices
and slicing errors are relatively small compared to
their size.

With the aim of representing clinically relevant
shapes, we designed eight different tumour structures
that are generally difficult to interpolate (see figure 3).
Phantom A1 (total tumour volume of 2.1 ml) consists
of four spheres of 10 mm in diameter, representing the
most confined shape of clinically significant size
(0.5 ml). Phantoms A2 (1.1 ml) and A3 (0.44 ml) con-
tain the same architecture of spheres with sub-clini-
cally relevant diameters of 8 mm and 6mm,
respectively. Phantom B (3.4 ml) consists of two inde-
pendent lesions of significant size that are more than
3 mmbut less than 5 mm apart; this is the smallest sig-
nificant gap for which two tumours are considered
independent [47]. Phantom C (1.7 ml) consists of two
similarly-sized structures of which one is oriented
along the slicing direction and the other one is orien-
ted in the transverse plane. Since both structures are
slightly tilted, errors occurring due to the ‘shear effect’
are elegantly shown. This effect indicates the inability
to identify ill-alignment in interpolating 2D-slices
[13]. Phantom D (3.3 ml) harbours two semi-toroid
structures that appear as two separate contours in
some slices, whereas they are joined in others. Phan-
tom E (2.6 ml) contains similar structures, but now
another unconnected structure is added. Lastly, phan-
tom F (3.0 ml) shows a single tumour structure with a
hole. These last three phantoms verify the validity of
the decision rule in connecting contours [33].

Prostate outlines were added to the phantoms in
order to show how the tumour dimensions relate to the
size of a typical prostate. It concerns an ellipsoid shape of
48, 34.2 and 40mm along the main axes. After triangu-
lation, the structure has a volume of 31.9 ml, which is
equal to the average volumeofRP specimens [50].
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2.10. Validation and quantification
The phantoms depicted in figure 3 underwent a virtual
slicing procedure by computing the cross-sections of the
phantom with planes that were positioned a slice
thickness d apart in the longitudinal (z) direction. For
each simulation, these locations were all randomly
displaced according to a normal distribution with a
standarddeviationof 0.5mm, that is, the largest reported
in the literature [28]. In order to quantify the effect of
misorientation, the planes were placed under an angle
0±αstd° around to the y-axis. The errors resulting from
misalignments were assessed by random displacements
0±wstd mm in the x- and y-directions. Subsequently,

the phantom contours were extracted, interpolated, and
reconstructed assuming a perfect slicing procedure with
the given slice thickness (i.e., no displacements, misor-
ientation, and misalignments). An example of a slicing
and reconstructionprocedure is shown infigure 4.

Each simulation sequence was executed 15 times
to show the effect of the randomness and to rule out
incidental findings. Simulations in which the inter-
polation algorithm failed to find a closed solutionwere
excluded (<4%). To assess the quality of the recon-
struction, the fractional volume difference (FVD) was
calculated: the volume difference between reconstruc-
tion (Vrec) and original phantom (Vref) as a fraction of

Figure 3.Depiction of the 3Dprostate-tumour phantoms used in this work. All phantoms have a 24×17.1×20 mmradii ellipsoid
prostate boundary. (A1)–(A3) consist of four spherical lesions with a radius of 5, 4, and 3 mm, respectively; (B) represents two
clinically relevant tumour foci with a gap of less than 5 mm in between; (C) contains two tumour foci with different orientationwith
respect to the longitudinal plane; (D) consists of two semi-toroid structures; (E) harbours a semi-toroid with another structure in
between; (F) contains a single structurewith a hole.
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the original phantomvolume:

V V VFVD 2rec ref ref= -(∣ ∣ ∣ ∣) ∣ ∣ ( )

inwhich |V| represents the volume ofV.
In addition, the reconstruction errors were quanti-

fied by the shortest distance between the outer surface
of the original phantom and that of the reconstruc-
tion. More specifically, the 90th percentile of the
reconstruction errors are mentioned. This means that
90% of the points on the original surface and the
corresponding reconstruction surface are within an
errormargin of the given value.

Lastly, the overlap between reference and recon-
struction was studied using the Dice coefficient, which
defines the relative volume shared by reconstruction
and reference as follows [23]:

V V V VD 2 . 3rec ref ref recÇ= +(∣ ∣) (∣ ∣ ∣ ∣) ( )

3. Results

3.1. Slice thickness
Figure 5 depicts the interpolation performance versus
the slice thickness d±0.5 mm. It is observed that, for

Figure 4.Virtual slicing procedure; (a) slicing of the digital phantom (6 mm); (b) simulated histological slices; (c) resulting
reconstruction of the original phantombased on the slices.

Figure 5.Mean fractional volumedifference (FVD), 90thpercentile valueof the errordistance (90thP%), andDice coefficientof 15 sectioning
simulationsofphantom (A1)–(F)versus the slice distanced±0.5 mm.The errorbars indicate the standarddeviationamong the results.

7

Biomed. Phys. Eng. Express 3 (2017) 035014 RRWildeboer et al



slice thicknesses up to 4 mm, the means and standard
deviations of the performance measures stay virtually
constant. They exhibit error margins below 1.5 mm,
FVD within 10% from baseline, and Dice coefficient
above 0.85 (see grey regions). Some tumour designs
appear to be generally more difficult to interpolate.
From slice thicknesses >4 mm, the performance
measures and standard deviations degrade rapidly and
are less predictable. This is because the position of the
slices with respect to the tumour structure is increas-
ingly important; for example, a small deviation in an
8 mm slicing sequence might lead to missing entire
tumour foci.

3.2. Slice orientation
To quantify the effect of non-parallel slicing, the angle
of the transversal cross-sections in a 4 mm equidistant
slicing sequence was randomly adjusted by 0±αstd°
around the y-axis. In figure 6, it is shown that an
increasing αstd does not result in a large difference in
means with respect to the parallel sequence, but it
affects the standard deviations of the results. This is
due to an equal probability of cross-sections appearing
somewhat larger or somewhat smaller than they
should.

3.3. Slice alignment
The interpolation requires the 2D contours to be
spatially aligned in 3D in order to reconstruct the
original shape. Due to the sparsity of the data in the
longitudinal direction, misalignment is a recurring
problem in 3D reconstruction which is difficult to
identify or avoid without additional information. As
can be seen in figure 7, displacements of 0±wstd mm
in the x, y-plane affect the Dice coefficient to a larger
extent than the other performance measures. This is
because reconstructed structures may maintain their
original shape and volume, while shifting from the
original position. Randommisalignment ofmore than
1.5 mm introduces large performance drops.

3.4. Tumour size
Considering only the spherical phantoms (A1)–(A3),
roughly the same effects as for the other designs are
seen. It becomes clear from figure 8 that the errors are
generally largest for the smallest lesions, as well as the
variety (standard deviations) in their results. There-
fore, sub-clinically relevant structures smaller than
0.25 ml are not expected to be well interpolated for
large inter-slice spacings of�4 mm.

Figure 6.Mean fractional volume difference (FVD), 90th percentile value of the error distance (90th P%), andDice coefficient of 15
sectioning simulations of phantom (A1)–(F)with 4 mmslices oriented under an angle of 0±αstd° as function of the standard
deviation. The error bars indicate the standard deviation among the results.
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Figure 7.Mean fractional volumedifference (FVD), 90thpercentile value of the error distance (90thP%), andDice coefficient of 15
sectioning simulations of phantom (A1)–(F)withparallel 4 mmslices that aremisaligned in the transverseplane byΔx=Δy=0±wstd

mmas function of themisalignment standarddeviation. The errorbars indicate the standard deviation among the results.

Figure 8.Mean fractional volume difference (FVD), 90th percentile value of the error distance (90th P%), andDice coefficient of 15
sectioning simulations of phantom (A1)–(A3)with (a) parallel slicing distances of d±0.5 mm, (b) 4 mmslicing under an angle
0±αstd° and (c)misalignments in the transverse plane byΔx=Δy=0±wstd mm.
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3.5. 3D reconstruction of patient pathology
To illustrate the applicability of the described inter-
polation method, we applied the presented method to
actual pathology data. The RP specimens were col-
lected in the Academic Medical Center (Amsterdam,
The Netherlands) for an approved study with
informed consent. The prostate and tumour contours
were delineated by a pathologist and subsequently
digitized, aligned, and used to reconstruct the histo-
pathology. In accordance with the above protocol, a
slice thickness of 4 mm was adopted. In figure 9, the
histopathology slices and their 3D reconstruction are
shown. We also conducted the 3D reconstruction
based on an 8 mm slicing procedure, by only taking
into account every other slice. These results, shown
alongside the 4 mm models, clearly demonstrate the
effects predicted in section 3.1; for slice distances
>4 mm, tumour structures are underestimated in size
(see the arrows indicated with *), small lesions are
missed (see arrows indicated with •), and tumour
shapes are not well-captured (see arrows indicated
with -).

4.Discussion

Because of the demand for imaging validation and the
development of 3D imaging modalities, an accurate
3Dmodel from the RP specimen becomes increasingly
important. Nowadays, validation with histopathology
is performed by matching 2D imaging planes with
corresponding 2D histological slices, or by registration

of the 3D volumes [34]. Because histological slices and
imaging planes cannot be considered to be completely
overlapping and aligned, the second approach is
favourable, provided that the 3D reconstruction is
sufficiently accurate. Considering the dimensions of
the prostate, small errors in the slicing procedure have
relatively large effects. In this work, these effects were
quantified, allowing us to determine the required
accuracy in the pathology workflow for reliable 3D
reconstruction.

We described and tested a RBF-based algorithm to
reconstruct the tumour structures from a series of 2D
histopathologic slices. Using in silico phantoms repre-
senting frequently encountered tumour structures, we
demonstrated that slice thicknesses up to 4 mm can be
used to reconstruct tumours of clinically significant
size with an appreciable accuracy; the surfaces deviate
within a 1.5 mm90%-errormargin, the volume differ-
ence between reference and reconstruction does not
exceed 10%, and a Dice coefficient above 0.85 is
maintained.

This study was performed in silico, as it enabled us
to repeat the slicing procedure with different values
and ensured a valid ground truth. This way, it was pos-
sible to rule out incidental findings caused by for-
tunate or unfortunate positioning of the slices with
respect to the lesions. Preferably, the tumour appears
in as many cross-sections as possible, so that the over-
all tumour shape is best represented. Since the tumour
shape is not known beforehand, the suitability of the
set of contours depends on the initial slicing location.
It should therefore be noted that there is an intrinsic

Figure 9.Three-dimensional reconstruction of prostatic histopathology (A), (D), based on a 4 mmslicing procedure (B), (E) and an
8 mmslicing procedure (C), (F). Data from twoRP specimens, (A), (B), (C) and (D), (E), (F) respectively. The arrows highlight the
differences between the two reconstructions in terms of size underestimation (*), the absence of small lesions (•) and the
misrepresentation of shape (-).
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variation in the outcomes of every slicing procedure.
This effect was demonstrated using histopathology
datasets of twoRP specimens.

A limitation of the procedure is that the occur-
rence of errors was simulated as a random process.
Depending on the details of the histopathology proce-
dure, systematic errors can be expected in slicing and
alignment. For example, one might find the standard
deviation of the angle to be dependent on slice thick-
ness or location in the prostate. However, when mak-
ing use of cutting devices, this error remains constant.
Also the slicing direction (i.e., apex-base or vice versa)
might have an influence; due to the cumulative errors
in slice thickness, the location of the first slice could be
more accurate than the last one. Furthermore, it was
observed that slicing itself might introduce tears,
deformations and inconsistencies that are not model-
led here [16].

Since the algorithm uses criteria regarding inter-
contour connection and top and bottom heights, the
procedure can be optimized to best suit the evaluation
at hand. The false positive or false negative volumes
can be reduced by using a more conservative or loose
decision rule, respectively. Ultimately, more elaborate
and robust decision rules can be devised that take into
account the lesion volumes and contour shapes.

Since 4 mm slicing distances were found to be suf-
ficient, the algorithm does not require the pathologist
to perform a more elaborate and laborious protocol for
the histological examination. Furthermore, although the
computation time for interpolation depends on the
number of contours and data points, the reconstruction
generally takes around 1–2min (using one core on a
3.40 GHzquad-core processor personal computer).

Whereas slight deviations in front-face angle did
not substantially alter the reconstruction for clinically
significant PCa lesions, the inter-slice misalignment
significantly affected the interpolation performance.
This underlines the need for an alignment strategy
such as the use of fiducial markers or block-face pho-
tographs. Recent alignment strategies have shown to
reducemisalignment distances to 0.6 mm [13].

It was demonstrated that the errors made in
tumour interpolation are in the same order of magni-
tude as the registration errors (e.g., 1.1 mm [20],
0.71 mm [21], 2–3 mm [18], 0.82 mm [19],
2.26–3.74 mm [22], 3.1 mm [25], 1.5–2.1 mm [14]).
Nevertheless, the total error in matching histopatho-
logically-confirmed tumour structures with images is
not simply an addition of these errors. Especially in
elastic registration, the registration processmight even
compensate for misalignments in interpolation. Since
tumours tend to spread along the prostatic capsule
[37], especially surface-based registration algorithms
could correct tumour misalignments. In any case, the
quantified errors of this study indicate that caution
should be taken in interpreting the histopathological
data within 1.5 mm from delineated borders of areas
marked asmalignant.

Despite some debate, the total tumour volume is
generally regarded as a valuable prognostic marker
[11, 12], particularly for biochemical recurrence after RP
[51]. Current protocols include extensive stereological
methods to estimate the volume, but these methods
have some well-known limitations in labour and time
involved [12]. The presented interpolation method is
found to estimate the volumes with less than 10% offset
for the average standardhistopathology protocol.

Furthermore, the technique is not limited to the
prostate alone and might be used for other small
organs, in particular those that do not have usable
internal natural markers. Similar reconstruction pro-
tocols have been developed for the (animal) brain [40].
However, the optimal slicing thickness, location of
seed points and decision rules should be tailored to the
dimensions and requirements of that organ.

In conclusion, we presented a 3D interpolation algo-
rithm that is able to reconstruct PCa tumour structures
based on 2D histopathologic slices and quantified to
what extent this is affected by errors in the pathology
procedure in terms of slicing distance, slicing angle and
misalignments. It was demonstrated that an inter-slice
distance up to 4mmpermits reliable use of 3D histology
as gold standard. A good reconstruction of the 3D
tumour shape enables the validation of cancerous
representation in novel imaging modalities with high
precision.With accurate tumour localization, the valida-
tion is no longer limited to large tumours or quadrants.
More patients may be enrolled in studies when tumours
of all shapes and sizes can be reliably used for validation,
increasing the statistical outcomesof the validation.

Acknowledgments

This study has been performed in the framework of
the IMPULS2-programwithin the Eindhoven Univer-
sity of Technology in collaboration with Philips. It was
also supported by the European Research Council
Starting Grant (#280209) as well as a grant from the
DutchCancer Society (#UVA2013-5941).

References

[1] AmericanCancer Society 2015Cancer Facts and Figures 2015
(Atlanta, GA: AmericanCancer Society)

[2] AmericanCancer Society 2012Global Cancer Facts and Figures
3rd edn (Atlanta, GA: AmericanCancer Society) pp 1–64

[3] LoebS,VellekoopA,AhmedHU,Catto J, EmbertonM,NamR,
RosarioD J, ScattoniV andLotanY2013 Systematic reviewof
complications of prostate biopsyEur.Urol.64876–92

[4] UkimuraO et al 2013Contemporary role of systematic
prostate biopsies: indications, techniques, and implications for
patient care Eur. Urol. 63 214–30

[5] BangmaCH,Roemeling S and Schröder FH2007
Overdiagnosis and overtreatment of early detected prostate
cancerWorld J. Urol. 25 3–9

[6] vanHove A, Savoie P-H,MaurinC, Brunelle S, Gravis G,
SalemNandWalz J 2014Comparison of image-guided
targeted biopsies versus systematic randomized biopsies in the
detection of prostate cancer: a systematic literature review of
well-designed studiesWorld J. Urol. 32 847–58

11

Biomed. Phys. Eng. Express 3 (2017) 035014 RRWildeboer et al

https://doi.org/10.1016/j.eururo.2013.05.049
https://doi.org/10.1016/j.eururo.2013.05.049
https://doi.org/10.1016/j.eururo.2013.05.049
https://doi.org/10.1016/j.eururo.2012.09.033
https://doi.org/10.1016/j.eururo.2012.09.033
https://doi.org/10.1016/j.eururo.2012.09.033
https://doi.org/10.1007/s00345-007-0145-z
https://doi.org/10.1007/s00345-007-0145-z
https://doi.org/10.1007/s00345-007-0145-z
https://doi.org/10.1007/s00345-014-1332-3
https://doi.org/10.1007/s00345-014-1332-3
https://doi.org/10.1007/s00345-014-1332-3


[7] OrczykC, EmbertonMandAhmedHU2015What tumours
shouldwe treat with focal therapy based on risk category,
grade, size and location?Curr. Opin. Urol. 25 212–9

[8] van den BosW et al 2014 Focal therapy in prostate cancer:
internationalmultidisciplinary consensus on trial designEur.
Urol. 65 1078–83

[9] De la Rosette J, AhmedH, Barentsz J, Johansen TB, BrausiM,
EmbertonM, Frauscher F, GreeneD,HarisinghaniM and
Haustermans K 2010 Focal therapy in prostate cancer—report
from a consensus panel J. Endourol. 24 775–80

[10] Montironi R, van derKwast T, Boccon-Gibod L, BonoAV and
Boccon-Gibod L 2003Handling and pathology reporting of
radical prostatectomy specimens Eur. Urol. 44 626–36

[11] Buhmeida A, Pyrhönen S, LaatoMandCollan Y 2006
Prognostic factors in prostate cancerDiagn. Pathol. 1 1–15

[12] MontironiR,Mazzucchelli R andvanderKwast T2003
Morphological assessment of radical prostatectomyspecimens. a
protocolwith clinical relevanceVirchowsArch.442 211–7

[13] Hughes C, RouviereO,Mege-Lechevallier F, SouchonR and
Prost R 2013Robust alignment of prostate histology slices with
quantified accuracy IEEETrans. Biomed. Eng. 60 281–91

[14] Schalk SG, PostemaA, SaidovTA,DemiL, SmeengeM,
de laRosette J JMCH,WijkstraHandMischiM2016 3D
surface-based registrationofultrasoundandhistology inprostate
cancer imagingComput.Med. ImagingGraph.47 29–39

[15] OrczykC, Taneja S S, RusinekH andRosenkrantz AB 2014
Assessment of change in prostate volume and shape following
surgical resection through co-registration of in vivoMRI and
fresh specimen ex vivoMRIClin. Radiol. 69 e398–403

[16] Chen LH,HoH, Lazaro R, ThngCH, Yuen J,NgWS and
ChengC 2010Optimum slicing of radical prostatectomy
specimens for correlation between histopathology andmedical
images Int. J. Comput. Assist. Radiol. Surg. 5 471–87

[17] Heijmink SW, Scheenen TW J, van Lin EN J T, Visser AG,
Kiemeney LALM,Witjes J A andBarentsz JO 2009Changes
in prostate shape and volume and their implications for
radiotherapy after introduction of endorectal balloon as
determined byMRI at 3T Int. J. Radiat. Oncol. Biol. Phys. 73
1446–53

[18] Groenendaal G,MomanMR,Korporaal J G, vanDiest P J,
vanVulpenM, PhilippensMEP and van derHeideUA2010
Validation of functional imagingwith pathology for tumor
delineation in the prostateRadiother. Oncol. 94 145–50

[19] ZhanY,OuY, FeldmanM, Tomaszeweski J, Davatzikos C and
ShenD2007Registering histologic andMr images of prostate
for image-based cancer detectionAcad. Radiol. 14 1367–81

[20] WardAD, CrukleyC,McKenzie CA,Montreuil J, Gibson E,
Romagnoli C,Gomez J A,MoussaM,Chin J and BaumanG
2012 Prostate: registration of digital histopathologic images to
in vivoMR images acquired by using endorectal receive coil
Radiology 263 856–64

[21] GibsonE, Crukley C,GaedM,Gómez J A,MoussaM,Chin J L,
BaumanGS, Fenster A andWardAD2012Registration of
prostate histology images to ex vivoMR images via strand‐
shaped fiducials J.Magn. Reson. Imaging 36 1402–12

[22] ParkH, PiertMR, KhanA, ShahR,HussainH, Siddiqui J,
Chenevert T L andMeyer CR 2008Registrationmethodology
for histological sections and in vivo imaging of humanprostate
Acad. Radiol. 15 1027–39

[23] OrczykC, RusinekH, Rosenkrantz AB,Mikheev A,Deng F-M,
Melamed J andTaneja S S 2013 Preliminary experiencewith a
novelmethod of three-dimensional co-registration of prostate
cancer digital histology and in vivomultiparametricMRIClin.
Radiol. 68 e652–8

[24] ReynoldsHM et al 2015Development of a registration
framework to validateMRIwith histology for prostate focal
therapyMed. Phys. 42 7078–89

[25] NirG, Sahebjavaher R S, Kozlowski P, Chang SD, Sinkus R,
Goldenberg S L and Salcudean S E 2013Model-based
registration of ex vivo and in vivoMRI of the prostate using
elastography IEEETrans.Med. Imaging 32 1068–80

[26] ShahV, Pohida T, Turkbey B,ManiH,MerinoM, Pinto PA,
Choyke P andBernardoM2009Amethod for correlating

in vivo prostatemagnetic resonance imaging and
histopathology using individualizedmagnetic resonance-
basedmoldsRev. Sci. Instrum. 80 104301

[27] Priester A,Natarajan S, Le JD,Garritano J, Radosavcev B,
GrundfestW,Margolis D JA,Marks L S andHuang J 2014A
system for evaluatingmagnetic resonance imaging of prostate
cancer using patient-specific 3DprintedmoldsAm. J. Clin.
Exp. Urol. 2 127–35

[28] GibsonE, Gómez J A,MoussaM,Crukley C, BaumanG,
Fenster A andWardAD2012 3D reconstruction of prostate
histology based on quantified tissue cutting and deformation
parametersProc. SPIE 8317 83170N

[29] GibsonE, GaedM,Gómez J A,MoussaM, Pautler S, Chin J L,
Crukley C, BaumanG S, Fenster A andWardAD2013 3D
prostate histology image reconstruction: quantifying the
impact of tissue deformation andhistology section location
J. Pathol. Inform. 4 31

[30] Egevad L 2012Handling of radical prostatectomy specimens
Histopathology 60 118–24

[31] OuY, ShenD, FeldmanM,Tomaszewski J andDavatzikos C
Non-rigid registration between histological andMR images of
the prostate: a joint segmentation and registration framework
Computer Vision and Pattern Recognition (CVPR)Workshop:
MathematicalMethods in Biomedical Image Analysis (MMBIA)
(Miami, FL) pp 125–32 http://repository.upenn.edu/be_
papers/141/

[32] Taylor L S, Porter BC,NadasdyG, di Sant’Agnese PA,
PasternackD,WuZ, Baggs RB, RubensD J and Parker K J
2004Three-dimensional registration of prostate images from
histology and ultrasoundUltrasoundMed. Biol. 30 161–8

[33] Rojas KD et al 2015Methodology to study the three-
dimensional spatial distribution of prostate cancer and their
dependence on clinical parameters J.Med. Imaging 2 37502

[34] XiaoG, BlochBN,Chappelow J, Genega EM, RofskyNM,
Lenkinski R E, Tomaszewski J, FeldmanMD,RosenMand
Madabhushi A 2011Determining histology-MRI slice
correspondences for definingMRI-based disease signatures of
prostate cancerComput.Med. ImagingGraph. 35 568–78

[35] YamamotoH,NirD, Vyas L, ChangRT, Popert R, Cahill D,
Challacombe B,Dasgupta P andChandra A 2014Aworkflow
to improve the alignment of prostate imagingwithwhole-
mount histopathologyAcad. Radiol. 21 1009–19

[36] Malone SC,Haridass A,Nyiri B, Croke J,MaloneC,
BreauRH,MorashC, Avruch L,DaneshmandMand
MaloneK 2014Creation of three-dimensional prostate cancer
maps:methodology and clinical and research implications
Arch. Pathol. Lab.Med. 138 803–8

[37] Haffner J, Potiron E, Bouyé S, Puech P, Leroy X,
Lemaitre L andVillers A 2009 Peripheral zone prostate cancers:
location and intraprostatic patterns of spread at histopathology
Prostate 69 276–82

[38] Albu A B, Beugeling T and LaurendeauD 2008 A
morphology-based approach for interslice interpolation of
anatomical slices from volumetric images IEEE Trans.
Biomed. Eng. 55 2022–38

[39] Kels S andDynN2011Reconstruction of 3Dobjects from 2D
cross-sectionswith the 4-point subdivision scheme adapted to
setsComput. Graph. 35 741–6

[40] Ourselin S, RocheA, Subsol G, PennecX andAyacheN2001
Reconstructing a 3D structure from serial histological sections
Image Vis. Comput. 19 25–31

[41] Li Y, Shin J, Choi Y andKim J 2015Three-dimensional
volume reconstruction from slice data using phase-field
modelsComput. Vis. ImageUnderst. 137 115–24

[42] Werahera PN,MillerG J, TaylorGD, Brubaker T,
Daneshgari F andCrawford ED 1995A3D reconstruction
algorithm for interpolation and extrapolation of planar cross
sectional data IEEETrans.Med. Imaging 14 765–71

[43] SalarianM, ShahediM,Gibson E,GaedM,Gómez J A,
MoussaM, BaumanGS andWardAD2013Toward
quantitative digital histopathology for prostate cancer:
comparison of inter-slide interpolationmethods for tumour
measurement Proc. SPIE 8676 86760F

12

Biomed. Phys. Eng. Express 3 (2017) 035014 RRWildeboer et al

https://doi.org/10.1097/MOU.0000000000000170
https://doi.org/10.1097/MOU.0000000000000170
https://doi.org/10.1097/MOU.0000000000000170
https://doi.org/10.1016/j.eururo.2014.01.001
https://doi.org/10.1016/j.eururo.2014.01.001
https://doi.org/10.1016/j.eururo.2014.01.001
https://doi.org/10.1089/end.2009.0596
https://doi.org/10.1089/end.2009.0596
https://doi.org/10.1089/end.2009.0596
https://doi.org/10.1016/S0302-2838(03)00381-6
https://doi.org/10.1016/S0302-2838(03)00381-6
https://doi.org/10.1016/S0302-2838(03)00381-6
https://doi.org/10.1186/1746-1596-1-4
https://doi.org/10.1186/1746-1596-1-4
https://doi.org/10.1186/1746-1596-1-4
https://doi.org/10.1007/s00428-003-0841-z
https://doi.org/10.1007/s00428-003-0841-z
https://doi.org/10.1007/s00428-003-0841-z
https://doi.org/10.1109/TBME.2012.2225835
https://doi.org/10.1109/TBME.2012.2225835
https://doi.org/10.1109/TBME.2012.2225835
https://doi.org/10.1016/j.compmedimag.2015.11.001
https://doi.org/10.1016/j.compmedimag.2015.11.001
https://doi.org/10.1016/j.compmedimag.2015.11.001
https://doi.org/10.1016/j.crad.2014.06.012
https://doi.org/10.1016/j.crad.2014.06.012
https://doi.org/10.1016/j.crad.2014.06.012
https://doi.org/10.1007/s11548-010-0405-z
https://doi.org/10.1007/s11548-010-0405-z
https://doi.org/10.1007/s11548-010-0405-z
https://doi.org/10.1016/j.ijrobp.2008.06.1491
https://doi.org/10.1016/j.ijrobp.2008.06.1491
https://doi.org/10.1016/j.ijrobp.2008.06.1491
https://doi.org/10.1016/j.ijrobp.2008.06.1491
https://doi.org/10.1016/j.radonc.2009.12.034
https://doi.org/10.1016/j.radonc.2009.12.034
https://doi.org/10.1016/j.radonc.2009.12.034
https://doi.org/10.1016/j.acra.2007.07.018
https://doi.org/10.1016/j.acra.2007.07.018
https://doi.org/10.1016/j.acra.2007.07.018
https://doi.org/10.1148/radiol.12102294
https://doi.org/10.1148/radiol.12102294
https://doi.org/10.1148/radiol.12102294
https://doi.org/10.1002/jmri.23767
https://doi.org/10.1002/jmri.23767
https://doi.org/10.1002/jmri.23767
https://doi.org/10.1016/j.acra.2008.01.022
https://doi.org/10.1016/j.acra.2008.01.022
https://doi.org/10.1016/j.acra.2008.01.022
https://doi.org/10.1016/j.crad.2013.07.010
https://doi.org/10.1016/j.crad.2013.07.010
https://doi.org/10.1016/j.crad.2013.07.010
https://doi.org/10.1118/1.4935343
https://doi.org/10.1118/1.4935343
https://doi.org/10.1118/1.4935343
https://doi.org/10.1109/TMI.2013.2251469
https://doi.org/10.1109/TMI.2013.2251469
https://doi.org/10.1109/TMI.2013.2251469
https://doi.org/10.1063/1.3242697
https://doi.org/10.1117/12.912363
https://doi.org/10.4103/2153-3539.120874
https://doi.org/10.1111/j.1365-2559.2011.04002.x
https://doi.org/10.1111/j.1365-2559.2011.04002.x
https://doi.org/10.1111/j.1365-2559.2011.04002.x
http://repository.upenn.edu/be_papers/141/
http://repository.upenn.edu/be_papers/141/
https://doi.org/10.1016/j.ultrasmedbio.2003.10.005
https://doi.org/10.1016/j.ultrasmedbio.2003.10.005
https://doi.org/10.1016/j.ultrasmedbio.2003.10.005
https://doi.org/10.1117/1.JMI.2.3.037502
https://doi.org/10.1016/j.compmedimag.2010.12.003
https://doi.org/10.1016/j.compmedimag.2010.12.003
https://doi.org/10.1016/j.compmedimag.2010.12.003
https://doi.org/10.1016/j.acra.2014.04.015
https://doi.org/10.1016/j.acra.2014.04.015
https://doi.org/10.1016/j.acra.2014.04.015
https://doi.org/10.5858/arpa.2012-0609-OA
https://doi.org/10.5858/arpa.2012-0609-OA
https://doi.org/10.5858/arpa.2012-0609-OA
https://doi.org/10.1002/pros.20881
https://doi.org/10.1002/pros.20881
https://doi.org/10.1002/pros.20881
https://doi.org/10.1109/TBME.2008.921158
https://doi.org/10.1109/TBME.2008.921158
https://doi.org/10.1109/TBME.2008.921158
https://doi.org/10.1016/j.cag.2011.03.007
https://doi.org/10.1016/j.cag.2011.03.007
https://doi.org/10.1016/j.cag.2011.03.007
https://doi.org/10.1016/S0262-8856(00)00052-4
https://doi.org/10.1016/S0262-8856(00)00052-4
https://doi.org/10.1016/S0262-8856(00)00052-4
https://doi.org/10.1016/j.cviu.2015.02.001
https://doi.org/10.1016/j.cviu.2015.02.001
https://doi.org/10.1016/j.cviu.2015.02.001
https://doi.org/10.1109/42.476120
https://doi.org/10.1109/42.476120
https://doi.org/10.1109/42.476120
https://doi.org/10.1117/12.2007103


[44] CoolD,DowneyD, Izawa J, Chin J and Fenster A 2006 3D
prostatemodel formation fromnon-parallel 2Dultrasound
biopsy imagesMed. Image Anal. 10 875–87

[45] Carr J C, Beatson RK,Cherrie J B,Mitchell T J, FrightWR,
McCallumBC andEvans TR 2001Reconstruction and
representation of 3Dobjects with radial basis functionsProc.
28thAnnual Conf. on Computer Graphics and Interactive
Techniques pp 67–76

[46] ChenME, JohnstonDA, TangK, BabaianR J andTroncoso P
2000Detailedmapping of prostate carcinoma fociCancer 89
1800–9

[47] Erbersdobler A,Huhle S, Palisaar J, GraefenM,Hammerer P,
Noldus J andHulandH2002 Pathological and clinical
characteristics of large prostate cancers predominantly located
in the transition zoneProstate Cancer Prostatic Dis. 5 279–84

[48] TaoR, TavakoliM, Sloboda R andUsmaniN2015A
comparison ofUS-versusMR-based 3Dprostate shapes using
radial basis function interpolation and statistical shapemodels
IEEE J. Biomed.Health Inform. 19 623–34

[49] DinhHQ, TurkG and SlabaughG 2002 Reconstructing
surfaces by volumetric regularization using radial basis
functions IEEE Trans. Pattern Anal.Mach. Intell. 24
1358–71

[50] Frimmel H, Egevad L, Bengtsson E and Busch C 1999
Modeling prostate cancer distributionsUrology 54
1028–34

[51] KimKH, Lim SK, Shin T-Y, KangDR,HanWK,Chung BH,
RhaKH andHong S J 2013Tumor volume adds prognostic
value in patients with organ-confined prostate cancerAnn.
Surg. Oncol. 20 3133–9

13

Biomed. Phys. Eng. Express 3 (2017) 035014 RRWildeboer et al

https://doi.org/10.1016/j.media.2006.09.001
https://doi.org/10.1016/j.media.2006.09.001
https://doi.org/10.1016/j.media.2006.09.001
https://doi.org/10.1145/383259.383266
https://doi.org/10.1145/383259.383266
https://doi.org/10.1145/383259.383266
https://doi.org/10.1002/1097-0142(20001015)89:8<1800::AID-CNCR21>3.0.CO;2-D
https://doi.org/10.1002/1097-0142(20001015)89:8<1800::AID-CNCR21>3.0.CO;2-D
https://doi.org/10.1002/1097-0142(20001015)89:8<1800::AID-CNCR21>3.0.CO;2-D
https://doi.org/10.1002/1097-0142(20001015)89:8<1800::AID-CNCR21>3.0.CO;2-D
https://doi.org/10.1038/sj.pcan.4500602
https://doi.org/10.1038/sj.pcan.4500602
https://doi.org/10.1038/sj.pcan.4500602
https://doi.org/10.1109/JBHI.2014.2324975
https://doi.org/10.1109/JBHI.2014.2324975
https://doi.org/10.1109/JBHI.2014.2324975
https://doi.org/10.1109/TPAMI.2002.1039207
https://doi.org/10.1109/TPAMI.2002.1039207
https://doi.org/10.1109/TPAMI.2002.1039207
https://doi.org/10.1109/TPAMI.2002.1039207
https://doi.org/10.1016/S0090-4295(99)00308-8
https://doi.org/10.1016/S0090-4295(99)00308-8
https://doi.org/10.1016/S0090-4295(99)00308-8
https://doi.org/10.1016/S0090-4295(99)00308-8
https://doi.org/10.1245/s10434-013-3016-4
https://doi.org/10.1245/s10434-013-3016-4
https://doi.org/10.1245/s10434-013-3016-4

	1. Introduction
	2. Methods and materials
	2.1. Histological procedure
	2.2. Interpolation approach
	2.3. Step 1. Positioning of histological data
	2.4. Step 2. Identification of independent lesions
	2.5. Step 3. Definition of tops and bottoms
	2.6. Step 4. Definition of seed points using surface normal vectors
	2.7. Step 5. Interpolation by RBFs
	2.8. Step 6. Isosurfacing of the distance map
	2.9. In silico phantoms
	2.10. Validation and quantification

	3. Results
	3.1. Slice thickness
	3.2. Slice orientation
	3.3. Slice alignment
	3.4. Tumour size
	3.5.3D reconstruction of patient pathology

	4. Discussion
	Acknowledgments
	References



