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ABSTRACT

No current imaging technique is capable of detecting with
precision tumours within the prostate. To evaluate each tech-
nique, the histology data must be registered to the imaged
data. As the histology slices cannot be assumed to be cut
along the same plane as the imaged data was acquired, the
registration must be considered as a 3D problem. We propose
a novel 3D registration method which uses the ejaculatory
ducts, an anatomical landmark present in every prostate and
visible in both MR and histology. The method has been tested
on 3 prostate specimens. The aligned histology slices are first
shear corrected, with an average angular error after correc-
tion of 2.83±1.46◦. The MR-histology registration accuracy,
evaluated operator-independently, is on average 1.50 ± 0.74
mm.

Index Terms— Histology, MRI, Prostate, Registration

1. INTRODUCTION

Prostate cancer is the most common malignancy among men
and the third highest cause of mortality in Europe in 2008 [1].
Imaging is important in the diagnosis, local staging and treat-
ment follow-up and is a powerful tool as most imaging tech-
niques are non-invasive, non-destructive and can provide dy-
namic real-time data and repeated measurements [2]. Each
technique has advantages, disadvantages and specific indica-
tions, yet no current imaging method is capable of detecting
with precision tumours within the gland and no consensus ex-
ists regarding the use of imaging techniques [2].

The critical issue in prostate cancer is distinguishing be-
tween benign and malignant tissue with the ground truth in-
formation contained in the histology slices of the prostatec-
tomy specimen. To evaluate each imaging technique and de-
termine the optimum combination of techniques, the histol-
ogy data must be precisely mapped to the imaged data. For
each imaging technique, a quantitative analysis of the sig-

nal in the zones corresponding exactly to the histology tu-
mours would enable a definition of the signal characteristics
of prostate cancerous tissue for that technique.

Currently, for the diagnosis and localisation of prostate
cancer, the most effective imaging method is MR, provided it
is multi-parametric, i.e. it combines different sequences (e.g.
T2-weighted imaging, diffusion-weighted imaging, dynamic
contrast-enhanced imaging and/or spectroscopy) [3].

MR-histology registration is a challenging problem, due
in particular to (i) the complex deformation and tissue loss
caused by the extraction of the prostate from the body and
the histology sectioning process and (ii) the significant differ-
ences in the two image modalities, specifically the difference
in resolution, mm for MR and µm for histology, means that
features clearly visible in histology may not be detectable in
MR.

There are two general approaches to register the histol-
ogy data to the in vivo pre-operative images; the first is a
2D-2D registration, which assumes that the prostate specimen
is sliced along the same plane orientation as the in vivo im-
ages were acquired. Various methods have been proposed to
ensure the orientation is held constant for imaging and slic-
ing [4], however no consensus exists as to an optimum tech-
nique. In general, it cannot be assumed that the histology
slices are cut along the same plane as the imaged data was ac-
quired and so the mapping must be considered as a 3D prob-
lem. Hence the second approach is a 3D registration of the
imaged data volume with the histology volume.

Various methods have been proposed in the literature
to achieve this 3D registration, [5] manually segments the
prostate in both modalities and then optimises the super-
position of the two point clouds. The method described
in [6] also uses the prostate boundary, as well as internal
landmarks, to guide the registration. Due to the aforemen-
tioned deformation and tissue loss, we do not consider the
prostate boundary to be a reliable feature to guide the reg-
istration. Other methods propose breaking the registration
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into sub-registration tasks involving intermediate modalities,
often block-face images acquired during the histology sec-
tioning process [7]. However the acquisition of such images
lengthens the processing time of the clinical routine. The
registration methods presented in [8,9] were developed using
images of the brain, an organ with far greater structural de-
tail, and thus information redundancy, than the prostate. The
method detailed in [10] first estimates, in a 2D-2D sense, the
histology-MR slice correspondences, then determines the 3D
registration between the histology and MR volumes. How-
ever the authors noted that the 3D registration caused only a
small change to the slice correspondences.

We propose and describe here a novel method for 3D
prostate MR-histology registration. The histology slices are
first aligned using the method described in [11] whereby
three fiducial needles are inserted into the fresh prostate spec-
imen. We detail here a method to correct for the shear error
that may be present in the aligned histology slices, thus en-
suring that we have an accurately reconstructed histology
volume. The 3D MR-histology registration is then achieved
using the ejaculatory ducts, an anatomical landmark present
in every prostate specimen, and visible in both histology and
MR images acquired in standard clinical routine. Before
fixation and histology sectioning, an ex vivo MR acquisi-
tion of the fresh prostate specimen, with the fiducial needles
inserted, is performed. These needles, visible in both histol-
ogy and MR ex vivo, enable us to report a quantitative and
operator-independent evaluation of the accuracy of the pro-
posed registration method, before applying it to in vivo MR
data.

2. METHOD

Candidate patients were those, at our institution, that had un-
dergone an in vivo MR prostate examination and for whom a
radical prostatectomy was planned. Following the operation,
three catheter needles with rigid plastic sheaths were inserted,
each at a unique angle, into the fresh prostate specimen, us-
ing the apparatus described in [11], see figure 1. The needles
were then removed, leaving the sheaths in place and a MR
acquisition of the specimen was performed, T2-weighted spin
echo sequence, 3T clinical scanner (GE Healthcare, USA),
voxel size 0.31x0.31x2mm, TE/TR = 116ms/4250ms. Af-
ter formaldehyde fixation, the sheaths were removed and the
prostate sectioned, from the apex to the base, into 6 mm sec-
tions. The paraffin-embedded sections are sliced using a mi-
crotome (slice thickness 4 µm, inter-spacing 1000 µm) and
the whole-mount slices are digitised and rigidly aligned, as
detailed in [11], see figure 2a.

2.1. Histology Shear Correction

The sectioning of the specimen causes the 3D conformation
of the organ to be lost and it cannot be recovered in the ab-

sence of external information, a problem referred to as the
‘banana problem’ [8] or the ‘z-shift effect’ [9]. A shear cor-
rection is thus necessary for the histology slices aligned using
the method described in [11].

In order to measure the model geometry of the three fidu-
cial needles, and thus to have the ‘external information’ re-
quired, a rectangular sample of 3% agar was prepared. Nee-
dles were inserted using the apparatus [11], see figure 1, and
a MR acquisition of the sample was acquired. The fiducial
markers, created by the needles, and visible in the MR axial
images, were detected. Three least-squares 3D lines passing
through the markers were calculated, the model needles. The
three model needles were arbitrarily labelled as model needle
1, 2 and 3. For each needle, the direction vector ~ABn, n ∈
{1, 2, 3} was calculated, describing the direction at which the
needle is inserted. As the apparatus guides the insertion of
the needles into the prostate from the apex to the base of the
prostate, the vectors ~ABn, are the model direction vectors of
the needles from the apex to the base, see figure 1.

APEX

BASE

AB1

AB2 AB3

Fig. 1. Apparatus to guide the insertion of 3 needles into
a prostate specimen from the apex to the base. ~ABn, n ∈
{1, 2, 3} denote the direction vectors of the three needles.

The histology slices of each patient dataset had been
aligned, from the apex to the base, using the method de-
scribed in [11], see figure 2a. It is undetermined at this point
the correspondence between the three needles in the patient
dataset and the three model needles. It should be noted that
though care was taken when the histology slices were digitsed
that the normal vector of each slice was oriented in the same
direction, i.e. that no ‘flip orientation’ between the slices
need be taken into account, the ensemble of histology slices
may need to be flipped.

In order to determine the correspondence between the
three needles in the patient dataset and the three model nee-
dles, the 3! possible permutations are generated and each
is tested with and without a flip applied to the ensemble
of histology slices in the patient dataset, thus a total of 12
permutations, p ∈ {1, 2, ..., 12}. To test each permutation,
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first, the needles in the patient dataset are labelled (as needle
1, 2 and 3) according to the permutation under test and the
least-squares rigid affine transform (rotation R and transla-
tion t) [12] is calculated in order to align the three markers
at the apex patient histology slice with the three markers at
the apex of the agar model. The transformation is applied to
the ensemble of histology slices in the patient dataset. The
error of the alignment E1(p) is defined as the mean of the
distances between the corresponding markers at the apex of
the agar model and the transformed apex patient histology
slice. The direction vector of each of the three needles in the
patient dataset is then calculated, denoted as ~ABp,n and the
parameters α, β of the shear matrix T , defined as

T =

1 0 α
0 1 β
0 0 1

 (1)

are calculated by minimising the function E2(p) defined as

E2(p) =

√√√√ 3∑
n=1

cos−1

(
〈 ~ABn, T ( ~ABp,n)〉
‖ ~ABn‖‖T ( ~ABp,n)‖

)
(2)

where 〈f, g〉 indicates the dot product of vector f and g. The
error of each permutation is defined as the average of E1(p)
and E2(p). The permutation with the minimum error indi-
cates

• if the ensemble of patient histology slices need to be
flipped

• the correspondence between the three needles in the pa-
tient dataset and the three model needles

• the parameters α and β of the optimal shear matrix T
to be applied to the patient histology slices in order to
recover the 3D conformation of the organ

2.2. MR – Histology Registration

To 3D register the prostate histology slices with the MR data,
we have developed a method based on the use of the ejacu-
latory ducts. The ejaculatory ducts are paired structures, re-
ferred to here as the left and right ejaculatory duct, which
begin at the seminal vesicles, pass through the prostate gland
along a curved path and enter into the urethra. They are an
anatomical landmark present in every prostate and are visible
in both MR and histology. They have an average luminal di-
ameter of 1.7 ± 0.3 mm in the proximal section, 0.6 ± 0.1
mm in the middle section and 0.3± 0.1 mm in the distal sec-
tion [13].

2.2.1. Identification of the ejaculatory ducts

The MR axial images are visualised using OsiriX software
(OsiriX Foundation, Switzerland). A point is placed at each

location that the left or right ejaculatory duct is visible. The
3D coordinates of these points are exported and read into
MATLAB (The Mathworks, USA). The aligned, shear cor-
rected histology slices are visualised using MATLAB. The
boundaries of the left and right ejaculatory ducts are outlined
in the images in which they are visible and the centre of grav-
ity of the outline is calculated. The resulting vector of 3D co-
ordinates for each ejaculatory duct in each imaging modality
is referred to as the data points for that duct in that modal-
ity, and denoted as v = [vx,vy,vz], with N the number of
coordinates in the vector.

2.2.2. 3D parametric curve fit

Each ejaculatory duct is represented by a 3D, 2nd order para-
metric curve f(t) given by

f(t) =
[
x(t) y(t) z(t)

]
, 0 ≤ t ≤ 1

where

 x(t) = cx,1t
2 + cx,2t+ cx,3

y(t) = cy,1t
2 + cy,2t+ cy,3

z(t) = cz,1t
2 + cz,2t+ cz,3

(3)

For each dimension d, d ∈ {x, y, z} the polynomial coeffi-
cients (cd,1, cd,2, cd,3) are independently calculated in a least-
squares sense from the matrix

[
t2 t1 t0

] cd,1cd,2
cd,3

 = vd (4)

where vd indicates the vector of data points in the dimension
d ∈ {x, y, z} of the manually detected duct and t2, t1, t0 the
vectors of the powers of the parameter t with

{
tk
}
i

=

(
i

N − 1

)k
, i = 0, ..., N − 1 (5)

whereN is the number of coordinates in the data point vector.
From the 3× 3 polynomial coefficient matrix c, {c}d,j =

cd,j with d ∈ {x, y, z} and j ∈ {1, 2, 3}, the curve is reduced
to a vector of points in 3D space, p, such that the distance
along the curve between two points, ‖pγ , pγ+1‖ = ∆. We
denote the vectors as pHR and pHL for the histology right and
left ejaculatory ducts respectively, and similarly pMR and pML
for the MR ejaculatory ducts.

2.2.3. Registration of the curves

The MR-histology registration problem has been reduced to
the registration of two vectors of equally spaced points (pMR
and pML ) with two other vectors of equally spaced points (pHR
and pHL ). The registration transformation is calculated such
as to align the MR vectors with the histology vectors; we thus
refer to the MR vectors as the moving set and the histology
vectors as the static set. Note that the point correspondence
between the static and moving sets is unknown.
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Considering first the right ejaculatory duct, we denote the
number of points in the histology vector, pHR as |pHR | and the
number of points in the MR vector pMR as |pMR |. If |pHR | <
|pMR |, we determine each possible subset of points of length
|pHR | from the vector pMR , respecting the relative order of the
points. Similarly, if |pHR | > |pMR |, we determine each possi-
ble subset of points of length |pMR | from pHR . For either case,
we denote the number of possible subsets as NR. The left
ejaculatory duct is considered in the same manner, with the
number of possible subsets denoted as NL.

We iterate through each possible subset, calculating for
each iteration the affine rigid registration (rotation, transla-
tion) using Procrustes analysis, see pseudo-code below. The
registration error for each iteration is defined as the average
distance between the corresponding points of the static and
moving set after the registration has been applied. The min-
imum error indicates the subsets of the longer left and right
ejaculatory ducts that correspond to the shorter left and right
ejaculatory ducts and the transformation matrix to align them.

Pseudo-code
Assuming that |pHR | < |pMR | and |pHL | < |pML |
for i = 1→ NR do

histo right ejac. duct← pHR
MR right ejac. duct← subset i of pMR
for j = 1→ NL do

histo left ejac. duct← pHL
MR left ejac. duct← subset j of pML
register [MR right ejac. duct, MR left ejac. duct]

to [histo right ejac. duct, histo left ejac. duct]
evaluate registration error E(i, j)

end for
end for

3. RESULTS

Three prostate specimens were included in this study, with an
average of 20 histology slices digitised per specimen (mini-
mum 19, maximum 21) with an average pixel resolution of
0.03 mm. There were on average 16.3 MR axial images of
the ex vivo specimen with a pixel resolution of 0.31 mm.

3.1. Histology Shear Correction

The angles of the model needles, from the apex to the base,
with respect to the vertical, were measured from the MR ac-
quisition of the agar sample. After alignment of the histology
slices [11], but before the shear correction was applied, the
average absolute difference between the angles of the patient
dataset needles (from the apex to the base, with respect to the
vertical) compared to the model needle angles was on aver-
age 9.32 ± 6.27◦. After application of the shear correction,
the average absolute difference in the angles was 2.83±1.46◦.
Figure 2 shows the aligned histology slices of a sample patient
dataset before and after the shear correction has been applied.

0 10 20 30 mm 0 10 20 30 mm

(a) (b)

Fig. 2. Aligned histology slices of a sample patient dataset,
(a) before and (b) after the shear correction has been applied.
It can be visually appreciated that after shear correction, the
angles of the needles in the patient dataset approach those of
the model geometry (figure 1).

3.2. MR – Histology Registration

The right and left ejaculatory ducts were detected, on average,
in 8 histology images and 4 MR images. After MR-histology
registration, the average distance between the corresponding
needles in the two modalities was 1.50 ± 0.74 mm. Figure 3
shows the two curved histology and MR ejaculatory ducts,
which were used to guide the registration and the three nee-
dles which were used to quantify the quality of the registra-
tion.

mm

0

10

20

30

510
15

5 10
15

Histology
MR

Fig. 3. 3D MR-histology registration achieved using the ejac-
ulatory ducts, note the three fiducial needles and ejaculatory
ducts in each modality. The data points, indicated by circles,
are visible in the zoom of the ejaculatory ducts.
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4. CONCLUSION

The angles of the model needles were measured from the MR
acquisition of the agar sample. For each dataset of aligned
histology slices, after the shear correction has been applied,
the angles of the three needles should be equal to the model
needle angles. Our method achieved an average absolute dif-
ference of 2.83 ± 1.46◦. It should be noted that, unlike the
agar, into which the needles were easily inserted, for a fresh
prostate, due to its semi-solid consistency, a certain force is
required to puncture the surface. This causes an unavoidable
displacement of the prostate, repeated by the insertion of each
proceeding needle. The result is that the exact geometry of the
three needles is slightly different for each specimen and never
exactly equal to the model geometry.

The ejaculatory ducts are an anatomical landmark that ex-
ist in every prostate specimen and are visible in both histology
and MR. They thus provide a systematic means of registering
the MR and histology data. The fact that they exist as paired
structures, reduces the chance of their erroneous detection.
The average registration error achieved, 1.50 ± 0.74 mm, is
promising, considering that a cancer of volume <0.5 cm3 is
classified as clinically insignificant. We envisage further op-
timising the method and developing the database of prostate
specimens on which it has been tested. The automatic detec-
tion of the ejaculatory ducts in both MR and histology should
be examined. An attractive feature of the registration method
is the time required, <5 sec per prostate specimen.

The next step is to use this method for 3D histology - MR
in vivo registration. Though the MR in vivo resolution may
be lower than the MR ex vivo, the fluid within the in vivo
ejaculatory ducts improves their contrast, and thus a similar
registration quality is hoped to be achieved. The overall goal
being, that once the histology data is accurately registered to
the MR in vivo data, the signal characteristics of cancerous
tissue can be defined for each MR modality.
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