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bstract

The correlation between post-mortem data and in-vivo brain images is of high interest for studying neurodegenerative diseases. This paper
escribes a protocol that matches a series of stained histological slices of a baboon brain with an anatomical MRI scan of the same subject using
n intermediate 3D-consistent volume of “blockface” photographs taken during the sectioning process.

Each stained histological section of the baboon brain was first registered to its corresponding blockface photograph using a novel “hemi-rigid”
ransformation. This piecewise rigid 2D transformation was specifically adapted to the registration of slices which contained both hemispheres.
ubsenquently, to correct the global 3D deformations of the brain caused by histological preparation and fixation, a 3D elastic transforma-

ion was estimated between the blockface volume and the MRI data. This 3D elastic transformation was then applied to the histological
olume previously aligned using the hemi-rigid method to complete the registration of the series of stained histological slices with the MRI
ata.
We assessed the efficacy of our method by evaluating the quality of matching of anatomical features as well as the difference of volume
easurements between the MRI and the histological images. Two complete baboon brains (with the exception of cerebellum) were successfully

rocessed using our protocol.
 2007 Elsevier B.V. All rights reserved.
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Recently, biomedical imaging has been increasingly utilized
n research to study brain and its associated dysfunctions. Medi-
al imaging provides valuable in-vivo information particularly in
iagnosing diseases and in guiding therapies. However, histolog-
cal analysis is still the gold-standard for the accurate description
f neuroanatomy and for tissue characterization of the brain.
herefore, mapping histological data on in-vivo data, the ulti-
ate geometric reference for analysis, is of high interest for the
iomedical community. This is a challenge because of the many
ifferences between the brain in its original geometry and the
esulting series of 2D histological slices.
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Non-human primates were used in this study because their
rain structure and functions are comparable to a human’s. In
ddition, the brain size of most non-human primates is large
nough to be imaged with an acceptable resolution in the same
n-vivo scanners used for humans.

Generally speaking, there are two types of brain deforma-
ions caused by histological preparation and fixation: global
D deformation and slice-specific 2D deformations. Global 3D
eformations caused by the extraction of the brain from the
kull include (1) global shrinkage due to the loss of cerebro
pinal fluid, loss of blood irrigation, and global dehydration,
nd (2) various deformations due to gravity or other mechanical
ffects, and possible specific processings (such as fixation and

araffin embedding). We defined these global three-dimensional
eformations as “primary deformations” because they are first
o appear and they occur before sectioning the brain. In order
o correct these deformations, it is necessary to estimate a 3D
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ransformation between the brain in its post-mortem geometry
nd the actual in-vivo brain.

The individual 2D deformations for each slice are due to
he serial sectioning of the brain into 2D slices, and include:
1) specific deformations due to cutting (shearing, tearing), (2)
hrinkage due to temperature changes (see Gardella et al., 2003,
or a quantitative study of deformations), and (3) changes in the
riginal geometry of each slice due to the mounting on glass
lides of both hemispheres and displacements of smaller parts
ike gyri. We defined these individual 2D deformations as “sec-
ndary deformations” because they appear during the cutting
tep, after the primary deformations. The correction of these
eformations requires first the estimation of the initial spatial
D configuration of each slice, second the reconstruction of the
D volume by alignment of the series of slices.

The correction of these two different types of deformations
hat will ultimately link the analysis of histology and MRI can
enefit from the use of an intermediate modality. This interme-
iate modality consists of photographs or videos of the brain
ace taken during the sectioning process (Toga et al., 1994; Kim
t al., 1997; Mega et al., 1997; Ourselin et al., 2001; Bardinet et
l., 2002), which are usually called blockface photographs. This
ntermediate modality is used in this study.

Correction of the secondary deformations previously
escribed leads to the 3D reconstruction. Many works have been
one on the alignment of series of 2D slices, using global affine
ransformations (Hibbard and Hawkins, 1988; Andreasen et al.,
992; Zhao et al., 1993; Goldszal et al., 1995; Schormann et al.,
995; Rangarajan et al., 1997; Cohen et al., 1998; Ourselin et
l., 2001; Bardinet et al., 2002; Malandain et al., 2004; Dauguet
t al., 2005) or non-linear transformations (Kim et al., 1997;
ega et al., 1997; Schormann and Zilles, 1998; Pitiot et al.,

006; Chakravarty et al., 2006). However, none of these works
roposed a specifically dedicated solution for the separation of
emispheres. Furthermore, existing works concerning 3D recon-
truction and in-vivo matching often considered only one single
emisphere, or a sub-region of a hemisphere, since one half of
he brain is frequently used for other procedures (such as bind-
ng) which are not compatible with serial sectioning. Common
olutions to cope with separated hemispheres are to assume the
emispheres did not have independent motions, to manually sep-
rate and extract each hemisphere into different images, or to use
lobal non-linear transformations.

Registration of complete brain slices with independent rigid
ransformations for each hemisphere is not a trivial problem. The

ost intuitive way to proceed would be to segment each hemi-
phere on each image and then perform individual registration
or each pair of corresponding hemispheres. However, the seg-
entation is challenging since, on each slice, the hemispheres

an be either connected or split into several parts. The pairing
f the corresponding hemispheres is therefore non-trivial and it
s not guaranteed that the segmentations of the hemispheres on
he two images will be consistent, especially if they are mul-

imodal images. Moreover, the registration of each hemisphere
eparately is not robust because only half of the information
s being used. The “hemi-rigid” method we propose here can
ffer an adaptive solution to these problems: an automatic seg-
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entation of the hemispheres is performed on only one of the
wo images to register, and the robustness of the registration is
mproved by a coarse to fine approach. The blockface volume is
sed as reference for the positioning of the hemispheres within
ach histological slice.

The correction of the primary deformations leads to the 3D
ost-mortem/in-vivo matching. To estimate 3D transformations
or the registration of two brains, several techniques have been
roposed in the literature, either performing rigid transforma-
ions using mutual information as similarity criterion (Viola and

ells, 1997; Maes et al., 1997), or non-linear transformations
Ashburner and Friston, 1997; Friston et al., 1995; Davatzikos,
997; Collins and Evans, 1998; Thirion, 1998; Christensen,
999; Cachier et al., 2003; Clatz et al., 2005). A more complete
verview of medical image registration can be found in Maintz
nd Viergever (1998). For the particular 3D registration of post-
ortem and in-vivo primate brains, different strategies have been
roposed in the literature. Ourselin et al. (2001) and Bardinet et
l. (2002) have proposed an affine 3D transformation for the
egistration of the basal ganglia. For global matching of one
emisphere, Malandain et al. (2004) proposed a method based
n an alternated correction of primary and secondary deforma-
ions using 3D and 2D affine registrations. Schormann et al.
1995) used an optimized affine registration of labeled regions
o correct the deformations between histological slices and the

RI section. Thompson and Toga (1996) developed a 3D warp-
ng method based on surface that was used in 2D for histology
egistration in Mega et al. (1997). A 3D viscous fluid transforma-
ion model has been proposed by Christensen et al. (1997) and
pplied to the deformation of blockface photographs, whereas
chormann and Zilles (1998) performed a 3D transformation
ased on the elastic medium theory with a full-multigrid strat-
gy. Elastic methods using thin plate splines with control points
ave been proposed to be used for rodent brains (Kim et al.,
997), which do not, however, present the same deformations as
hat of primate brains.

The protocol proposed here aims to separately correct the
rimary and the secondary deformations (listed in Fig. 1) for the
hole primate brain. An intuitive way to achieve this is to apply

orrections in the reverse order than the original deformations
ccurred.

. Material and methods

Two adult baboons (Papio papio) involved in a study
oncerning the implantation of a cortical electrode for Parkin-
on’s disease (see Drouot et al., 2004, for more details)
ere processed. An in-vivo T1 MRI scan was acquired

or each baboon using a 1.5 T magnet (General Elec-
ric Medical Systems, Waukesha, WI) with a resolution of
.78 mm × 0.78 mm × 1 mm.

The brain of each baboon was fixed by transcardial perfusion
f 4% paraformaldehyde (PFA). The brains were divided into

hree blocks in the coronal orientation because first, the brain
olumes were too big for the Leica microtome we used for sec-
ioning and second because post-fixation with PFA is better on
mall parts rather than on the full brain (especially for deep inner
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ig. 1. The main steps of the preparation of cerebral histological slices and the
o the original brain. Note that the deformations of the biological material have
hey occurred during the histological preparation.

tructures). The anterior block contained the anterior part of the
enticular nucleus, the central block contained the whole tha-
amus, and the posterior block contained the remaining region
osterior to the thalamus. For each baboon, a series of about
200 sections in the coronal orientation was cut with a 40 �m
lice thickness. One histological section out of 18 was extracted
or this study so as to finally keep 121 sections with an associ-
ted slice spacing of 18 �m × 40 �m = 0.72 mm. These sections
ere mounted on glass slides and each section was then stained
ith both acetyl cholinesterase histochemistry and Nissl. They
ere digitized with a resolution of 800 dpi on a flat-bed Image
cannerTM I (Amersham Biosciences) using transmission mode.
e then chose to downsample the images to an isotropic in-plane

esolution of 0.16 mm using bi-linear interpolation in order to
ase the processing of the data while still having about five times
igher in-plane resolution compared to the MRI data.

For both brains, blockface photographs were acquired dur-
ng the sectioning process, using a digital camera HandyCam
CR-TRV30E (Sony Electronics Inc.) with high precision Carl
eiss lens, 37 mm diameter. The photographs were taken at the

nd of the microtome sledge course, with the brain in the exact
ame position section after section. For each baboon brain, a
eries of about 2200 photographs were thus obtained with an in-
lane resolution of 0.10 mm × 0.10 mm. Only the photographs
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iated deformations which have to be corrected to create an image comparable
corrected in the images in the reversed order compared to the one along with

orresponding to stained histological slices (one out of every 18)
ere kept and processed, leading to a series of 121 blockface
hotographs with the same slice spacing as the histological data
0.72 mm).

Fig. 1 summarizes the main deformations occurring during
he histological preparation, and Fig. 2 gives an overview of our

ethod to correct these deformations for the two baboon brains:
he steps (A) and (B) are described below.

.1. Blockface volume

For each brain, the photographs were first manually seg-
ented (we explain in Section 3 why we did not perform

utomatic segmentation) using Anatomist software (Rivière et
l., 2003) to separate the brain section from the embedding ice
nd set the background to zero. For each block, the series of pho-
ographs were stacked (no registration was necessary) to create
volume per block. To obtain the complete volume, the three

lready aligned photographic blocks were assembled together
y applying a block-to-block 2D rigid registration estimated

etween the last slice of one block and the first slice of the
ollowing block. These two 2D rigid registrations used in our
pproach were performed with the blockmatching method as
escribed in Ourselin et al. (2001).
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ig. 2. The main steps of the in-vivo/post-mortem registration. Step (A) is corr
D deformations (primary deformations) of the post-mortem brain to achieve th

.2. Registration of histology with blockface photographs
step A)

First, the background of the histological stack of slices
processed as a 3D volume) was globally set to zero by
hresholding, extraction of the largest 3D connected compo-
ent and 3D morphological opening. After this pre-processing
tep, to perform the 2D co-alignment of the stained histo-
ogical slices with the blockface photographs, we used the
ovel hemi-rigid method adapted to the registration of 2D
lices with two hemispheres. The method consists of three
teps:

Segmentation of the hemispheres: the inter-hemispheric line,
which divides the slice into two most symmetrical parts,
is delineated. Prima et al. (2002) proposed an algorithm to
determine the inter-hemispheric plane in 3D. We adapted
this algorithm for our 2D slices. The idea consists ini-
tially in creating the symmetrical image of the original
histological slice with respect to the vertical line of which
equation is x = dim X/2 (where dim X is the dimension of the
image in the �x horizontal direction and the origin is in the
top left corner of the image). Then, the original image is
rigidly registered to the symmetrical image: the rigid trans-
formation obtained is noted (R, T), where R is the rotation
matrix and T the translation vector. The “half” transforma-
tion is then estimated. This is the rigid transformation (r, t)
verifying:

∀x ∈ �n, Rx + T = r(rx + t) + t = r2x + (Id + r)t

In our case, n = 2. This formulation is also valid in 3D. As
the decomposition of a rigid transformation Tr into a rotation

matrix R and a translation vector T in the form Tr(x) = Rx + T
is unique, we have:

r2 = R (1)
the 2D deformations (secondary deformations), and step (B) is correcting the
l matching with the MRI data.

t = (Id + r)−1T (2)

If the transformation (r, t) is applied to the vertical line
x = dim X/2, we then obtain the inter-hemispheric line (see
Fig. 3(a)). This line divides the slice into at least two inde-
pendent connected regions. To prevent from having a sub-part
of one hemisphere in the wrong half image, the line is dilated
with a radius of 1% of the horizontal size of the image. The
two largest connected components are used as seeds (see
Fig. 3(b)). A Voronoi like competitive dilation of the two
seeds is then performed in the whole image, and the binary
mask of the brain is applied to obtain the segmentation of each
hemisphere (see Fig. 3(c)).
Estimation of one transformation per hemisphere: the next
step consisted in the estimation of an independent rigid trans-
formation per hemisphere for registering each histological
slice to the corresponding photograph. A global rigid regis-
tration for initialization is first applied (see Fig. 3(d)). The
registration is based on the blockmatching displacement field
and it uses a robust estimation based on the 50% least trimmed
square method (Rousseeuw and Leroy, 1987). The rigid trans-
formation estimated is mainly guided by one hemisphere, and
the other one is being considered as an outlier region. A score
of the quality of registration is calculated as the mean of the
correlation coefficient of all the blocks in each hemisphere
with the target image. The hemisphere with the higher score
is named H1, and the other one H2. As H1 is the best registered
hemisphere, it is used to hide the corresponding hemisphere
on the photograph. A new registration between H2 and the
masked photograph is then performed (see Fig. 3(e)). In this
second pass, the “outlier” hemisphere H2 by itself can be
correctly registered to the correspondent hemisphere on the
photograph, since the other one was hidden by H1. Hiding the
hemisphere which is not being registered at each step aims at

limiting the risk of confusion in the search of corresponding
regions (blockmatching) between hemispheres. This allows
a better robustness of the method compared to a simultane-
ous estimation of the two rigid transformations followed by a
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Fig. 3. The hemi-rigid method. (I) Automatic detection of the inter-hemispheric line (a), dilation of this line and conservation of the two biggest connected components
(b) which are used as seeds for partitioning the slice into two hemispheres inside the binary mask (c). (II) Fusion images of a stained histological slice (false color
orange) and its corresponding photograph. A global rigid registration is first realized (d), the better registered hemisphere H1 is removed from both images allowing
t is refi
p n rig
p gure

•

i
t
A
D
v
a
m

he correct registration of the other hemisphere H2 (e). Finally, registration of H1

aired ((g) white arrow). Each hemisphere is individually resampled using its ow
oints to fill up the gap (i). (For interpretation of the references to color in this fi

statistical analysis of the whole displacement field. The pro-
cess is iterated once more, permuting the role of H1 and H2
to obtain a precise individual rigid transformation of each
hemisphere (see Fig. 3(f)).
Resampling of the image: for each hemisphere, the pixels
which are connected (classical 2D 8-neighborhood connec-
tivity) to at least one pixel from the other hemisphere are
automatically detected; these pixels belong to the common
frontier between the two hemispheres (see Fig. 3(g)). If the
two hemispheres are two independent connected components,
this set of points is void. All the detected points from each
hemisphere are then paired with the closest point from the
other hemisphere (the same point can be paired with mul-
tiple points). Each hemisphere is then resampled using its
own rigid transformation previously estimated (see Fig. 3(h)).

Hemisphere H1 covers arbitrarily H2 in case of superimposi-
tion. When the hemispheres are connected before registration,
a continuous line is spatially traced between each couple
of paired points of the frontier, and grey levels are linearly

1

i

ned (f). (III) The frontier points between the two hemispheres are detected and
id transformation (h). A linear interpolation is realized between paired frontier
legend, the reader is referred to the web version of the article.)

interpolated along this line from the grey level of one fron-
tier point to the grey level of the paired point. This simple
interpolation allows the method to fill the void space result-
ing from the individual displacement of each hemisphere
(see Fig. 3(i)).

All the histological slices were registered to the correspond-
ng photograph using the hemi-rigid method, and then stacked
o constitute the histological volume for each baboon brain.
n inter-slice intensity normalization described in our work
auguet et al. (2004) was then performed on both histological
olumes (some slices appear imperfectly normalized because of
high intra-slice bias in our histological dataset, see paper for
ore details).
.3. Registration of blockface volume with T1 MRI (step B)

For the registration of the blockface volume with the Tl MRI
mage, a first pre-processing step consisted in extracting the
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rain from the rest of the head in the MRI using the anatom-
cal pipeline of BrainVisa (Mangin et al., 1998). The resulting
asked MRI image with only the brain was used for all the 3D

egistrations.
The blockface volume was first automatically rigidly regis-

ered to the MRI data (used as reference). The 3D transformation
as estimated by optimization of the mutual information as sim-

larity criterion as described in Viola and Wells (1997). From this
igid initialization, an elastic transformation of the blockface
olume to the MRI was estimated using a Free Form Deforma-
ion (FFD) model (Rueckert et al., 1999; Mattes, 2000). Cubic
-splines driven by a grid of control points were used to model

he deformation. The mutual information was chosen as the sim-
larity criterion to maximize for the registration of the images.
he optimizer used was a L-BFGS-B quasi-Newton algorithm

Byrd et al., 1995). The full resolution blockface volume was
ownsampled using median filter and tri-linear interpolation to a
esolution consistent with the MRI data resolution. The resulting
olume dimensions obtained were (in voxels) 106 × 141 × 87
nd 100 × 129 × 63, respectively, for each baboon block-face
olume before the elastic registration. A coarse to fine pyra-
idal based approach which consisted in increasing gradually

he number of control points according to the three directions
as chosen. According to the different volume dimensions,

hree levels were used for the two baboon images: from a
× 6 × 4 regularly distributed grid for the first level, up to a
× 10 × 8 regular grid for the last level, with an increment
f two control points per level. The definition of the number
f control points in the grid is aimed at preserving the dis-
ance between successive control points in the three directions
n order to uniformally distribute the control points in the whole
olume.

The quality of the final registration was evaluated by super-
mposing the external and internal borders of the MRI brain
extracted using Deriche filter, Deriche, 1987) onto the blockface
olume. The FFD transformation estimated was also applied to
regular grid to determinate how the different regions were

eformed. Moreover, the main sulci were semi-automatically
xtracted in both modalities (using the automatic human dedi-
ated method described in Mangin et al., 1995). They were used
o evaluate in 3D the quality of the registration in the cortical
egions. Preliminary results for this step have been presented for
ne baboon in Delzescaux et al. (2003a).

.4. Post-mortem histology to in-vivo MRI matching
A) + (B)

The 3D rigid and elastic transformations estimated between
he blockface volume and the MRI data (step B) were directly
pplied to the full resolution histological volume previously
btained after “hemi-rigid” alignment (step A) for each baboon
rain. We defined the resulting histological volume as the
ost-Mortem Imaging (PMI) data. An evaluation of the elastic

egistration was performed visually by superimposing the trans-
ormed histological data on the MRI data for the two brains. The
olume of the baboon brains were calculated on the histologi-
al data before (vhisto) and after the whole process of registration

o

h
a

ce Methods  164 (2007) 191–204

Vhisto) and on the MRI data (reference volume VMRI) to estimate
global shrinking coefficient (s = vhisto/VMRI) and to compare

he ability of the elastic transformation to recover the in-vivo
eometry (r = Vhisto/VMRI).

All the software used in this study was implemented using
he C++ AIMS libraries available in the BrainVisa/Anatomist
ackage (Cointepas et al., 2001).

. Results

Intermediary results were illustrated on one baboon. Final in-
ivo/post-mortem matching were presented for the two baboons’
rains.

For each baboon, three spatially consistent volumes were
btained after direct stacking of the series of photographs within
he anterior, central and posterior blocks. The manual segmen-
ation performed allowed the method to clearly process the
rain in the images without background. No global deforma-
ion between the three different blocks was noted. A small part
f the brain was inevitably lost between the blocks because the
lock faces were not perfectly flat. We quantified this loss by
ounting the lost sections (0.040 mm each). It was less than
8 tissue sections, which corresponded to less than one slice
0.72 mm) in the volume. The block-to-block rigid transfor-
ations visually achieved a decent assembly of the blockface

olume. Whilst small discontinuities due to missing data could
till be noticed at the intersections of blocks, the blockface
olume showed a good spatial consistency (Fig. 4, column
Photographs”).

The “hemi-rigid” co-alignment of the histological slices on
he blockface slices was realized automatically with the same
arameters for all the slices of both baboons (with the exception
f 2 slices out of 121 with big distortions for each baboon). The
istological slices and their corresponding photographs were
imilar in size, without any noticeable scale factor. Fig. 4, col-
mn “Histology”, demonstrates the 3D spatial consistency of the
istological volume after the “hemi-rigid” alignment onto the
lockface volume. The mounting on glass slides step induced
earings, foldings, and lost parts for some sections. Therefore,
he histological volume presented more artefacts than the block-
ace volume. They can be noticed as small black regions along
slice on the axial and sagittal views.

The hemispheres in the blockface photographs had a nat-
ral consistent location from one slice to another. After the
emi-rigid alignment, the geometry of the histological vol-
me was similar to the blockface one, as demonstrated on
he checkerboard composite of the 2 volumes (Fig. 4, column
Checkerboard”). Yet, the histology presented a dramatically
mproved quality of contrast and definition of the structures
ompared to the blockface photographs. The cerebellum was
anually removed from the blockface photographs and the his-

ological slices, since it is a complex region which was divided
n multiple parts after cutting. Moreover, it was of no interest in

ur study.

The use of our novel “hemi-rigid” registration to align the
istological slices onto the blockface slices proved to be more
ccurate than the rigid registration, as shown in Fig. 5. The main
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Fig. 4. Column “Photographs ”: the blockface volume obtained after segmentation of the brain and assembly of the three aligned blocks. Column “Histology”:
reconstructed histological volume using hemi-rigid co-alignment strategy. Column “Checkerboard”: the blockface volume in false orange color is presented together
with the MRI data in checkerboard mode. All results are presented for the same baboon in coronal (cutting orientation), axial and sagittal views as indicated. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 5. Comparison of the 3D spatial consistency obtained for the reconstructed histological volume using the classical rigid registration (a) and using the hemi-rigid
registration method (b) in axial view.
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Fig. 6. 3D registration of the blockface volume with the MRI data. Column “Rigid”: 3D rigid initialization, blockface volume alone. Column “Fusion rigid”: same
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olume superimposed with the MRI data. Column “Elastic”: correction of the
ame volume superimposed with the MRI data. The blockface volume appears
agittal views as indicated.

ifferences can be noticed in the anterior and posterior part of
he brain, where the hemispheres were not connected. Contrary
o the photographs, the relative position of the two hemispheres
n the histological slices was lost while they were spread on glass
lides. Consequently, the simple global rigid transformation did
ot properly align each slice on its corresponding photograph,
eading to a poorly consistent 3D reconstruction (a). Contrarily,
he use of the hemi-rigid strategy to reconstruct the histological
olume (b) performed an improved alignment, with a good 3D
patial consistency. Although the local deformations (foldings,
earings and displacements of gyri) were not corrected, we could
ee a dramatic improvement of the alignment with the hemi-rigid
ethod. This observation demonstrated that the independent
otion of each hemisphere was the most important deforma-

ion to correct for the 3D reconstruction of the histological
olume.

Both the rigid and elastic transformations between the seg-
ented blockface volume and the MRI were estimated on the
asked brains. However, the positioning of the histological

rain relatively to the eyes, the cerebellum and the skull were
ppreciated on the MRI image presented with the whole head
Fig. 6). The preliminary rigid registration (columns “Rigid”

nd “Fusion rigid”) provided a fair matching of the internal
tructures of the brain (basal ganglia). However, important mis-
egistrations were remaining particularly in the cortical parts
s could be clearly seen in the superimposition images. The

b
s
c
t

mations of the blockface volume using FFD alone. Column “Fusion elastic”:
se color green in fusion images. All results are presented in coronal, axial and

stimation of the elastic transformation using the FFD method
efinitely improved the quality of the registration between the
lockface volume and the MRI (columns “Elastic” and “Fusion
lastic”) compared to the rigid transformation, particularly in the
eripheral region of the brain. The elastic transformation was
ainly an inflation to correct the global shrinkage of the post-
ortem brain compared to the MRI data. Some misalignments

an still be seen in the left and right temporal pole and for the syl-
ian/insular region on the right side in the axial views, as well as
or the parietal area in the sagittal view, but overall the matching
s good.

More precisely, the main internal and external MRI contours
ere compared to the blockface volume after rigid registra-

ion and after the correction of the deformations using the FFD
ethod. As shown in Fig. 7, column “Rigid” and “Elastic”,

he matching of all the structures delineated was improved by
he elastic transformation. The FFD deformation estimated was
mooth, realistic and with no topological distortions (Fig. 7, col-
mn “deformation grid”). Moreover, as one could expect, the
isplacements were rather symmetrical and the high deforma-
ions were mostly peripheral.

The 3D sulci extraction on both the MRI data and the

lockface volume for the left and right hemispheres were very
imilar (Fig. 8). This similarity in shape assessed the realistic 3D
onsistency of the reconstructed blockface volume compared to
he per se 3D consistent MRI data. However, a non-satisfactory
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Fig. 7. Main contours of the MRI data of one baboon brain superimposed on the blockface volume before and after the FFD elastic correction, in coronal, axial and
sagittal views. Last column: same MRI contours superimposed on a regular grid deformed by the FFD transformation.

Fig. 8. Surface rendering of the right (top) and left (bottom) hemisphere of one baboon brain with the main sulci extracted on the MRI (dark grey) and on the
blockface volume (light grey) before and after elastic correction was applied. The arrows indicate the main mismatchings before elastic correction.
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Fig. 9. Final matching of the series of stained histological slices (post-mortem data) with the MRI image (in-vivo data) for the two baboons (top and bottom). The
histological volume appears in false color orange in the fusion images with the MRI data. All results are presented in coronal, axial and sagittal views as indicated.
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atching of sulci was obtained after rigid registration (locations
ndicated by the arrows, column “Rigid”). After the elastic cor-
ection was applied, the matching of some sulci was improved
oth on the right and left hemispheres (sulci pointed to by
rrows in column “Rigid”, which are better matched in column
elastic”).

As previously shown, the histological and blockface volume
ad a similar geometry after hemi-rigid alignment. Therefore,
he final results of the elastic registration between the histolog-
cal volume and the MRI (Fig. 9) were comparable to those
resented for the blockface volume (Fig. 6). Whilst some small
ifferences between the 2 volumes were noticed, the transformed
istological volume was realistic and the global shrinkage was
orrected. Observations performed in the three orientations
onfirmed a uniform good matching of internal and external
tructures with the MRI in all the regions of the brain. The elastic
ransformation estimated on the blockface volume thus effec-
ively corrected deformations of different nature and amplitude
f the histological volume without spurious distortion. It can be
oted in the sagittal views, the oblique orientation of the his-
ological slices which deformed to match the MRI data. Many
etails of the brain anatomy became visible with the contrast and
esolution of the histological volume. In particular, the internal
apsule in the striatum could be distinguished on the histology,
ut is barely visible on the MRI data alone.

The volumes of the brains computed on the MRI data of
he two baboons, respectively 132 and 143 cm3, were consistent
ith the literature (Rilling and Insel, 1999, 143 ± 16 cm3). The
olume of the histological image estimated before the elastic reg-
stration (113 and 122 cm3) presented a global 15% shrinkage
ompared to the MRI data for the two baboon brains processed.
his value was slightly over estimated since, as we discussed,
ome small parts were missing in the histological image, par-
icularly at the interfaces of the blocks. Yet, this result gave an
ppreciation of the extent of the global histological deforma-
ions. It confirmed the existence of major deformations between
ost-mortem and in-vivo data, mainly due to the dehydration
f the tissues during extraction, fixation and staining processes.
fter the elastic transformation was applied, the volumes of

3
oth corrected histological data (135 and 138 cm ) and the tar-
et MRI data were similar, with a difference of 2% and 3%,
espectively, for each baboon brain. The volumes and shrinkage
atios computed were summarized in Table 1.

able 1
olumes estimated for the whole brain in the original in-vivo geometry repre-
ented by the MRI data, and volume and shrinkage ratios of the whole brain
stimated for the histological post-mortem volume before and after correction
f deformation using FFD

Volume A
(cm3)

Volume B
(cm3)

Shrinkage
ratio A

Shrinkage
ratio B

RI VMRI = 132 VMRI = 143 – –
istology
(before FFD)

vhisto = 113 vhisto = 122 0.85 0.85

istology (after
FFD)

VHisto = 135 VHisto = 138 1.02 0.97

esults are presented for the two baboons called “A” and “B”.

3
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. Discussion

.1. Interest of the blockface volume as an intermediary
odality

As described in the results section, the blockface volume
resented fewer artifacts (displacement of gyri, torn or miss-
ng parts, foldings) than the histological one. The blockface
olume was obtained by direct stacking since the method of
cquisition of the photographs guaranteed a direct alignment of
ll the images inside each individual block. Moreover, despite
ome missing slices, the blocks assembly could be resolved
eading to a 3D consistent blockface volume. Since each his-
ological slice was registered to its corresponding blockface
hotograph, the 3D curvature of the post-mortem brain was pre-
erved and the “banana problem” (Streicher et al., 1997) was
hus avoided. Concerning the manual segmentation of the brain
n the blockface photographs to remove the background (mainly
mbedding ice), it seemed too difficult to robustly automate the
rocessing despite our efforts, since the contrast between ice
nd tissue was very low. This step is time consuming indeed.
e have since tested some new dyes for the ice in order to

vercome this difficulty and the results are extremely promis-
ng: some successful ice segmentations have been obtained
utomatically.

Nevertheless, the blockface photographs remained an inter-
ediary modality used mainly for methodology purposes since

lockface photographs were not stained and could only be
cquired remotely with a camera in reflection mode. Conse-
uently, the resolution for analysis and the contrast between
pecific tissues were limited compared to the histological sec-
ions. Recent works (Annese et al., 2006) overcame some of
hese limitations with the use of a special dye injected in-
ivo which produces a staining of the post-mortem brain that
nhances blockface photograph contrast. Yet, contrary to his-
ological slices, it is still impossible to stain with a different
oloration multiple sub-series of block face photographs cover-
ng the whole brain, and to scan them at a very high resolution
sing a microscope.

.2. The hemi-rigid co-alignment

Even though the brain is fairly symmetrical, it is essential
or the biomedical community to consider, in particular studies,
oth hemispheres for 3D reconstruction and then matching with
n-vivo data. Indeed, the anatomical and functional asymmetry
f the brain, primate’s brain in particular, have been studied
Sastre-Janer et al., 1998; Toga and Thompson, 2003), but they
re still imperfectly known. The asymmetry studies performed
sing in-vivo imaging techniques like MRI are limited because
f the relatively limited resolution and contrast available even on
he most recent and powerful biomedical scanners. Conversely,
he precision of analysis provided by the stained histological

lices enables one to detect subtle differences between hemi-
pheres (see, for instance, the works of Bürgel et al., 1999, on
hite matter connectivity). Dealing with both hemispheres for
D histological reconstruction is thus a relevant issue, which
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ppears to be particularly suitable for asymmetry studies (e.g.
ademacher et al., 2001).

The direct use of affine alignment (Hibbard and Hawkins,
988; Andreasen et al., 1992; Zhao et al., 1993; Goldszal et al.,
995; Schormann et al., 1995; Rangarajan et al., 1997; Cohen et
l., 1998; Ourselin et al., 2001; Bardinet et al., 2002; Malandain
t al., 2004) was not adapted for the 3D reconstruction of a whole
rimate brain from histological slices because of the separate
otion of the hemispheres. While 2D elastic transformations

Kim et al., 1997; Mega et al., 1997; Schormann and Zilles, 1998;
hakravarty et al., 2006) can ultimately correct local deforma-

ions, their high number of degrees of freedom made them too
exible to only recover the independent, rigid displacement of
eparated hemispheres without introducing undesired, non-rigid
eformations. Moreover, it is usually more challenging to per-
orm non-linear registration with the same parameters for a large
eries of slices without errors, although some of the authors
reviously cited have used the same set of parameters for the
rocessing of their data. As for the locally affine transforma-
ions proposed by Pitiot et al. (2006) or Arsigny et al. (2005),
hey seem suitable for the correction of local deformations of his-
ological material. However, while these methods can deal with

ore than two piecewise regions and thus have the flexibility to
egister sub-regions more precisely, they do not use any biolog-
cal a priori knowledge and consequently it is not guaranteed
he correction they perform is anatomically pertinent.

The hemi-rigid method we proposed for the co-alignment
f stained histological slices with the corresponding blockface
hotographs proved to correctly solve the problem of automat-
cally estimating individual rigid transformations for separated
emispheres. While some local misalignments could benefit
rom additional non-linear corrections, our method provides the
ame advantages as the rigid transformation, since robustness
nd integrity of the data were preserved. The interpolation used
or some slices to fill the small void regions resulted from the
ndividual resampling of each hemisphere guaranteed to keep
ntirely the original information included in the original section.

The robustness of our method was adapted to the automatic
rocessing of large series of slices including both hemispheres.
he blockmatching technique was used (Ourselin et al., 2001)

or the estimation of the rigid transformation for each hemi-
phere. It was particularly well adapted for the registration of
istological slices since it used a local approach and a robust esti-
ation scheme. It could therefore cope with the missing parts,

earings, and artifacts in a more robust way than could global esti-
ation registrations do. The correlation coefficient was chosen

s similarity criterion: it is adapted for affine relations between
ntensities. This approximation of an affine relation between
ntensity distributions was locally verified between the grey lev-
ls of the stained histological slices and the grey levels of the
lockface photographs since the regions (blocks) were suffi-
iently small.

The hemi-rigid transformation could be generalized to any

ype of transformations (affine or non-linear) and to more than
wo independent regions provided that they are segmented. The
hoice to use in this work rigid transformations for each hemi-
phere was made to better preserve the integrity of the biological

t
E
s
i

ce Methods  164 (2007) 191–204

ata before the elastic registration. We also chose to limit the par-
ellation of the slice to the segmentation of the two hemispheres
or robustness reasons and because their relative displacement
onstituted by far the main secondary deformation that had to
e corrected. For many histological slices, the hemispheres were
lightly connected but had moved individually: this justified our
ethodological choice to perform the hemi-rigid registration for

ll the slices, including the ones with connected hemispheres.
The secondary deformations listed in Fig. 1 can be re-ranked

ith respect to the magnitude of the deformation, given here in
he decreasing order:

1) the global loss of the 3D spatial consistency due to cutting;
2) the independent spreading of the hemispheres of the sections

on glass slides;
3) the remaining 2D local deformations (including displace-

ment of gyri in each hemisphere, contraction, tearing,
overlapping, crumpling . . .).

Commonly, the item 1 (global loss of the 3D spatial consis-
ency of the histological data) is corrected simply by a classical
ffine alignment as we have described in the introduction. In
his study, we proposed to correct both items 1 and 2 using
ur hemi-rigid method; item 3 is not addressed in this work.
e intended to favor robustness and simplicity in our protocol.

he results demonstrated that our method provided satisfactory
econstructed histological volumes (see Fig. 4).

The hemi-rigid method uses some a priori biological knowl-
dge on the image to process, since it performs the segmentation
f each hemisphere before the registration. To go further in the
orrection of the secondary deformations (item 3), additional
priori biological knowledge is to be introduced to prevent

erforming non-realistic deformations, which has not yet been
one to the best of our knowledge. Some other methods already
entioned could be used to go further in the correction of these

ypes of secondary deformations, even though they were only
ested on one hemisphere. The method proposed by Pitiot et al.
2006) can deal with the displacements of gyri. As for the last
ype of deformations, we can suggest the works of Arsigny et
l. (2005) proposing to control the degrees of freedom of the
on-linear transformation applied, which could be suitable for
ome local corrections. Chakravarty et al. (2006) also proposed
o use a warping method to histological material to improve the
lignment of slices. Sensibility to the parameters of the 2D non-
inear transformations should be noted to avoid spurious and
on-realistic deformations.

.3. The free form deformation

We chose to use the FFD method to correct the primary defor-
ations (which are 3D deformations, see Fig. 1). This method
as originally dedicated to the correction of breast deformations

Rueckert et al., 1999) and it was also used to successfully correct

he deformations for thorax respiration motions between Positon
mission Tomography (PET) and Computer Tomography (CT)
can (Mattes et al., 2003; Delzescaux et al., 2003b). The method
s generic and it offers a good control on the flexibility of the
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eformation controlled by the grid chosen. The coarse-to-fine
pproach we chose assured a progressive correction, and robust-
ess was obtained because of the quite limited final degrees of
reedom, which avoided wrong warping in the case of histolog-
cal distortions. A trade-off concerning the number of control
oints used was found to allow an accurate registration of the
ifferent regions and to avoid spurious deformations.

We chose to apply the 3D rigid and elastic FFD-based trans-
ormations estimated between the blockface volume and the

RI data to the reconstructed histological volume. The elas-
ic transformations like FFD are in general more sensitive
o artifacts, such as tearing or missing parts because of the
igh number of degrees of freedom compared to linear trans-
ormations. Consequently, we used the blockface volume to
stimate the elastic transformation with the MRI data since,
mong post-mortem modalities, it suffered fewer artifacts than
he histological volume. Tests of estimation of the elastic FFD
ransformation directly between the histological volume and
he MRI data resulted in both less accurate and less robust
esults.

. Conclusion

The protocol described in this paper offers a framework to
atch a series of stained histological slices with the MRI scan

f primate brains. Two complete baboon brains were first recon-

tructed from stained histological slices and then brought back to
heir original in-vivo geometry. The final reconstructed stained
istological volumes were presented for the whole brain (includ-
ng both hemispheres) of two baboons, in high resolution with

ig. 10. The post-mortem Imaging (PMI) data for one baboon included in the
urface rendering of the MRI data with different axial (a), coronal (b), sagittal
c) and multiple (d) clipping plans. The PMI modality obtained is spatially 3D
onsistent, is in the MRI geometry and represents the whole brain.
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o smoothing, in coronal, axial and sagittal orientation, alone
nd superimposed with the corresponding MRI.

Three important properties of the final histological volume
btained were achieved by using our protocol: it was (1) spa-
ially 3D consistent, (2) brought back to the in-vivo geometry,
nd (3) representing the whole brain including both hemispheres.
his final volume verifying these three properties can thus be
onsidered as a 3D biomedical modality: the Post-Mortem Imag-
ng (PMI). The post-mortem modality provides high resolution
nformation in the same 3D geometry as in-vivo imaging (as
hown in Fig. 10). Additionally, our protocol does not rely on
ny specificity of the baboon brain and it can be applied to most
rimate brains and, more particularly, to human brains.

PMI offers new opportunities for biomedical studies involv-
ng histology. Accurate 3D atlases representing the whole brain
n the in-vivo geometry can be created based on the high resolu-
ion histological information. It also enables the validation and
esting of imaging techniques processed on in-vivo data (fMRI,
TI, and PET) by the confrontation with the gold standard

mbodied by the information derived from the actual tissues.
In conclusion, this work demonstrates a method which

ridges the gap between fundamental biological research rely-
ng on post-mortem microscopic material analysis and clinical
pplications relying on in-vivo macroscopic medical images
nalysis.
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