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Abstract Stereotaxy is based on the precise image-guided
spatial localization of targets within the human brain. Even
with the recent advances in MRI technology, histological
examination renders different (and complementary) infor-
mation of the nervous tissue. Although several maps have
been selected as a basis for correlating imaging results with
the anatomical locations of sub-cortical structures, techni-
cal limitations interfere in a point-to-point correlation
between imaging and anatomy due to the lack of precise
correction for post-mortem tissue deformations caused by
tissue fixation and processing. We present an alternative
method to parcellate human brain cytoarchitectural
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regions, minimizing deformations caused by post-mortem
and tissue-processing artifacts and enhancing segmentation
by means of modified high thickness histological tech-
niques and registration with MRI of the same specimen and
into MNI space (ICBM152). A three-dimensional (3D)
histological atlas of the human thalamus, basal ganglia, and
basal forebrain cholinergic system is displayed. Structure’s
segmentations were performed in high-resolution dark-field
and light-field microscopy. Bidimensional non-linear reg-
istration of the histological slices was followed by 3D
registration with in situ MRI of the same subject. Manual
and automated registration procedures were adopted and
compared. To evaluate the quality of the registration pro-
cedures, Dice similarity coefficient and normalized
weighted spectral distance were calculated and the results
indicate good overlap between registered volumes and a
small shape difference between them in both manual and
automated registration methods. High thickness high-res-
olution histological slices in combination with registration
to in situ MRI of the same subject provide an effective
alternative method to study nuclear boundaries in the
human brain, enhancing segmentation and demanding less
resources and time for tissue processing than traditional
methods.

Keywords Cytoarchitecture - Thalamus - Sub-cortical
atlas - Magnetic resonance imaging

Introduction

Stereotactic procedures rely on the precise spatial local-
ization of targets within the human brain. At the dawn of

stereotaxy, the use of ventriculography (Dandy 1918) was
the gold standard method for brain localization, especially
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when combined with brain atlases. Spiegel and Wycis
published the first atlas of the human brain (Spiegel et al.
1952), based on histological sections of post-mortem
specimens. After their seminal publication, numerous
human brain atlases were created (Talairach 1957; Schal-
tenbrand and Bailey 1959; Andrew and Watkins 1969; Van
Buren and Borke 1972; Emmers and Tasker 1975; Schal-
tenbrand et al. 1977; Afshar et al. 1978; Yoshida 1987;
Talairach and Tournoux 1988; Ono et al. 1990; Morel et al.
1997; Nowinski and Belov 2003; Nowinski et al. 2005;
Chakravarty et al. 2006; Morel 2007; Yelnik et al. 2007,
Mai et al. 2008; Zaborszky et al. 2008; Krauth et al. 2010;
Amunts et al. 2013). Stereotaxy is also an important
research tool, and several developments in brain mapping
and structure targeting were achieved in animal models.
Therefore, several histological brain atlases were generated
from rodents (Konig and Klippel 1963; Paxinos and Wat-
son 1986; Kroon and Riley 1986; Toga et al. 1989; Sch-
warz et al. 2006; Franklin and Paxinos 2008; Kumazawa-
Manita et al. 2013) and non-human primates (Shanta et al.
1968; Francois et al. 1996; Martin and Bowden 1996;
Nlinsky et al. 2002; Saleem and Logothetis 2012; Lanciego
and Vazquez 2012). Atlases based on histological and
immunohistochemical methods provide outstanding reso-
lution; however, tissue shrinkage and mechanical defor-
mation during cutting, staining, and cover-slipping
inherently complicate a direct point-to-point correlation
between imaging and anatomy.

Currently, magnetic resonance imaging (MRI) spatial
resolution, detector sensitivity, and better image contrast
led to the ability to study brain structures at histological
and even cellular scale. Ultrahigh field MRI using 14 T is
already possible, but these developments still do not apply
to in vivo scanning, due to ideal conditions of NMR
microscopy experiments (Duyn 2012). Typical in vivo
spatial resolution up to 0.5 x 0.5 x 0.5 mm> in 7T
machines can be achieved. However, even with the recent
advances in MR technology, histological examination
renders different (and complementary) information of the
nervous tissue. As an example, the subthalamic area is
depicted in T2-weighted MRI as a low signal region due to
high iron concentration spread in this nuclei (Drayer et al.
1986), and does not necessarily match the cytoarchitectural
boundaries of the subthalamic nucleus (STN) (Hallgren and
Sourander 1958; Aoki et al. 1989; Reese et al. 2012).

Combining in situ brain imaging with high-resolution
histology in 3D space is challenging. Digitalization of serial
histological sections through the human brain is associated
with tissue distortion and the generation of a huge amount of
data, which requires big computational power to handle,
possible in high-end neuroimaging centers.

In this paper, we present a 3D sub-cortical histological
atlas, normalized to MNI standard space ICBM152) using
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relatively thick histological sections combined with manual
and automated histology-to-MRI registration procedures.
This approach yields highly precise histological boundaries
segmented from dark- and light-field microscopy to be
transferred and compared to in vivo data sets, being useful
both in research and clinical analyses. Cortical parcella-
tions are to be included in a next paper, by applying an
automated computational segmentation model currently in
development in our group.

Materials and methods
Post-mortem MRI

Three post-mortem human brains were used in the present
study: Case 1, a 56-year-old man, Case 2, a 66-year-old
woman, and Case 3, a 56-year-old man. Case 3, due to its
intrinsic outstanding contrast in dark-field illumination,
was used to confirm cytoarchitectural and myeloarchitec-
tural criteria adopted, and not for 3D reconstructions.
Myeloarchitecture was obtained solely by analyzing
dark-field illumination images and not by additional myelin
stains. Details on the causes of death and post-mortem
times are summarized in Table 1. The brains were scanned
post-mortem in cranio at the Institute of Radiology and
submitted to a conventional MR scan protocol, as described
in Table 1.

Diffusion tensor imaging (DTI) was also included in
MRI protocol, using the parameters, as shown in Table 1.
While head motion, cardiac pulsation, and breathing arti-
facts are not a problem in post-mortem DTI, a short post-
mortem interval (in our case approximately 14 h) is
required for optimal imaging, as the natural autolytic
phenomena occurring after death can possibly cause dis-
turbance in the diffusivity of water after long post-mortem
intervals (Haakma et al. 2016). DTI pre-processing,
including eddy current distortion correction, EPI distortion
corrections, and linear registration to anatomic sequences,
were achieved in FSL (Jenkinson et al. 2012) and exported
to Amira (v. 5.4.1, Visage Imaging GmbH, Germany)
software for fiber tracking.

Histological processing

After formalin fixation (20%), the brains were dehydrated
in graded series of ethanol. The rostral parts anterior to the
anterior horn and dorsal parts of the frontal lobe of Case 1
were removed. Cases 2 and 3 were processed as full brains
without removal of the arachnoidea. The brains were then
soaked in an 8% solution of celloidin and subjected to
celloidin-embedding by means of a vacuum-assisted pro-
cedure. The celloidin was hardened by chloroform vapors
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Table 1 Case history and MRI sequences

Cases Age Gender Cause of Previous 30T PMI*  Fixation Plane  No. of Thickness of
(years) death neurological MRI scan of studied the sections
diseases section sections (pm)
Case 1 56 Man Myocardial ~ None Yes, in 15h30’ Formalin 20%, Frontal 101 400
infarct cranio immersion, 4 months
Case 2 66 Woman Blunt None Yes, in 13h05’ Formalin 20% Axial 279 430
trauma® cranio immersion, 4 months
Case 3 56 Man Myocardial ~ None Yes, in 14h40’ Formalin 20% Frontal 285 560
infarct cranio immersion, 4 months

MRI sequences: T1l: TR = 6.3 ms, TE =29 ms, Tl = 791 ms, 240 x 240, 1 x 1 x 1 mm voxels 3D; Axial FLAIR: TR = 8613 ms,
TI = 2800 ms, TE = 130 ms, 0.65 mm x 0.87 mm, 1 NEX 3 mm/0.3 mm, FOV 230 mm x 183 mm, 2D, DTI: b = 3000, TE = 65 ms, TR
23.650 ms, FOV 256 mm x 256 mm, resolution 2.0 mm x 2.0 mm x 2.0 mm, NEX 2, gradient 32 directions, SENSE = 2 (AP), Flip

angle = 90
4PMI post-mortem interval (time between death and autopsy)
®Without brain injuries

and finally by immersion in 70% alcohol. The celloidin
blocks with the brains were serially cut on a sliding
microtome (Polycut, Cambridge Instruments, UK) at a
section thickness of 400, 430, and 560 um, respectively,
for Cases 1, 2, and 3. During the serial sectioning, every
section was photographed with a digital single-lens reflex
camera (blockface images). Details of the procedure and its
scope are given elsewhere (Teipel et al. 2008, 2011;
Grinberg et al. 2008, 2009; Ewers et al. 2011). The serial
celloidin sections where stained using a modified gallo-
cyanin (Nissl) technique (Heinsen and Heinsen 1991).

Registration procedures and image similarity
metrics

To restore the spatial 2D arrangement of the gallocyanin-
stained sections, registration procedures were applied for
Cases 1 and 2. Case 1 was subject to manual 2D (histology
to blockface) and 3D (histological block to T1 MRI) reg-
istration (Figs. 1, 2 and 3; Online Resource 1), while Case
2 was submitted to a computational registration pipeline
developed in our group (Alegro et al. 2016), including
blockface and histology background segmentation, fol-
lowed by symmetrical 2D affine registration based on
robust statistics (Reuter et al. 2010), and 2D non-linear
ANTS SyN registration (Avants et al. 2008). Finally, 3D
registration was performed using also SyN algorithm. The
pipeline routines and evaluation metrics were implemented
in Matlab (R2015a, Mathworks, USA) and 3D visualiza-
tion in Amira. Normalization of Case 2 MRI into MNI
space (ICBM152) (Fonov et al. 2011) was also achieved
with ANTS. All transformations were stored and subse-
quently applied to masks segmented in the high-resolution
histological slices.

To evaluate the quality of the registration procedures,
Dice similarity coefficient (DSC) (Dice 1945) and

normalized weighted spectral distance (nWSD) (Konu-
koglu et al. 2012, 2013) were computed. DSC is a non-
parametric statistical metric widely used in segmentation
studies. Since it only measures overlap disregarding shape,
we also applied the nWSD as complementary metric, since
it accounts for shape similarity between two structures.
DSC range is 0-1 when 0 means no overlap and 1 means
maximum overlap. The nWSD also is in the 0-1 interval.
Zero reflects no shape difference, and 1 reflects complete
disagreement of shapes.

DSC and nWSD were computed for 2D segmented
masks of the cerebral surface in blockface and gallocyanin-
stained sections and for the 3D histological and MRI sur-
faces (Fig. 2). The evaluation of registration quality of the
automated pipeline, including Case 2, was described in a
previous work (Alegro et al. 2016).

Segmentation of nuclei and computer-assisted 3D
reconstruction

The stained gallocyanin sections were analyzed using a
stereo microscope, a conventional binocular microscope,
and a digital camera. This optical instrumentation allowed
low and high power optical magnification necessary for the
delineation of the cytoarchitectural fields and sub-regions
studied. Bright- and dark-field illumination pictures of the
same slice were registered to enhance contrast and seg-
mentation (Figs. 4, 7). In our case, the delineation was
guided by Hassler’s parcellation (Hassler et al. 1982) for
the thalamus, Mesulam’s nomenclature (Mesulam et al.
1983) for the basal forebrain cholinergic system (BFCS),
and the Schaltenbrand atlas for the basal ganglia (Schal-
tenbrand et al. 1977). Color coding for the BFCS followed
a previous paper from our group (Grinberg and Heinsen
2007). The nuclear outlines were traced in serial sections
using a cursor and a graphic tablet and they were
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Fig. 1 Manual histology-to-blockface 2D registration: a Gallocyanin-
stained section roughly aligned to the unstained block; b Deformable
mesh and anchor points projected onto the primary image surface;

Fig. 2 Histology-to-MRI
manual 3D registration of Case
1. a Basal central block surface
segmented from histological
slices (purple); b basal central
block surface segmented from
T1 MRI images (green);

¢ frontal view of 3D registered
histology and MRI, and d basal
view of 3D registered histology
and MRI. These outlines were
used to calculate DSC and
nWSD 3D values

segmented by a neurosurgeon (first author) and carefully
revised by an experienced neuroanatomist (last author) in
Adobe Photoshop CS5 Extended, v12.0, Adobe, USA. In
this environment, binary masks with nuclear contours were

@ Springer

¢ Non-linear correction of the deformations; d Final alignment;
e Detail of the misalignment of the stained slice due to tissue
processing; f The same region seen in e after the non-linear correction

created. The transformation matrices generated by the
computational pipeline were applied to the masks and
imported to Amira, where three-dimensional reconstruc-
tions were performed and displayed (Figs. 5, 6, 8, 9; Online
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Fig. 3 Registered thalamic nuclei segmented from the histological
sections embedded in the 3.0 T MRI of the same brain

Resource 2). Tractography was also performed in Amira,
using the streamline tracking and tensor deflection algo-
rithms, with the following parameters: FA seed threshold
0.2; FA step threshold 0.17; step size 1.67; and length
152.941 mm.

Results
Identification of nuclear boundaries

Based on the Nissl-stained sections, it was possible to
recognize and delineate the major thalamic nuclei accord-
ing to the terminology proposed by Hassler et al. (1982)
(Figs. 3, 5, 9), the basal ganglia structures (Schaltenbrand
etal. 1977) (Figs. 6, 7) and the BFCS following Mesulam’s
nomenclature (Fig. 8) (Mesulam et al. 1983). The labeling

Fig. 4 Coronal Nissl-stained
560 pm section (Case 3) at the
level of the thalamus and
subthalamic nuclei (STN)

a High power magnification
view of the reticular nucleus and
b lateral group. ¢ 3.0 T MRI of
the same specimen, d Dark-field
illumination of the same slice,
showing contrast enhancement
and myeloarchitecture as
criterium for segmentation

was based on cytoarchitectural criteria. In addition, Case 3
labeling employed myeloarchitectural criteria (Fig. 4). The
thalamic nuclei were categorized into trunco- and pallio-
thalamic nuclei, and into the major groups of thalamic
nuclei including the anterior nuclear group, medial nuclear
region, central gray nuclei, envelope, lateral nuclear region,
pulvinar, medial/lateral geniculate bodies, and reticular
nucleus.

The borders of the sub-nuclei did not follow simple
geometric lines, but proved to be highly complex. By
viewing our relatively thick gallocyanin-stained sections
with a stereomicroscope at low and medium power mag-
nifications, we obtained an improved visual depiction and a
better tridimensional visualization of nuclear contours and
boundaries. Dark-field illumination on the same slice
enhanced contrast and also facilitated segmentation
(Fig. 7). Highly complex cloud-like neuronal aggregations
could be seen in the medial thalamic nuclear region,
whereas the ventrocaudalis parvocellullaris (V.c.pc.) sub-
nuclei appeared as chromophilic (darkly gallocyanin-
stained) satellites attached to the ventrocaudalis anterior
(V.c.a.). Less complex neuronal aggregates could be
observed in the lateral thalamic nucleus. These aggregates
differed in shape and staining properties from each other,
similar to those in the medial nuclear region. In contrast to
the medial sub-nuclei, the neuronal aggregates in the lateral
nuclear region were characterized by a striation reminis-
cent of cortical vertical radii. The caliber of these thalamic
radii varied from fine, through intermediate, to coarse. In
dark-field illumination (Fig. 4d), these radii were seen as
myelinated fibers. This kind of striation offered an addi-
tional criterion for nuclear delineation. Fine caliber fibers

@ Springer
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Fig. 5 Registered MRI and DTI with cytoarchitectonic fields and
subthalamic region. a Coronal MRI fused to histology. b Fiber
tracking of brainstem fused to 3D histology of STN and thalamus.

Fig. 6 Basal ganglia 3D structures segmented from darkfield
microscopy displayed in native 3D histological space (a) and in
ICBM152 MNI standard space (b) in T1 (coronal) and T2 (axial)
weighted images (¢) microscopic view of basal ganglia structures at
the level of the white arrow in a

@ Springer

¢ Horizontal MRI fused to DTI and histology. d Detail of the
subthalamic region and fibers surrounding the histology-defined STN

Fig. 7 Dark-field microscopy (left) and light-field microscopy (right)
of the same slice. Note that identical structures have distinct
characteristics with different illumination. This feature helps delin-
eating basal ganglia borders and nuclear groups. Pul thalamic
pulvinar, CM/Pf centro median—parafascicular thalamic complex,
Mmt mamilo-thalamic tract, Fx fornix, STN subthalamic nucleus, CI
internal capsule, AC anterior commissure, GPi internal globus
pallidus, GPe external globus pallidus

penetrated the pulvinar, intermediate fibers Vi, and coarse
fibers Vc.

Regarding to segmentation of the basal ganglia struc-
tures, the most challenging structures are the identification
of GPi borders and the interdigitation of ventral pallidum
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Fig. 8 a Microscopic view of basal forebrain components in a
coronal slice at the level of the black arrow in b; b basal forebrain
cholinergic system (BFCS) histological map fused to T1 MRI of the
same subject. White: anterior commissure; green: CH2; yellow: CH3;

and nucleus accumbens. Dark-field illumination was
indispensible to clarify unequivocally nuclear borders
between highly irregular profiles of different sub-cortical
gray matter interdigitating in this brain region (Figs. 6, 7).

This approach rendered possible DTI and fiber-tracking
visualization combined with the 3D cytoarchitecture
(Fig. 9). This feature is important to help localization of
structures in vivo in pre-operative planning and post-op-
erative analysis (Alho et al. 2017).

Quantitative evaluation of registration

Concerning to DSC values, the means for manual 2D
registration were slightly higher than automated registra-
tion (2D manual 0.9642 4 0.0186 vs. 2D automated
0.9427 £ 0.0030). For 3D registration, the DSC value for
the automated method was slightly higher (manual 0.9486
vs. automated 0.9675). These values show a very good
registration localization for both sets, since values above
0.7 are considered to reflect good overlap between slices

Fig. 9 Frontal view of the thalamic and subthalamic nuclei fused to
the DTI showing the fiber tracts of the subthalamic region. This
cytoarchitectonic map was registered to pre-operative CT scan and
MRI of a 4l-year-old male patient with idiopathic generalized
dystonia for trajectory planning and lead placement of a bilateral
stimulation of STN after bilateral pallidotomy (Fonoff et al. 2012).
Scaled models of the Medtronic DBS electrode 3387 were displayed

gray: CH4am; red: CH4i, black: CH4p; blue: Ayala’s nucleus; pink:
nucleus juxta commissuralis. Color coding follows Grinberg and
Heinsen (2007), Mesulam’s nomenclature is adapted from Mesulam
et al. (1983)

(Crum et al. 2006). Measurement of nWSD is a relatively
new metric; however, the authors provide an extensive
evaluation of the method (Konukoglu et al. 2012, 2013).
An nWSD value above 0.01 reflects shape difference. The
mean sWSD for 2D manual registration was
0.0066 £ 0.0005 vs. 0.0080 £ 0.00003 for automated
procedure, while 3D manual warps had an sWSD of 0.0045
vs. 0.0054 for 3D-automated warps. All the mean values
are below 0.01 for 2D and 3D registrations, inferring good
shape match between the blocks in average. In addition, the
smaller values of manual registrations reflect slightly less
shape difference between masks. Table 2 and Fig. 10
summarize these results.

In summary, both manual and automated registration
procedures rendered good overlap between 2D slices and
3D volumes, and little shape difference after registration.
Manual registration was slightly better for 2D slices, pro-
viding greater overlap and less shape difference after reg-
istration (p < 0.05).

Discussion

Using computational technology, several authors created
3D atlases based on the most widely consulted printed
atlases (Yoshida 1987; Nowinski et al. 1997; St-Jean et al.
1998; Nowinski and Belov 2003; Ganser et al. 2004;
Carballo-Barreda et al. 2007). However, some inaccuracies
in the original atlases led to 3D inconsistencies (Niemann
et al. 1994; Nowinski et al. 1997, 2006; Niemann and van
Nieuwenhofen 1999).

These inaccuracies are due to strains occurred during the
processing of the nervous tissue. First, 3D deformations
befall at the moment of extraction from the skull, followed
by volumetric distortions due to fixation procedure (Small
and Peterson 1982; Kretschmann et al. 1982; Quester and
Schroder 1997; Simmons and Swanson 2009; Schulz et al.
2011). Second, the serial sectioning, staining, and cover-
slipping procedures inevitably confound the planar and
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Table 2 Results of measurements of dice similarity coefficient (DSC) and normalized weighted spectral distance (nWSD) for Case 1 (manual
registration) and Case 2 (automated registration)

N Mean DSC =+ CI 95% SD Min Max Mean nWSD =+ CI 95% SD Min Max
Case 1
2D warp 103 0.9642 + 0.0186 0.0955 0.0110 0.9878 0.0066 £ 0.0005 0.0024 0.001 0.01
3D warp 1 0.9486 - - - 0.0045 - - -
Case 2
2D warp 262 0.9427 £+ 0.0030 0.0291 0.7881 0.9780 0.0080 £ 0.00003 0.0002 0.008 0.009
3D warp 1 0.9675 - - - 0.0054 - - -

Mean values with 95% confidence intervals (CI 95%), standard deviations (SD), and minimal and maximal values are also listed. N is the number
of pairs of slices (2D) or pairs of volumes (3D) evaluated. ¢ test demonstrated p < 0.05 for comparison between DSC and nWSD values for 2D
warps of Cases 1 and 2

DSC 2D (Case 1) DSC 2D (Case 2)
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Fig. 10 Results of DSC and nWSD for bidimensional warps for
Cases 1 (manual registration) and 2 (automated registration). a DSC
values for manual registration of histology and blockface images
(2D); b DSC for 2D ANTS registration and; ¢ nWSD values for 2D

spatial arrangements of individual sections (Bauchot 1967).
Major sources of error considering histological processing
include thickness (thinner slices tend to distort more than
thicker slices), differential shrinkage between gray vs.
white matter and mounting on slides (Simmons and
Swanson 2009).

Histological digital data sets have been recently pub-
lished by several authors (Chakravarty et al. 2006; Yelnik
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manual registration; and d nWSD for 2D ANTS registration. ¢ test
showed that the difference in average DSC and nWSD values for
manual and automated registration are statistically significant
(p < 0.05), with small confidence intervals (CI 95%)

et al. 2007; Krauth et al. 2010; Amunts et al. 2013) and
the solution for the problem of histological distortion is
heavily based on image registration procedures and
algorithms. Medical image registration tools are opti-
mized for registering different imaging modalities of the
same individual (for example, computed tomography to
MRI) or to normalize different individual data of the
same modality to a common standard stereotactic space.
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Inter-individual in vivo registration is already robust at
macroscopic level; however, accurate registration of his-
tology to MRI remains difficult, notwithstanding last
decade’s development on the field (Alic and Haeck 2010).
MRI-to-histology registration renders many challenges,
including applying complex algorithms to data sets in the
order of Terabytes, taking up to 1000 h of uninterrupted
data acquisition (Amunts et al. 2013). Management of
such amount of information requires special computa-
tional solutions, available in few high-end neuroimaging
centers.

The aim of this study was to describe a new proce-
dure to co-register high-resolution histological slices to
high-resolution MRI data sets to construct a 3D coherent
MRI-histological atlas of the human brain, normalized to
MNI space. The main characteristics of our proposal are:
(a) relatively high section thickness (400-560 pm) and a
modified Nissl stain (Heinsen and Heinsen 1991; Hein-
sen et al. 2000) histological technique and (b) post-
mortem in situ high-resolution 3 T MR images. The
applications of the procedure described here are various,
but the atlas can be efficiently applied to in vivo MRI
data sets, either for post-operative analysis (Fonoff et al.
2012; Martinez et al. 2013) or to clinical voxel-based
morphometry (VBM) studies (Kilimann et al. 2014;
Teipel et al. 2014). Normalization of high-resolution
histology-to-MNI space has clinical importance, since it
is the standard stereotactic space in neuroimaging liter-
ature and has gained attention recently in the neurosur-
gical literature in the context of DBS (Horn and Kiihn
2015; Ewert et al. 2017).

The gallocyanin staining of thick sections considerably
facilitates the delineation of cortical areas and sub-cortical
nuclei, as well as excluding neuropathological changes
(Heckers et al. 1991; Heinsen et al. a, b, 1996; Casanova
et al. 2008; Grinberg et al. 2009; Ewers et al. 2011). When
compared to traditional 70 pm, or ultrahigh-resolution
20 pm histological slices, the 400-560 pm sections pro-
vide more cells per section, allowing a 3D impression of
the arrangement of neurons within nuclear boundaries and,
therefore, greatly facilitating segmentation of cortical and
sub-cortical gray matter. Dark-field illumination supplied
additional myeloarchitectural criteria (density and distri-
bution of myelinated fibers) for tracing nuclear subdivi-
sions, at the same slice (Figs. 4, 7).

Ultrahigh-resolution slices (20 pwm) supply microscopic
functional information at cellular resolution (Amunts et al.
2013). Although very thin slices provide high detailed
knowledge about the neurons, there is some price to pay.
First, it generates thousands of slices, and histological
processing, analysis, and segmentation of all of them
besides time consuming and expensive, requires also out-
standing computing power. A possible solution for this

issue is skipping slices, leading to interpolation of infor-
mation. If blockface images and segmentation are per-
formed at every 20th section in a 20 pm-thick stack, a final
resolution of 400 um is obtained. We consider that when
the objective is to delineate nuclear boundaries, (instead of
obtaining detailed cellular information) it is preferable to
analyze 400 pm sections. This approach spares the need of
interpolation, and loss of information. The micrometric
focus can be used to understand the architecture and rela-
tionship between neurons. Second, very thin slices are
more prone to suffer distortions and artifacts (Simmons and
Swanson 2009).

The thalamic parcellation proposed by Hirai and Jones
(1989) is widely used in research, and it is based on
immunohistochemical staining. For this study‘, only the
cytoarchitectural criteria were applied, and therefore,
Hassler’s parcellation (Hassler et al. 1982) was more ade-
quate to our purposes. Hassler’s terminology is also used
by neurosurgeons, insofar as the Schaltenbrand and Wah-
ren atlas (Schaltenbrand et al. 1977) use this terminology
and it still is an important tool for stereotactic neurosur-
geons. Mesulam’s nomenclature adopted for the BFCS is
also widely used for humans (Zaborszky et al. 2008; Butler
et al. 2014), although it was originally described in rats
(Mesulam et al. 1983).

Our results showed very good overlap between histol-
ogy and MRI slices and volumes, and very little shape
difference after registration, using either manual or auto-
mated algorithms for warping the images. Manual regis-
tration of slices is time consuming and operator-
dependent, but does not depend on automated pre-pro-
cessing steps such as background segmentation, which
can also be very challenging. This might be the reason
why 2D DSC and nWSD values revealed slightly better
results for manual procedures. The reduced number of
slices due to high thickness rendered also possible to
manually warp a whole brain. Good overlapping and little
shape difference after registration can also be due to less
distortion induced by the high thickness of the histolog-
ical sections.

The MRI of the specimens was determinative for the
atlas construction, since normalization of the histology into
MNI space was facilitated (MRI to MRI fusion). The in situ
acquisition of the images allowed the correction of dis-
tortions caused by formalin fixation, cutting, staining, and
mounting of histological slices. Atlas fusion into pre-op-
erative imaging (Fig. 9; Online Resource 3) is also facili-
tated, since non-linear algorithms for MRI to MRI
registration are already robust and the alternative to warp
traditional atlases into patients is based on affine transfor-
mations and control points.

The high thickness histological technique, due to the
reduced number of slices per brain and consequently
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reduced costs and processing time, opens the possibility to
study a high number of brains in the forseeable future. This
is particularly important in the functional neurosurgery
field, where multiple atlases derived from very different
brains are desired, instead of a probabilistic average. With
multiple atlases, it is possible to choose and register the
most similar atlas to the patient, minimizing atlas-to-pa-
tient registration errors that commonly occur, while pre-
operative planning is proceeded.

Conclusions

We described a 3D cytoarchitecture-based sub-cortical
atlas normalized to MNI space using relatively thick his-
tological techniques in combination with manual or auto-
mated multiple 2D and 3D MRI data registration.
Quantitative assessment of registration procedures showed
good 2D and 3D warping quality, for either manual or
automated approaches. The high power magnifications of
the 400-560 um gallocyanin-stained sections together with
dark-field microscopy facilitated the cytoarchitectural
segmentation of the nuclear boundaries of the structures
studied, generating manageable amount of data without the
need of outstanding computer power. The cytoarchitectural
maps generated in this work were applied to imaging
studies (Alho et al. 2017) and clinical data (Fonoff et al.
2012; Martinez et al. 2013; Kilimann et al. 2014; Teipel
et al. 2014), with important implications. We demonstrated
in two cases that when the focus is to study nuclear
boundaries instead of detailed cellular information, high
thickness slices provide an effective alternative method to
achieve those results.
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