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N E U R O S C I E N C E

A unified 3D map of microscopic architecture and  
MRI of the human brain
Anneke Alkemade1*†, Pierre-Louis Bazin1,2,3†, Rawien Balesar4, Kerrin Pine2, Evgeniya Kirilina2,5, 
Harald E. Möller6, Robert Trampel2, Johan M. Kros7, Max C. Keuken1, Ronald L. A. W. Bleys8,  
Dick F. Swaab4, Andreas Herrler9, Nikolaus Weiskopf2,10,11, Birte U. Forstmann1*

We present the first three-dimensional (3D) concordance maps of cyto- and fiber architecture of the human brain, 
combining histology, immunohistochemistry, and 7-T quantitative magnetic resonance imaging (MRI), in two in-
dividual specimens. These 3D maps each integrate data from approximately 800 microscopy sections per brain, 
showing neuronal and glial cell bodies, nerve fibers, and interneuronal populations, as well as ultrahigh-field 
quantitative MRI, all coaligned at the 200-m scale to the stacked blockface images obtained during sectioning. 
These unprecedented 3D multimodal datasets are shared without any restrictions and provide a unique resource 
for the joint study of cell and fiber architecture of the brain, detailed anatomical atlasing, or modeling of the micro-
scopic underpinnings of MRI contrasts.

INTRODUCTION
An exhaustive map of the human brain has been a long-sought goal 
of neuroanatomists. From the outset, the need to create systematic 
descriptions of the human brain has been clear. Entire research 
groups dedicated themselves to these endeavors, which led to the 
development of neuroanatomical methodology (e.g., immunohisto-
chemistry) and the creation of classical maps by Brodmann (1), 
Vogt and Vogt (2), and von Economo and Koskinas [(3), for a 
review, see (4)]. Today, these anatomical mapping approaches can 
be combined with modern brain imaging and computing techniques. 
These efforts range from inserting the classic microscopy prepara-
tions into existing modern anatomical templates (5, 6) to the creation 
of new three-dimensional (3D) atlases of increasingly smaller struc-
tures from submillimeter resolution in vivo or postmortem magnetic 
resonance imaging (MRI) [e.g., (7–11)]. However, it remains a sci-
entific tour de force to combine the exquisite detailed microscopy 
images and reconstruct them into an integrated view of the 3D 
anatomy of the human brain (12). Until now, only one 3D whole-
brain map derived from microscopy with whole-brain coverage is 
openly available, providing details of cytoarchitecture from a single 
type of histological staining at the impressive resolution of 20 m 
across sections and 21 m in-plane (13). Other recent attempts have 

managed to provide fully annotated stained sections from three 
different microscopy contrasts and mapped the annotations to the 
montreal neurological institute (MNI) template (14, 15), or aligned 
microscopy and 3-T MRI covering the entire brain at 400 m (16).

RESULTS AND DISCUSSION
We present the first openly accessible 3D whole-brain map of multiple 
microscopy contrasts and 7-T quantitative multiparameter MRI re-
constructed at 200 m (movie S1). We have included all available 
sections for staining, such as the BigBrain reconstruction (12, 13). 
The integrated series of images depicts nerve fibers, neuronal and 
glial cell bodies, as well as immunolabeling of interneuron popula-
tions, coregistered into a common space at 200-m resolution. For 
each individual staining procedure, we provide a 600- to 1000-m 
sampling interval, which provides sufficient detail for the comparison 
of mRNA and immunoreactivity in prominent hypothalamic nuclei 
(17–19). For the blockface, all sections were sampled. We would like 
to note that for various purposes, such as the identification of small 
nuclei or the mapping of the vasculature, data from multiple stain-
ing procedures can be collapsed, thereby providing full coverage of 
the brain. MRI acquired before sectioning consists of multiple 
quantitative MRI parameter maps with an isotropic resolution of 
400 m. All coregistered maps are freely accessible, offering the 
opportunity to explore the anatomical richness of the human brain 
from complementary perspectives. Our efforts provide a direct com-
parison between histological markers through whole-brain cover-
age and quantitative ultra-high field (UHF) MRI results. Our work 
provides a major step forward and extends previous efforts, such as 
those published by Ding et al. (14).

The inclusion of five microscopy labels, blockface images, and 
three quantitative MRI contrasts provides a wealth of anatomical 
information (Fig. 1). The full-brain coverage allows for detailed and 
comparative analyses of architectonic features for mapping the cor-
tical laminar structure (20–23). A second important application is 
the atlasing of small brain structures that cannot be discerned on 
MR images because of their small size or limited MRI contrast (24). 
The inclusion of the smaller structures including (hypo-)thalamic 
nuclei and deep cerebellar nuclei in MRI atlases will provide new 
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insights into these understudied or poorly defined structures (24–26). 
The availability of coaligned multiple microscopy contrasts will 
improve the localization and differentiation of these structures in 
MRI. Such detailed anatomical references are also of importance to 
surgical planning for deep brain stimulation (27, 28).

This dataset provides an essential link for studies on the relation-
ship between the myelo- and cytoarchitecture of the human brain, 
which can now be compared to quantitative MRI parameters through 
the coregistration across MRI and microscopy modalities. Compar-
ing the cyto- and myeloarchitecture of the human brain has been a 
long-standing goal of neuroanatomy (29), and this dataset provides 
cell and fiber information over the entire brain in the same specimen. 
Interest in myeloarchitecture has been renewed by its relationship 
to MRI contrasts (30–33) and its involvement in mechanisms of 
brain plasticity (34, 35). Using processing techniques adapted from 
MRI cortical analysis tools, MRI and microscopy contrasts can al-
ready be mapped on cortical surfaces (Fig. 2A). The combination of 
acquired 7-T MRI and microscopy data can facilitate building bio-
physical models linking microarchitecture and postmortem MRI to 
eventually extract microarchitectural information directly from 
in vivo MRI datasets (36). Understanding the microscopic detail 
underlying MRI, such as the anatomical detail provided for the 

lateral geniculate nucleus (Fig. 1), can, for instance, shed light on 
differences between structures in terms of variance observed in quan-
titative MRI parameters within small inhomogeneous brain structures 
(26). Some of the architecture of the brain remains largely unex-
plored, such as the angio-architecture (37–39). By detecting vessels 
in the multiple included stainings, we would be able to reconstruct 
whole-brain vascular maps (Fig. 2B) or use the data for automated 
delineations of subcortical structures (Fig. 2C). In structures such as 
the thalamus that have already been parcellated on the basis of 
various in vivo MRI contrasts, there can be discrepancies due to the 
fact that some borders show limited visibility with different approaches 
(25). With multiple immunohistochemical contrasts, anatomical 
boundaries become unequivocal and can be further compared to 
MRI contrast variations (Fig. 2D). The careful delineation of indi-
vidual thalamic structures on the microscopy data and the subsequent 
transfer of the created masks onto the MRI data could inform new 
studies on the local differences in quantitative MRI parameters, 
which could be used to feed into algorithms trained to identify tha-
lamic nuclei in individual MRI contrasts. In addition, the level of 
detail achieved by microscopy allows validation of MR initiatives 
for the imaging of U-fibers (40, 41). A recent finding of increased 
iron concentration in the superficial white matter was linked to 

Fig. 1. Anatomical detail obtained from reconstructed human brains. (A and B) Coronal (A) and axial view (B) for the three MRI contrasts, blockface images, and 
five microscopy stains. (C) Illustrations of single sections for Nissl and silver (Bielschowsky) staining, and parvalbumin, calretinin, and calbindin immunoreactivity in the 
thalamus (scale bar, 1 cm). High-power magnifications (bottom) show high-power magnifications of the lateral geniculate nucleus of the thalamus. Scale bar, 250 m.
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U-fibers (42), but the spatial organization of this relationship has 
not yet been mapped. The combination of the Bielschowsky stain 
with quantitative R2* MRI will allow to build such a map and study 
its relationship with cyto- and myeloarchitecture of the cortex. Last, 
the information contained in such anatomical datasets is invaluable 
for building large-scale computational models of the brain and study 
emergent behavior (43, 44).

Thanks to the high-quality 3D reconstruction, the data can be 
coregistered to MR images and further processed with MRI analysis 
toolboxes. As an example, we provide a version of the maps 
coregistered to MNI2009b (45), a segmentation of the cerebral and 
cerebellar cortices with the automated multiple object geometric 
deformable model (MGDM) and cortical reconstruction using implicit 
surface evolution (CRUISE) methods (46, 47), and an automated 
parcellation of 17 subcortical structures with multi-contrast anatomi-
cal subcortical structures parcellation (MASSP) [(48), see Table 1]. 
The provided coregistration to MNI2009b space enables researchers 
to transfer publicly available brain maps and atlases to the microscopy 
sections. The parcellations of brain structures we provide here have 
been obtained by adapting and optimizing software tools originally 
developed to handle in vivo MRI data. As a result, these constitute 
a starting point for more elaborate whole-brain analyses but should 
be inspected critically for specific applications. We would like to 
note that manual delineation remains the gold standard for de-
tailed neuroanatomical studies. Furthermore, the multiple scales 

of the dataset can be combined to provide whole-brain maps of 
microstructural features. Here, we present preliminary mappings of 
the mesoscopic vasculature detected on the 20-m microscopy sec-
tions, reassembled in 3D in the 200-m resolution blockface space, 
and coregistered to MNI space as well as maps of local shape tensor 
directionality for estimation of fine details of axonal architecture 
(49, 50) estimated from the sections and recombined into blockface 
space (Fig. 3).

This unprecedented 3D multimodal dataset is shared without 
any restrictions and provides a unique resource for the joint study 
of cell and fiber architecture of the brain, detailed anatomical atlasing, 
or modeling of the microscopic underpinnings of MRI contrasts. 
The 3D multimodal dataset offers a unique view on the human brain. 
Cell and fiber architecture of the brain and ultrahigh-field quantitative 
MRI of two human specimens are reconstructed in an individual 
anatomical space. Previous studies either apply spatial interpolation 
to compensate for incomplete coverage or provide high sampling 
coverage for smaller tissue blocks only (51–54). In addition, work 
by others (16, 55, 56) provides a pipeline that has achieved whole-
brain coverage in >400-m-thick sections and combines microscopy 
with 3-T MRI. The anatomical expertise and equipment necessary 
to perform reliable cutting and staining of large microscopy section 
is scarce, and coregistration of such high-resolution sections presents 
substantial computational challenges (12). This dataset does not in-
clude microscopy at the cellular level, yet the order of magnitude 

Fig. 2. Examples of information derived from the dataset of specimen no. 15-2017. (A) Cortical maps from the dataset: blockface (left), quantitative R2* (middle), and 
parvalbumin immunohistochemistry (right), sampled at the midcortical surface in fully folded (top) or inflated (bottom) views; (B) reconstructed blood vessels extracted 
from the coregistered stainings; (C) automated cortical and subcortical parcellations; (D) different stainings outline different thalamic nuclei boundaries.
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and richness of contrasts provided here can bridge between micros-
copy in thin sections cut from small tissue blocks and the context of 
the whole brain. Postmortem research is inherently limited by low 
numbers of observations, which precludes the creation of probabi-
listic atlases, and is prone to potential bias due to antemortem illness, 
pharmacological treatment, cause of death, as well as postmortem 
interval, fixation procedures (including the introduction of air 
bubbles), and the storage time. A case report comparing antemortem 
MRI with MRI on in situ, unfixed tissue showed that whole-brain 
effects can occur on volumetric measurements, cortical thickness, 
and diffusion measures. Potentially, part of these differences were 
caused by the process of dying (57).

Although we cannot make any final claims based on two brains, 
we can provide a comparison between the two specimens. Our datasets 
combine at 200 m a manageable and comprehensive 3D brain volume 
totaling five microscopy stainings, with in-plane levels of 21 m detail 
in the microscopy sections, and three quantitative MRI contrasts. 
The 0.2-mm data can be inspected in 3D neuroimaging viewers, 
such as medical image processing, analysis and visualization (MI-
PAV), a general-purpose medical imaging visualization suite (58), 
which can handle the large size of the images. In addition to the 
processed images, we share the 1200 dots per inch (dpi) raw .tiff 
images, together with the corresponding transforms to 3D blockface 
space. Our efforts provide a unique direct comparison between 
histological markers and quantitative UHF MRI results, which rep-
resents a major step forward and extending previous research. With 
this combination of (immuno-)histochemical and MRI contrasts, 
the data can provide a common frame of reference to bring to-
gether studies focusing on a single anatomical structure in smaller 
tissue samples. We aim to offer researchers worldwide a founda-
tional resource to bridge microanatomy, neuroimaging, and systems 
neuroscience.

Table 1. Description of publicly available data and software. 

Data Description DOI

Original stains

Archive of .tiff files of 
the microscopy 

stains in full 
resolution and 
color, including 
transformation 

maps to 3D 
blockface space

10.21942/
uva.16844500

10.21942/
uva.16843039

3D reconstructions

3D stacked images of 
the stains and MRI 

in ~200-m-
resolution space of 

the blockface 
image

10.21942/
uva.16834114

10.21942/
uva.14260064

MNI coregistrations

Stains, blockface, and 
MRI data in 

MNI2009B space at 
0.5-mm resolution

10.21942/
uva.16834186

10.21942/
uva.14260088

Automated 
parcellations

Parcellation results 
from the whole 
brain, cortical 
surface, and 
subcortical 

labeling algorithms

10.21942/
uva.16834159

10.21942/
uva.14260079

Registration scripts

Python scripts for the 
various 

registration, 
mapping, and 

parcellation 
techniques used

10.21942/
uva.16834132

10.21942/
uva.14260673

Fig. 3. Example of applications using the full range of available resolutions. (A) Shape tensor analysis of the different sections at the 20-m scale, recombined to the 
200-m space of the blockface image; (B) density maps of blood vessels detected from the background of the 20-m sections realigned in 3D at 200 m, projected, and 
averaged into MNI space at 0.5 mm.
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MATERIALS AND METHODS
Two whole human head specimens (female, nondemented, 75 years old, 
no. 15-2017 and female, 59 years old, no. 12-2017; postmortem 
interval <24 hours) were obtained from the body donation program 
of the University of Maastricht following a whole-body perfusion, 
for which written consent was obtained during life, and in accordance 
with the Dutch Burial and Cremation Act. Quantitative MRI maps 
of relaxation rates (R1, R2*) and proton density (Fig. 1) (59, 60) were 
acquired with 400-m isotropic resolution at 7 T, similarly to ultra-
high in vivo multimodal quantitative MRI acquisitions (42). After 
MRI scanning autopsy was performed and following sucrose pro-
tection, the brain was frozen on dry ice in Tissue-Tek. Blockface 
images were acquired for all sections during 200 m serial coronal 
cutting with a resolution of 500 pixels per inch. Blockface images 
were acquired with a camera mounted perpendicular to the tissue 
block, thereby reducing barrel and perspective distortion. We chose 
to cut 200-m sections, since these could be reproducibly processed 
for microscopy, and provide a level of anatomical detail that was 
suitable for comparison to the MRI contrasts. Images were restacked 
without any registration steps. In parallel, all sections were collected 
for staining (Table 2). Hematoxylin and eosin (H&E) sampling 
revealed no evidence of neurological or neuropathological disease, 
which corroborated the clinical diagnosis of nondemented control. 
Staining procedures were executed using standardized procedures 
(59). To minimize the overall influence of staining variations, sec-
tions were randomly assigned to different staining sessions to ensure 
that the interassay variation would be distributed across the brain. 
A detailed description of our staining procedures and initial align-
ment of the sections was published earlier and can be found in (59).

In each specimen, consecutive sections located rostral and caudal 
to the corpus callosum were processed for Nissl (thionin, to label 
glial and neuronal cell bodies), silver staining (Bielschowsky for label-
ing nerve fibers), and parvalbumin staining (immunolabeling of 
interneurons). We would like to note that Luxol fast blue staining 
did not provide satisfactory results in 200-m sections for the visual-
ization of white matter tracts. We therefore labeled nerve fibers using 
silver staining. In sections containing the corpus callosum, sampling 

intervals were increased to provide additional calretinin and calbindin 
labeling in both the cortex and subcortex. Calretinin and calbindin 
immunolabeling provide additional contrast, e.g., to facilitate the 
identification of individual thalamic nuclei (Fig. 1) and labeling of 
distinct interneuron populations in the neocortex. Intervals varied 
slightly (one to two sections) because of sections used for H&E 
staining for neuropathological diagnosis and two damaged sections. 
H&E sections and damaged sections were omitted from the recon-
structions. After digital acquisition of the microscopy sections at 
1200 pixels per inch, providing 21-m in-plane resolution using an 
EPSON Perfection V700 photo (dual lens system) scanner, images 
were coregistered to the corresponding blockface images, which 
were outlined semiautomatically. We did not scan at higher resolu-
tion since our photo scanner did not allow the subsequent conver-
sion of the large resulting files into a .tiff format. The blockface 
imaging volume was selected as the common space of reference as it 
provided sufficiently high resolution in between that of the micros-
copy and MRI while being free of imaging artifacts and distortions. 
Specimen no. 15-2017 showed a freezing artifact, which did not 
have any major effects on blockface imaging, although it was more 
prominent in the microscopy sections.

To optimize tissue contrast for Nissl-stained sections, images were 
acquired using a polarization filter. Color information was discarded 
from the images in the reconstructions to reduce data size without 
notable loss of information since the color did not carry any meaning-
ful anatomical information. Individual color channels red-green-blue 
(RGB) contributed equally to the grayscale image. Original color 
information is available through the original .tiff images (Table 1).

Restacked and background-masked blockface images defined the 
common space, as they provided both a high-resolution 3D anatomical 
map and correspondence to the individual microscopy slices. Coreg-
istration was performed using a forward-backward approach across 
slices, aligning individual stained contrasts not only to the blockface 
but also to previously coregistered neighboring slices across micros-
copy contrasts and feature maps outlining the contours of the brain 
and the position of blood vessels (Fig. 4). Alignment was performed 
with the ANTs SyN algorithm (61) and the Nighres toolbox (62). 

Table 2. Stained sections. 

Stainings No. of sections 
(15-2017)

No. of sections 
(12-2017)

Rostral and caudal 
staining interval*

Central staining 
interval*

Nissl (thionin) Neuronal and glial cell 
bodies 253 264 1:3 1:4/5

Silver (Bielschowsky) Nerve fibers 236 255 1:3 1:6

H&E Neuropathological 
alterations 8 8 Selected anatomical levels†

Parvalbumin (Inter)neurons 206 222 1:3 1:6/7

Calretinin (Inter)neurons 45 42 - 1:6/7

Calbindin (Inter)neurons 45 41 - 1:6/7

Total 793 834

Two sections were discarded because of tissue damage in each specimen.   *Sections were defined as rostral to the corpus callosum, central (containing the 
corpus callosum), or caudal to the corpus callosum. Central sections were additionally sampled with calretinin and calbindin to facilitate the identification of 
diencephalic and metencephalic nuclei.   †Hematoxylin and eosin (H&E) staining was performed on sections containing the frontal cortex, cingulum, 
caudate nucleus, substantia nigra, red nucleus, hippocampus, occipital cortex, insular cortex, basal ganglia (globus pallidus and putamen), temporal cortex, 
subthalamic nucleus, parietal cortex, locus coeruleus, basalis pontis, cerebellar cortex, dentate nucleus, and the olivary nucleus for neuropathological 
assessments.
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Coaligned microscopy images were interpolated with a nonlocal 
means approach (63) to infer contrast between stainings from com-
bined microscopy and blockface imaging. MR images were also 
coaligned to the blockface in 3D with ANTs and skull-stripped using 
the blockface mask (Fig. 4).

Although simple linear registration of the blockface and MR 
images gave reasonable results, a more careful nonlinear alignment 
was needed to match the MRI and blockface contrasts as closely as 
possible. We performed a series of three coregistrations with ANTs 
using decreasing amounts of regularization to obtain the best results. 

Direct nonlinear registration with low regularization was not suc-
cessful since differences resulting from some artifacts in the MRI 
and heterogeneity of the ventricles in the blockface images were not 
adequately handled by the mutual information–based coregistration. 
The appearance of the ventricles in the blockface images was variable 
because of the uneven filling with Tissue-Tek during the freezing 
procedure. In addition, the ventricles are subject to deformation 
during the mounting of the sections on glass slides for microscopy. 
This could be partially resolved by tailoring of the segmentation 
procedure to explicitly model this artifact.

Fig. 4. Multistaining 2D-3D coregistration. By acquiring consecutive blockface images, we reduce the registration problem to 2D-2D coregistration, which can provide 
good macroscopic alignment after parameter optimization (A). Coregistration across multiple stainings requires simultaneous alignment of each section to its neighbors 
and the blockface image (B). Using a forward-backward approach, we obtain smooth 3D reconstructions within three iterations of the registration procedure. Note that 
for each individual section, a separate blockface image was available, and neighboring stainings were only added to regularize the coregistration across slices and stainings. 
The registration pipeline code is publicly available (see Table 1).

Fig. 5. Evaluation of microscopy slice registration in both subjects: Interslice distance between boundaries of the registered microscopy images, per marker 
and across markers. Vertical dashed lines indicate the transitions between sampling strategies (see Table 1). Horizontal lines indicate the corresponding average interslice 
distance within markers. The >2-mm distances (high peaks) in the occipital pole (high slice numbers) reflect parts of the cerebellar cortex that were missing.

D
ow

nloaded from
 https://w

w
w

.science.org at M
ax Planck Society on M

ay 25, 2022



Alkemade et al., Sci. Adv. 8, eabj7892 (2022)     27 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 9

Coregistering the microscopy sections to the corresponding 
blockface images was a challenging 2D-to-2D problem, for which 
we had to optimize nonlinear registration parameters (running the 
SyN algorithm of ANTs in a coarse-to-fine fashion over 6 scales, as 
defined by a scaling factor of 64 in the Nighres interface). Even with 
optimized 2D coregistration, the smoothness of the 3D reconstruc-
tion was still limited (Fig. 4A). To overcome this issue, we extended 
the registration scheme to include the alignment of a stained mi-
croscopy section not only with the corresponding blockface image 
but also with the two nearest coregistered neighboring slides (of any 
type of staining) and the nearest coregistered slide of the same stain-
ing (Fig. 4B). Because this relationship defined a Markov chain–like 
dependency, we could use a forward-backward approach: From the 
most rostral slide, we went forward to the occipital pole, including 
previously coregistered stains within a sliding window of three slices 
as they are computed and then ran the coregistration again backward 
from occipital to frontal pole, including only sections previously 
registered in the backward step. Sliding window approaches can 
introduce a banana effect, which is a general bending unrelated to 
the underlying 3D anatomy, which is avoided here by systematically 
including the blockface data as an anchor for the registration. The 
forward-backward registration step was run three consecutive times, 
each time using the best coregistration result in terms of mutual 
information as a new starting point. In addition to the staining and 
blockface intensities, the coregistration includes boundary and vessel 
maps derived from the background of the images, so that fine de-
tails such as the borders of the brain and blood vessels were better 
aligned. All sources of information were weighted to have equal 
contribution: 1 for the current slide, 1/2 for the neighboring slide of 
the same staining and corresponding boundary map, and 1/4 for the 
two nearest neighboring slides of any staining and their boundary 
maps (see Fig. 4B and complete coregistration script included with 
the data release, Table 1).

Coregistration of multimodal data with extensive amounts of 
nonlinear in-slice distortions is inherently challenging, and small 
registration errors may remain despite our efforts. With the data 
provided, fine-tuning of the coregistration in problematic cases can 
be done, for instance, using manual or semiautomated methods to 
define boundaries of interest to further optimize (64). To assess the 
quality of the coregistration, we estimated the average distance 
between brain boundaries and vessels measured in the microscopy 
images. The background separation in the blockface images was 
more challenging, and fine details of sulcal patterns or vasculature 
were often lost. We therefore omitted these in registration and eval-
uation results. The distances represent the average distances between 
consecutive slices across or within markers and show that slice-to-
slice distances are on the order of the distance between them (Fig. 5). 
This analysis demonstrates high general accuracy and consistency of 
the registration. Remaining discrepancies may be further reduced 
in specific regions of interest by matching manual delineations or 
landmarks. In addition, many analyses benefit from extracting fea-
tures in the original high-resolution 2D sections, rather than the 
3D reconstructions, and using the coregistration transformations to 
combine these features into homogeneous 3D maps (e.g., Fig. 3).

In the reconstructed 3D microscopy of specimen no. 15-2017, 
staining-to-staining intensity differences are still visible in axial and 
sagittal views. In this work, rather than introduce nonlinear distortions 
of the staining intensity by inhomogeneity correction or nonlinear 
intensity matching, we resorted to linearly matching the intensity 

across consecutive slices of the same contrast. As a result, a small 
intensity drift from frontal to occipital slices can be seen in some of 
the contrasts, but the original dynamic range of each staining is 
preserved. Despite these intensity variations, the 3D reconstructions 
of microscopy could be used successfully to label subcortical struc-
tures with the MASSP algorithm. The automated parcellation of 
whole-brain structures and cortical surfaces was performed on 
blockface images after retuning intensity priors to match the ap-
pearance of the blockface data. Subcortical parcellations were ob-
tained from automatized contrast mapping across the MASSP atlas 
and the five microscopy contrasts as well as the blockface image, 
following the approach described previously for parcellation on the 
data of the Human Connectome Project data (48).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj7892

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
 1. K. Brodmann, Neue Ergebnisse ueber die Vergleichende histologische Localisation der 

Grosshirnfinde mit besonderer Berucksichtigung des Stirnhirns. Anat. Anz. 41, 157–216 
(1912).

 2. C. Vogt, O. Vogt, Die vergleichend-architektonische und die vergleichend-
reizphysiologische Felderung der Großhirnrinde unter besonderer Berücksichtigung der 
menschlichen. Naturwissenchaften 14, 1190–1194 (1926).

 3. C. von Economo, G. N. Koskinas, Die Cytoarchitektonik der Hirnrinde des Erwachsenen 
Menschen (Springer, 1925).

 4. G. V. Childs, History of immunohistochemistry, in Pathobiology of Human Disease,  
L. M. McManus, R. N. Mitchell, Eds. (Elsevier, 2014).

 5. R. Nieuwenhuys, C. A. J. Broere, L. Cerliani, A new myeloarchitectonic map of the human 
neocortex based on data from the Vogt–Vogt school. Brain Struct. Funct. 220, 2551–2573 
(2015).

 6. L. H. Scholtens, M. A. de Reus, S. C. de Lange, R. Schmidt, M. P. van den Heuvel, An MRI 
von Economo–Koskinas atlas. NeuroImage 170, 249–256 (2018).

 7. M. C. Keuken, P. L. Bazin, L. Crown, J. Hootsmans, A. Laufer, C. Müller-Axt, R. Sier, 
E. J. van der Putten, A. Schäfer, R. Turner, B. U. Forstmann, Quantifying inter-individual 
anatomical variability in the subcortex using 7 T structural MRI. NeuroImage 94, 40–46 (2014).

 8. J. E. Iglesias, R. Insausti, G. Lerma-Usabiaga, M. Bocchetta, K. van Leemput, D. N. Greve, 
A. van der Kouwe; Alzheimer's Disease Neuroimaging Initiative, B. Fischl, C. Caballero-Gaudes, 
P. M. Paz-Alonso, A probabilistic atlas of the human thalamic nuclei combining ex vivo 
MRI and histology. NeuroImage 183, 314–326 (2018).

 9. W. M. Pauli, A. N. Nili, J. Michael Tyszka, Data descriptor: A high-resolution probabilistic 
in vivo atlas of human subcortical brain nuclei. Sci. Data 5, 180063 (2018).

 10. S. Ewert, P. Plettig, N. Li, M. M. Chakravarty, D. L. Collins, T. M. Herrington, A. A. Kühn, A. Horn, 
Toward defining deep brain stimulation targets in MNI space: A subcortical atlas based on 
multimodal MRI, histology and structural connectivity. NeuroImage 170, 271–282 (2018).

 11. R. Ye, C. Rua, C. O'Callaghan, P. S. Jones, F. H. Hezemans, S. S. Kaalund, K. A. Tsvetanov, 
C. T. Rodgers, G. Williams, L. Passamonti, J. B. Rowe, An in vivo probabilistic atlas 
of the human locus coeruleus at ultra-high field. NeuroImage 225, 117487 (2021).

 12. K. Amunts, H. Mohlberg, S. Bludau, K. Zilles, Julich-Brain: A 3D probabilistic atlas 
of the human brain’s cytoarchitecture. Science 369, 988–992 (2020).

 13. K. Amunts, C. Lepage, L. Borgeat, H. Mohlberg, T. Dickscheid, M.-É. Rousseau, S. Bludau, 
P.-L. Bazin, L. B. Lewis, A.-M. Oros-Peusquens, N. J. Shah, T. Lippert, K. Zilles, A. C. Evans, 
BigBrain: An ultrahigh-resolution 3D human brain model. Science 340, 1472–1475 (2013).

 14. S.-L. Ding, J. J. Royall, S. M. Sunkin, L. Ng, B. A. C. Facer, P. Lesnar, A. Guillozet-Bongaarts, 
B. M. Murray, A. Szafer, T. A. Dolbeare, A. Stevens, L. Tirrell, T. Benner, S. Caldejon, 
R. A. Dalley, N. Dee, C. Lau, J. Nyhus, M. Reding, Z. L. Riley, D. Sandman, E. Shen, 
A. van der Kouwe, A. Varjabedian, M. Wright, L. Zöllei, C. Dang, J. A. Knowles, C. Koch, 
J. W. Phillips, N. Sestan, P. Wohnoutka, H. R. Zielke, J. G. Hohmann, A. R. Jones, A. Bernard, 
M. J. Hawrylycz, P. R. Hof, B. Fischl, E. S. Lein, Comprehensive cellular-resolution atlas 
of the adult human brain. J. Comp. Neurol. 524, 3127–3481 (2016).

 15. S. Ding, J. J. Royall, S. M. Sunkin, B. A. C. Facer, P. Lesnar, A. Bernard, L. Ng, E. S. Lein, “Allen 
Human Reference Atlas – 3D, 2020,” RRID:SCR_017764, version 1.0.0. 2020.

 16. M. Alegro, E. Amaro, B. Loring, H. Heinsen, E. Alho, L. Zöllei, D. Ushizima, L. T. Grinberg, in 
IEEE Computer Society Conference on Computer Vision and Pattern Recognition Workshops 
(IEEE Computer Society, 2016), pp. 634–642.

D
ow

nloaded from
 https://w

w
w

.science.org at M
ax Planck Society on M

ay 25, 2022

https://science.org/doi/10.1126/sciadv.abj7892
https://science.org/doi/10.1126/sciadv.abj7892
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abj7892


Alkemade et al., Sci. Adv. 8, eabj7892 (2022)     27 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 9

 17. A. P. Goldstone, U. A. Unmehopa, S. R. Bloom, D. F. Swaab, Hypothalamic NPY 
and agouti-related protein are increased in human illness but not in Prader-Willi 
syndrome and other obese subjects. J. Clin. Endocrinol. Metab. 87, 927–937 (2002).

 18. J. S. Ten Kulve, L. van Bloemendaal, R. Balesar, R. G. IJzerman, D. F. Swaab, M. Diamant, 
S. E. la Fleur, A. Alkemade, Decreased hypothalamic glucagon-like peptide-1 receptor 
expression in type 2 diabetes patients. J. Clin. Endocrinol. Metab. 101, 2122–2129 (2016).

 19. L. Shan, K. Bossers, U. Unmehopa, A. M. Bao, D. F. Swaab, Alterations in the histaminergic 
system in Alzheimer’s disease: A postmortem study. Neurobiol. Aging 33, 2585–2598 (2012).

 20. K. Wagstyl, C. Lepage, S. Bludau, K. Zilles, P. C. Fletcher, K. Amunts, A. C. Evans, Mapping 
cortical laminar structure in the 3D bigbrain. Cereb. Cortex 28, 2551–2562 (2018).

 21. F. M. Krienen, B. T. T. Yeo, T. Ge, R. L. Buckner, C. C. Sherwood, Transcriptional profiles 
of supragranular-enriched genes associate with corticocortical network architecture 
in the human brain. Proc. Natl. Acad. Sci. U.S.A. 113, E469–E478 (2016).

 22. K. Heuer, R. Toro, Role of mechanical morphogenesis in the development and evolution 
of the neocortex. Phys Life Rev 31, 233–239 (2019).

 23. J. M. Huntenburg, P. L. Bazin, A. Goulas, C. L. Tardif, A. Villringer, D. S. Margulies, A 
systematic relationship between functional connectivity and intracortical myelin 
in the human cerebral cortex. Cereb. Cortex 27, 981–997 (2017).

 24. B. U. Forstmann, G. de Hollander, L. van Maanen, A. Alkemade, M. C. Keuken, Towards 
a mechanistic understanding of the human subcortex. Nat. Rev. Neurosci. 18, 57–65 (2017).

 25. C. Iglehart, M. Monti, J. Cain, T. Tourdias, M. Saranathan, A systematic comparison 
of structural-, structural connectivity-, and functional connectivity-based thalamus 
parcellation techniques. Brain Struct. Funct. 225, 1631–1642 (2020).

 26. C. Müller-Axt, C. Eichner, H. Rusch, L. Kauffmann, P.-L. Bazin, A. Anwander, M. Morawski, 
K. von Kriegstein, Mapping the human visual thalamus and its cytoarchitectonic 
subdivisions using quantitative MRI. bioRxiv , 2020.08.14.250779 (2020).

 27. A. Horn, A. A. Kühn, Lead-DBS: A toolbox for deep brain stimulation electrode 
localizations and visualizations. NeuroImage 107, 127–135 (2015).

 28. B. L. Edlow, A. Mareyam, A. Horn, J. R. Polimeni, T. Witzel, M. D. Tisdall, J. Augustinack, 
J. P. Stockmann, B. R. Diamond, A. Stevens, L. S. Tirrell, R. D. Folkerth, L. L. Wald, B. Fischl, 
A. van der Kouwe, 7 Tesla MRI of the ex vivo human brain at 100 micron resolution. 
bioRxiv , 649822 (2019).

 29. R. Nieuwenhuys, The myeloarchitectonic studies on the human cerebral cortex 
of the Vogt–Vogt school, and their significance for the interpretation of functional 
neuroimaging data. Brain Struct. Funct. 218, 303–352 (2012).

 30. J. Cohen-Adad, J. R. Polimeni, K. G. Helmer, T. Benner, J. A. McNab, L. L. Wald, B. R. Rosen, 
C. Mainero, T2* mapping and B0 orientation-dependence at 7 T reveal cyto- 
and myeloarchitecture organization of the human cortex. NeuroImage 60, 1006–1014 
(2012).

 31. J. Dinse, N. Härtwich, M. D. Waehnert, C. L. Tardif, A. Schäfer, S. Geyer, B. Preim, R. Turner, 
P. L. Bazin, A cytoarchitecture-driven myelin model reveals area-specific signatures 
in human primary and secondary areas using ultra-high resolution in-vivo brain MRI. 
NeuroImage 114, 71–87 (2015).

 32. M. F. Glasser, T. S. Coalson, E. C. Robinson, C. D. Hacker, J. Harwell, E. Yacoub, K. Ugurbil, 
J. Andersson, C. F. Beckmann, M. Jenkinson, S. M. Smith, D. C. van Essen, A multi-modal 
parcellation of human cerebral cortex. Nature 536, 171–178 (2016).

 33. J. P. Marques, D. Khabipova, R. Gruetter, Studying cyto and myeloarchitecture 
of the human cortex at ultra-high field with quantitative imaging: R 1, R 2* and magnetic 
susceptibility. NeuroImage 147, 152–163 (2017).

 34. R. Turner, Myelin and modeling: Bootstrapping cortical microcircuits. Front. Neural 
Circuits 13, 34 (2019).

 35. R. G. Almeida, D. A. Lyons, On myelinated axon plasticity and neuronal circuit formation 
and function. J. Neurosci. 37, 10023–10034 (2017).

 36. N. Weiskopf, L. Edwards, G. Helms, S. Mohammadi, E. Kirilina, Quantitative magnetic 
resonance imaging of brain anatomy and in-vivo histology. Nat. Rev. Phys. 3, 570–588 
(2021).

 37. R. A. Pfeifer, Die angioarchitektonische areale Gliederung der Grosshirnrinde auf Grund 
vollkommener Gefässinjektionspräparate vom Gehirn des Macacus rhesus anatomisch 
dargestellt. JAMA 115, 802–802 (1940).

 38. H. M. Duvernoy, S. Delon, J. L. Vannson, Cortical blood vessels of the human brain. 
Brain Res. Bull. 7, 519–579 (1981).

 39. F. Schmid, M. J. P. Barrett, P. Jenny, B. Weber, Vascular density and distribution 
in neocortex. NeuroImage 197, 792–805 (2019).

 40. A. Scholz, R. Etzel, M. W. May, M. Mahmutovic, Q. Tian, G. Ramos-Llordén, C. Maffei, 
B. Bilgiç, T. Witzel, J. P. Stockmann, C. Mekkaoui, L. L. Wald, S. Y. Huang, A. Yendiki, B. Keil, 
A 48-channel receive array coil for mesoscopic diffusion-weighted MRI of ex vivo human 
brain on the 3 T connectome scanner. NeuroImage 238, 118256 (2021).

 41. A. W. Song, H. C. Chang, C. Petty, A. Guidon, N. K. Chen, Improved delineation of short 
cortical association fibers and gray/white matter boundary using whole-brain 
three-dimensional diffusion tensor imaging at submillimeter spatial resolution. 
Brain Connect. 4, 636–640 (2014).

 42. E. Kirilina, S. Helbling, M. Morawski, K. Pine, K. Reimann, S. Jankuhn, J. Dinse, A. Deistung, 
J. R. Reichenbach, R. Trampel, S. Geyer, L. Müller, N. Jakubowski, T. Arendt, P. L. Bazin, 
N. Weiskopf, Superficial white matter imaging: Contrast mechanisms and whole-brain 
in vivo mapping. Sci. Adv. 6, eaaz9281 (2020).

 43. N. T. Markov, M. Ercsey-Ravasz, C. Lamy, A. R. Ribeiro Gomes, L. Magrou, P. Misery, 
P. Giroud, P. Barone, C. Dehay, Z. Toroczkai, K. Knoblauch, D. C. van Essen, H. Kennedy, 
The role of long-range connections on the specificity of the macaque interareal cortical 
network. Proc. Natl. Acad. Sci. U.S.A. 110, 5187–5192 (2013).

 44. J. F. Mejias, X.-J. Wang, Mechanisms of distributed working memory in a large-scale 
network of macaque neocortex. bioRxiv , 760231 (2021).

 45. V. Fonov, A. C. Evans, K. Botteron, C. R. Almli, R. McKinstry, D. L. Collins; Brain 
Development Cooperative Group, Unbiased average age-appropriate atlases 
for pediatric studies. NeuroImage 54, 313–327 (2011).

 46. P. L. Bazin, M. Weiss, J. Dinse, A. Schäfer, R. Trampel, R. Turner, A computational framework 
for ultra-high resolution cortical segmentation at 7 Tesla. NeuroImage 93, 201–209 (2014).

 47. X. Han, D. L. Pham, D. Tosun, M. E. Rettmann, C. Xu, J. L. Prince, CRUISE: Cortical 
reconstruction using implicit surface evolution. NeuroImage 23, 997–1012 (2004).

 48. P.-L. Bazin, A. Alkemade, M. J. Mulder, A. G. Henry, B. U. Forstmann, Multi-contrast 
anatomical subcortical structures parcellation. eLife 9, e59430 (2020).

 49. R. Schurr, A. A. Mezer, The glial framework reveals white matter fiber architecture 
in human and primate brains. Science 374, 762–767 (2021).

 50. M. D. Budde, J. Annese, Quantifying anisotropy and fiber orientation in human brain 
histological sections. Front. Integr. Neurosci. 7, 3 (2013).

 51. K. R. Sitek, O. F. Gulban, E. Calabrese, G. A. Johnson, S. S. Ghosh, F. De Martino, Mapping 
the human subcortical auditory system using histology, post mortem MRI and in vivo MRI 
at 7T. bioRxiv , 568139 (2019).

 52. S. Yang, Z. Yang, K. Fischer, K. Zhong, J. Stadler, F. Godenschweger, J. Steiner, H.-J. Heinze, 
H.-G. Bernstein, B. Bogerts, C. Mawrin, D. C. Reutens, O. Speck, M. Walter, Integration 
of ultra-high field MRI and histology for connectome based research of brain disorders. 
Front. Neuroanat. 7, 31 (2013).

 53. J. Mollink, M. Kleinnijenhuis, A.-M. van Cappellen van Walsum, S. N. Sotiropoulos, 
M. Cottaar, C. Mirfin, M. P. Heinrich, M. Jenkinson, M. Pallebage-Gamarallage, O. Ansorge, 
S. Jbabdi, K. L. Miller, Evaluating fibre orientation dispersion in white matter: Comparison 
of diffusion MRI, histology and polarized light imaging. NeuroImage 157, 561–574 (2017).

 54. M. M. Chakravarty, G. Bertrand, C. P. Hodge, A. F. Sadikot, D. L. Collins, The creation 
of a brain atlas for image guided neurosurgery using serial histological data. NeuroImage 
30, 359–376 (2006).

 55. A. T. D. L. Alho, C. Hamani, E. J. L. Alho, R. E. da Silva, G. A. B. Santos, R. C. Neves, 
L. L. Carreira, C. M. M. Araújo, G. Magalhães, D. B. Coelho, M. C. Alegro, M. G. M. Martin, 
L. T. Grinberg, C. A. Pasqualucci, H. Heinsen, E. T. Fonoff, E. Amaro Jr., Magnetic resonance 
diffusion tensor imaging for the pedunculopontine nucleus: Proof of concept 
and histological correlation. Brain Struct. Funct. 222, 2547–2558 (2017).

 56. E. J. L. Alho, A. T. D. L. Alho, L. Grinberg, E. Amaro Jr., G. A. B. dos Santos, R. E. da Silva, 
R. C. Neves, M. Alegro, D. B. Coelho, M. J. Teixeira, E. T. Fonoff, H. Heinsen, High thickness 
histological sections as alternative to study the three-dimensional microscopic human 
sub-cortical neuroanatomy. Brain Struct. Funct. 223, 1121–1132 (2018).

 57. B. D. C. Boon, P. J. W. Pouwels, L. E. Jonkman, M. J. Keijzer, P. Preziosa, W. D. J. van de Berg, 
J. J. G. Geurts, P. Scheltens, F. Barkhof, A. J. M. Rozemuller, F. H. Bouwman, 
M. D. Steenwijk, Can post-mortem MRI be used as a proxy for in vivo? A case study. 
Brain Commun. 1, fcz030 (2019).

 58. M. J. McAuliffe, F.M. Lalonde, D. McGarry, W. Gandler, K. Csaky, B.L. Trus in Proceedings of 
the IEEE Symposium on Computer-Based Medical Systems (2001), pp. 381–388.

 59. A. Alkemade, K. Pine, E. Kirilina, M. C. Keuken, M. J. Mulder, R. Balesar, J. M. Groot, R. L. A. W. Bleys, 
R. Trampel, N. Weiskopf, A. Herrler, H. E. Möller, P.-L. Bazin, B. U. Forstmann, 7 Tesla MRI 
followed by histological 3D reconstructions in whole-brain specimens Human whole-brain 
MRI and histology Corresponding author. Front. Neuroanat. 14, 536838 (2020).

 60. N. Weiskopf, J. Suckling, G. Williams, M. M. Correia, B. Inkster, R. Tait, C. Ooi, E. T. Bullmore, 
A. Lutti, Quantitative multi-parameter mapping of R1, PD*, MT, and R2* at 3T: 
A multi-center validation. Front. Neurosci. 7, 95 (2013).

 61. B. B. Avants, C. L. Epstein, M. Grossman, J. C. Gee, Symmetric diffeomorphic image 
registration with cross-correlation: Evaluating automated labeling of elderly 
and neurodegenerative brain. Med. Image Anal. 12, 26–41 (2008).

 62. J. M. Huntenburg, C. J. Steele, P.-L. Bazin, Nighres: Processing tools for high-resolution 
neuroimaging. Gigascience 7, giy082 (2018).

 63. P. Coupé, J. V. Manjón, V. Fonov, J. Pruessner, M. Robles, D. L. Collins, Patch-based 
segmentation using expert priors: Application to hippocampus and ventricle 
segmentation. NeuroImage 54, 940–954 (2011).

 64. M. Brammerloh, M. Morawski, I. Friedrich, T. Reinert, C. Lange, P. Pelicon, P. Vavpetič, 
S. Jankuhn, C. Jäger, A. Alkemade, R. Balesar, K. Pine, F. Gavriilidis, R. Trampel, E. Reimer, 
T. Arendt, N. Weiskopf, E. Kirilina, Measuring the iron content of dopaminergic neurons 
in substantia nigra with MRI relaxometry. NeuroImage 239, 118255 (2021).

D
ow

nloaded from
 https://w

w
w

.science.org at M
ax Planck Society on M

ay 25, 2022



Alkemade et al., Sci. Adv. 8, eabj7892 (2022)     27 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 9

Acknowledgments: We thank T. Mildner for expert input on MRI scanning, and D. Klank, 
S. Verlinde, and C. Mackaaij for excellent technical assistance. N.W. is Adjunct Professor at the 
Center for Medical Physics and Biomedical Engineering, Medical University of Vienna. 
Funding: This research is financially supported by STW/NWO (B.U.F. and A.A.), NWO VICI 
(B.U.F.), the European Research Council [B.U.F. (no. 864750) and N.W. (no. 616905)], the BMBF 
(01EW1711B to N.W.), the Brain Foundation of the Netherlands (B.U.F. and A.A.), and 
Stichting Internationaal Parkinson Fonds (B.U.F. and A.A.). Author contributions: A.A., 
conceptualization, methodology, validation, formal analysis, investigation, data curation, 
writing—original draft, and funding acquisition; P.-L.B., methodology, software, validation, 
formal analysis, investigation, data curation, writing—original draft, and visualization; R.B., 
methodology, validation, investigation, data curation, and writing—review and editing; K.P. 
and E.K., methodology, validation, investigation, software, data curation, and writing—review 
and editing; H.E.M., R.T., and M.C.K., methodology and writing—review and editing; J.M.K., 
validation and writing—review and editing; R.L.A.W.B., resources and writing—review and 
editing; D.F.S., laboratory access, advice on neuropathology, resources, and writing—review 
and editing; A.H., resources and writing—review and editing; N.W., resources, writing—review 

and editing, and funding acquisition; B.U.F., conceptualization, methodology, investigation, 
resources, writing—original draft, and funding acquisition. Competing interests: The Max 
Planck Institute for Human Cognitive and Brain Sciences has an institutional research 
agreement with Siemens Healthcare. N.W. holds a patent on acquisition of MRI data during 
spoiler gradients (US 10,401,453 B2). N.W. was a speaker at an event organized by Siemens 
Healthcare and was reimbursed for the travel expenses. The authors declare that they have no 
other competing interests. Data and materials availability: All data needed to evaluate the 
conclusions in the paper are present in the paper and/or the Supplementary Materials. All 
original stainings, reconstructed 3D stacks in blockface and MNI space, automated cortical 
segmentations and subcortical parcellations, as well as the coregistration and processing 
scripts used to generate them are all publicly available; see Table 1.

Submitted 2 June 2021
Accepted 10 March 2022
Published 27 April 2022
10.1126/sciadv.abj7892

D
ow

nloaded from
 https://w

w
w

.science.org at M
ax Planck Society on M

ay 25, 2022



Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

A unified 3D map of microscopic architecture and MRI of the human brain
Anneke AlkemadePierre-Louis BazinRawien BalesarKerrin PineEvgeniya KirilinaHarald E. MöllerRobert TrampelJohan M.
KrosMax C. KeukenRonald L. A. W. BleysDick F. SwaabAndreas HerrlerNikolaus WeiskopfBirte U. Forstmann

Sci. Adv., 8 (17), eabj7892. • DOI: 10.1126/sciadv.abj7892

View the article online
https://www.science.org/doi/10.1126/sciadv.abj7892
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org at M
ax Planck Society on M

ay 25, 2022

https://www.science.org/about/terms-service

