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Detailed mapping of the complex fiber 
structure and white matter pathways of the 
chimpanzee brain

Cornelius Eichner    1  , Michael Paquette1, Christa Müller-Axt    1,2, 
Christian Bock    3, Eike Budinger4,5, Tobias Gräßle6, Carsten Jäger7,8, 
Evgeniya Kirilina    7,9, Ilona Lipp7, EBC Consortium*, Markus Morawski8, 
Henriette Rusch8, Patricia Wenk4, Nikolaus Weiskopf    7,10, 
Roman M. Wittig    11,12,13, Catherine Crockford11,12,13, Angela D. Friederici    1 & 
Alfred Anwander    1

Long-standing questions about human brain evolution may only be resolved 
through comparisons with close living evolutionary relatives, such as 
chimpanzees. This applies in particular to structural white matter (WM) 
connectivity, which continuously expanded throughout evolution. However, 
due to legal restrictions on chimpanzee research, neuroscience research 
currently relies largely on data with limited detail or on comparisons with 
evolutionarily distant monkeys. Here, we present a detailed magnetic 
resonance imaging resource to study structural WM connectivity in the 
chimpanzee. This open-access resource contains (1) WM reconstructions of a 
postmortem chimpanzee brain, using the highest-quality diffusion magnetic 
resonance imaging data yet acquired from great apes; (2) an optimized 
and validated method for high-quality fiber orientation reconstructions; 
and (3) major fiber tract segmentations for cross-species morphological 
comparisons. This dataset enabled us to identify phylogenetically relevant 
details of the chimpanzee connectome, and we anticipate that it will 
substantially contribute to understanding human brain evolution.

The ability to drive scientific progress, attain virtuosity in fine arts or to 
use language are examples of human-specific skills. The basis for these 
remarkable capacities lies in the human brain’s complex structural and 
functional architecture.

To date, however, it is not well understood how the human brain 
structure developed throughout evolution. Direct comparisons 
between brains of modern humans and their extinct evolutionary 
ancestors are inherently impossible. Consequently, human evolution-
ary neuroscience profits from comparisons between humans and 
nonhuman primates.

Primate brain evolution is characterized by an increase in brain 
size and a marked increase in the proportion of white to gray matter1–3. 

WM fiber connections enable interactions between neurons of dif-
ferent cortical and subcortical gray matter areas and are the central 
neurobiological basis for the mastery of complex cognitive abilities 
among primates. Technical and methodological advances in magnetic 
resonance imaging (MRI) allow mapping these fiber tracts throughout 
the brain noninvasively.

Diffusion MRI (dMRI) yields information on microstructural WM 
tissue characteristics and structural connections in humans and non-
human primates4. A substantial challenge in dMRI tractography is the 
accurate reconstruction of complex WM architecture, which entails 
crossing fibers in nearly every region of the brain5; however, accurately 
resolving WM microstructure6 and connectivity is of keen interest to 
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However, ethical concerns related to primate research severely 
limit the options for neuroimaging research involving great apes. Most 
countries have adopted moratoria on conducting invasive chimpanzee 
research, including MRI performed under anesthesia19. Consequently, 
current evolutionary neuroscientific knowledge is restricted mainly 
to comparisons of humans with evolutionary distant monkeys, such 
as macaques20. As for comparisons with great apes, research is lim-
ited to data collected before the moratorium11,12, for example The 
National Chimpanzee Brain Resource (https://www.chimpanzeebrain.
org). These in-vivo neuroimaging data from chimpanzees, acquired 
many years ago, are limited in image resolution and neuroanatomical 

better understand higher cognitive functions, such as language7 and 
neurological diseases8.

Comparisons of structural WM brain connections in humans with 
homologous pathways in apes and monkeys offer an opportunity to 
investigate the neurobiology of brain evolution9–13. In these efforts, 
postmortem dMRI can play a unique role by providing data of high 
quality14–16. Several macro- and microstructural characteristics indicate 
that brains of great apes are closer to human brains than to those of 
other primate clades, such as Cercopithecidae (for example, macaque 
monkeys)17,18. Thus, a thorough anatomical description of brains of 
great apes is key to understanding the evolution of the human brain.
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Fig. 1 | High-resolution MRI data quality. a, Whole-brain color-coded FA 
reconstruction of the acquired high-resolution (500 µm isotropic) postmortem 
chimpanzee dMRI dataset. The color indicates the tissue orientation and the 
brightness encodes the anisotropy. S, superior; A, anterior; P, posterior; R, right; 
I, inferior; L, left. b, Zoomed regions of DTI (top row) and FLASH MR microscopy 
at 150 µm isotropic resolution (bottom row). Anatomical labels are provided on 
the FLASH MR microscopy data. ll, lateral lemniscus; ml, medial lemniscus; cwm, 

cerebellar white matter; cau, caudate; gpe, external globus pallidus; th, thalamus; 
gpi, internal globus pallidus; ac, anterior commissure; pt, putamen; ac, anterior 
commissure; or, optic radiation; lgn, lateral geniculate nucleus. Abbreviations 
are defined in Supplementary Table 1. c, Exemplary high-resolution human 
in vivo dMRI DTI data with 1-mm isotropic resolution from the 7T Human 
Connectome Project (subject 126,426).
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accuracy. Previous attempts to acquire postmortem chimpanzee dMRI 
data suffered from limited resolution and low signal, impeding accurate 
reconstructions of complex WM fiber architecture and connectivity13,21.

This study aimed to provide a detailed morphological description 
and characterization of the brain WM pathways in the chimpanzee, one 
of our closest living evolutionary relatives. To this end, we obtained 
whole-brain dMRI data from a single adult chimpanzee, which was 
euthanized for medical reasons. The sample was obtained for the ‘Evo-
lution of Brain Connectivity Project’, an international research effort 
exploring the evolutionary trajectory of the human brain22,23. Through 
multiple days of optimized scanning at ultra-high field strength, we 
acquired dMRI data with unprecedented image resolution. To take 
full advantage of the data quality attained, we developed an optimized 
dMRI reconstruction technique capable of reliably resolving com-
plex fiber configurations. Here, we present the first high-resolution 
whole-brain atlas of WM fiber pathways in the chimpanzee. We release 
this MRI dataset to facilitate efforts to understand the evolution of the 
human brain.

Results
Ultra-high-resolution MRI data
We acquired a whole-brain chimpanzee dMRI dataset at 500 µm iso-
tropic voxel size on a 9.4T preclinical MRI system (Fig. 1a,b). Micro-
scopical and histological assessment revealed a well-preserved brain 
cyto- and myeloarchitecture, showing clear myelin layers24 (Supplemen-
tary Note 1). We acquired data over multiple days, using an optimized 
segmented three-dimensional (3D) EPI sequence, yielding a high mean 

signal-to-noise ratio of 83.6 (Supplementary Note 2), low distortions 
and low blurring. We leveraged an optimized diffusion-weighting of 
b = 5,000 s mm−2 (Supplementary Note 3). A test–retest assessment 
revealed high stability of the dMRI acquisition and reconstruction 
(Supplementary Note 2). We show color-coded fractional anisotropy 
(FA) images, derived from the diffusion measurements (Fig. 1a,b).  
A breakdown of the main factors contributing to the high data quality 
is provided in Supplementary Note 3.

We acquired fast low-angle shot (FLASH) data with identical 
alignment and voxel size as the dMRI data, but with varying contrasts 
(PD-weighted to T1-weighted). Moreover, we obtained a complemen-
tary magnetic resonance (MR) microscopy dataset with an isotropic 
voxel size of 150 µm (Fig. 1b, bottom).

The present dMRI and MR microscopy data allowed us to resolve 
anatomical details that had previously been described in histological 
data but remained hidden in earlier MRI datasets (Fig. 1b): In the brain-
stem, fine anatomical details of the pons, such as the pontine nuclei 
(pn) or the pontine crossing tract (pct), are well visible. In addition, 
the demarcation of the corticospinal tract within the pons and the 
lateral and medial lemnisci can be seen (Fig. 1b). In the cerebellum, the 
high-resolution data reveal the finely branched cerebellar foliate (cf) 
structure and the cerebellar WM (Fig. 1b). In the striatum, anatomical 
details of Edinger’s comb between the putamen and caudate are well 
visible. As in other primates, WM fibers of the internal capsule (ic) 
intersect with striatal cell bridges (sb) in this region (Fig. 1b). In the 
hippocampus, the data resolution allows studying the rolled structure 
of the dentate gyrus (dg) (Fig. 1b). This level of anatomical detail is far 
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Fig. 2 | Local spherical deconvolution. a, Illustration of LSD reconstruction. 
Ground-truth fODF might be embedded in different microstructural 
environments, yielding different dMRI signals. The constant solid angle (CSA) 
approach reconstructs diffusion orientation distribution functions (dODF) for 
each voxel. Each voxel is deconvoluted using kernels of various anisotropy. The 
AIC determines the best ratio using local multi-compartment forward modeling. 
b, Comparison between LSD and CSD reconstruction of optimal deconvolution 

between LSD and CSD (left). LSD utilized various kernel sharpness across the 
brain. CSD focused on cc voxels for deconvolution. Comparison of identified 
NuFO between LSD and CSD (right). c, Zoomed comparison between LSD and 
CSD fODFs in different brain regions with crossing fiber anatomies: yellow 
indicates axial frontal crossing between ifof and cc, cyan indicates coronal 
crossing between cc and cst and magenta indicates sagittal crossing between  
af and cc.
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beyond the current state of the art for human in vivo dMRI data (for 
example, 7T dMRI25; Fig. 1c) as well as previously acquired postmortem 
chimpanzee data (Supplementary Note 4).

Local spherical deconvolution
We reconstructed the local WM fiber structure using the acquired 
high-resolution dMRI data. Simple dMRI models such as diffusion 
tensor imaging (DTI) do not support detecting multiple fiber orienta-
tions within a voxel; however, accurate and stable modeling of crossing 

fibers is paramount for an anatomically meaningful reconstruction of 
structural brain connectivity.

The most widely used method to estimate crossing fibers is con-
strained spherical deconvolution (CSD)26. CSD relies on one single-fiber 
response function, called the deconvolution kernel, to compute the 
fiber orientation distribution functions (fODF) in the entire WM. This 
kernel is generally estimated from brain regions with strongest anisot-
ropy; however, the appropriate kernel choice is crucial, as it directly 
impacts the estimated number of fiber orientations (NuFO) and may 
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Fig. 3 | Whole-brain tractography. a, Whole-brain track-density reconstruction 
of WM pathways in the chimpanzee brain. Overview of the whole chimpanzee 
brain on a color-coded track-density image (TDI). b, Labeled series of sequential 
coronal slices of the track-density data with anatomical labels, zoomed to the 
left hemisphere. Abbreviations are defined in Supplementary Table 1. The 
orientation of the different fiber tracts is color-coded. In AP orientation (green), 
the ifof, the ilf, the cingulum (cg) and the fornix (fx) can be delineated. In LR 

orientation (red), the main inter-hemispheric pathways such as the cc and the ac 
can be seen. In inferior–superior (IS) orientation (blue), the cst, tapetum (tap), 
the anterior, posterior and superior thalamic radiation (atr, ptr and str), as well as 
the corticopontine tract (cpt) are visible. In the cerebellum, fascicles such as the 
inferior cerebral peduncle (icp), mcp and superior cerebral peduncle (scp) are 
detectable.
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indicate erroneous directions27. Initial results on tract-specific micro-
structural properties challenge CSD assumptions and call for adapted 
kernels in different brain regions27,28.

To overcome nonoptimal kernel selection, we developed 
an optimized fiber orientation reconstruction algorithm, termed 
local spherical deconvolution (LSD), which uses a voxel-specific 
optimal deconvolution kernel adapted to local tissue properties. 
It accounts for different microstructural environments of axons 
and best represents the acquired dMRI data. The optimal kernel  
selection leverages the Akaike information criterion (AIC) (Fig. 2a).  
A test–retest assessment showcased the stability of LSD reconstruc-
tion parameters and estimated fiber orientations (Supplementary  
Note 2).

For CSD, the established kernel selection method chose highly 
anisotropic corpus callosum (cc) voxels (Fig. 2b). As a result, CSD relied 
on a kernel with anisotropy too high to adequately represent the dMRI 
signal in most regions of the brain, resulting in inflated NuFO values 
(Fig. 2b) of up to five orientations per voxel.

In contrast, LSD identified optimal deconvolution kernels through-
out the brain (Fig. 2b). The kernel shape was optimized for every voxel 
and indicated spatially varying diffusion anisotropy throughout the 
brain (Fig. 2b). This approach led LSD to estimate more anatomically 
plausible NuFO values (Fig. 2b).

In comparison to CSD, LSD fODFs seemed sharper and more 
ordered, resembling known human anatomy (Fig. 2c). This is par-
ticularly evident in crossing fiber regions, such as (1) the intersection 
between anterior thalamic radiation and genu of the cc; (2) the cross-
ing between the cc body and the corticospinal tract (cst); and (3) the 
crossing region between the superior-longitudinal fascicle (slf)/arcuate 
fascicle (af) and the transcallosal tracts (Fig. 2c). In the af region, LSD 
confirmed the anatomically known association/projection fibers and 
the projections of the cc present in the primate lineage29,30. In contrast, 
CSD seemed to suffer from the overly sharp reconstruction kernel, 
resulting in a fragmentation of reconstructed fiber orientations in the 
anterior–posterior (AP) direction (Fig. 2c).

We thoroughly validated the LSD reconstruction accuracy against 
the ground truth from numerical simulations, known human anatomy 
and myelin histology (Supplementary Note 5). This validation also 
entails a detailed comparison and benchmark of LSD against CSD, as 
well as an analysis of LSD reconstruction stability against the acquired 
number of diffusion directions.

Visualization of WM structures
General description. We studied the chimpanzee’s WM brain organiza-
tion with its major structures in the left hemisphere (Fig. 3). The large 
fiber tracts, also known from humans31,32, are immediately apparent.

For example, in AP orientation (green), the slf and the af are visible. 
Both slf and af run largely parallel, separating at the temporoparietal 
junction. The slf makes a lateral turn and connects with the supramar-
ginal gyrus (smg). The af takes a descending turn to connect to the 
planum temporale and primary auditory cortex within the superior 
temporal gyrus. This tract has been repeatedly linked to the evolution 
of human language9,11,33. The slf and af seem strongly interspersed with 
transcallosal connections in the left–right (LR) orientation. Compared 
to CSD, the LSD algorithm accurately reconstructed both fiber orienta-
tions within these critical regions (Fig. 2b).

Mapping the superior fronto-occipital fascicle. In addition to map-
ping the chimpanzee’s principal fascicles, the high-resolution data 
allow insights into subtle details of primate WM structure, such as 
the superior fronto-occipital fascicle (sfo) connecting the parietal 
and occipital lobe with frontal regions and the subcallosal fascicle of 
Muratoff (mu) (Fig. 4) connecting the striatum with regions in the fron-
tal lobe. Both pathways were previously identified in monkeys using 
invasive tract-tracing methods34. In humans, however, the morphology 
or existence of these pathways remains controversial35,36.

In this dataset, both the sfo and mu can be clearly identified and 
distinguished. In the frontal lobe, they run closely parallel and separate 
at the level of the lateral ventricle (lv) (Fig. 4). The sfo then continues 
dorsally toward the cortex. Conversely, the mu continues along the 
ventricular wall into the striatum. This suggests that a prominent sfo 
also exists in chimpanzees. Considering that the sfo is substantially 
reduced or even absent in humans, the regression of this tract may be 
an evolutionary brain change specific to humans.

Details of inter-hemispheric connections in the chimpanzee. The 
present data allow a detailed investigation of inter-hemispheric con-
nections in the chimpanzee brain. At high image resolutions, these 
connections reveal fascinating details, such as the laminar structure 
of the cc (Fig. 5a). Early histological brain preparations have shown 
that fiber arrangements in the cc extend along radially running lami-
nae37. This has recently also been demonstrated in living humans using 
7T-FLASH data38. In contrast to previous dMRI acquisitions, the present 
data allow the direct visualization of the cc lamellae in the chimpanzee 
brain. (Fig. 5a).

The present dataset provides sufficient spatial resolution to map 
all primary inter-hemispheric connections in the chimpanzee (Fig. 5b). 
At first glance, principal inter-hemispheric commissures, such as the 
cc, ac and pc stand out; however, several additional, typically indiscern-
ible structures can be observed, such as the middle commissure (mc) 
and the habenular commissure (hc). We did not resolve the ventral 
hippocampal commissure (vhc) in the present chimpanzee dataset. 
In contrast, the vhc was recently documented in a postmortem study 
in the marmoset monkey14. As this study used a comparable relative 
voxel size to our approach, the observed discrepancy may indicate an 
evolutionary regression of the vhc between apes and monkeys.

Reconstruction of chimpanzee brain fiber pathways
The high quality of the acquired dMRI data and the LSD reconstruction 
allows us to render principal fascicles with an excellent level of anatomi-
cal detail (Fig. 6): We discern the dorsal longitudinal fiber pathways, 
including the slf I–III and the af, with only the af bending posteriorly into 
the posterior superior temporal gyrus (stg). Frontally, the af connects 
to the inferior frontal gyrus (ifg), like the slf III (Fig. 6a). We show the 
inferior fronto-occipital (ifof) and the uncinate (unc) fascicle, connect-
ing the frontal cortex with the occipital cortex and the temporal pole, 
respectively (Fig. 6b). We show the two main inferior frontal pathways 

a b c d

a b c de f

sfo

mu
lv

cc

cr sfo

mu
lv

cc

cr
sfo

mu
lv

cc
cr

sfo

mu
cc

cr

sfo

sfo

sfo
mu

mu

mu

P A Llv

Fig. 4 | Superior fronto-occipital fascicle (sfo) and the subcallosal  
fascicle of Muratoff (mu). a–d, Coronal view of sfo and mu, splitting paths 
in the corpus callosum. e, Sagittal view of jointly running mu and sfo in AP 
orientation. The triangles at the upper margin indicate the positions of the 
coronal slices (a–d). After segregating (c), mu runs along the ventricular wall 
into the striatum. In contrast, the sfo runs dorsally toward the cortex. f, Left 
hemisphere of the brain for spatial orientation. Abbreviations are defined in 
Supplementary Table 1.

http://www.nature.com/naturemethods


Nature Methods

Resource https://doi.org/10.1038/s41592-024-02270-1

of the temporal lobe: the inferior longitudinal fascicle (ilf) and the 
medial longitudinal fascicle (mdlf), which connect the temporal with 
the occipital lobe (Fig. 6c), the cingulum, which connects the medial 
frontal lobe and cingulate gyrus with the medial parietal lobe and the 
entorhinal cortex (Fig. 6d), the cst and middle cerebellar peduncle 
(mcp) (Fig. 6e). The crossing between the mcp and cst in the pons is 
well resolved, as also visible in the directionally encoded axial slice 
(Fig. 1c). For individual tract reconstructions and anatomical labels 
refer to Supplementary Note 6.

Discussion
Understanding the evolutionary origin of the human brain and its con-
nectivity is a pressing question in neuroscience. To this end, functional 
and structural comparisons are made between the brains of humans 
and other species, particularly nonhuman primates, to decipher the 
evolutionary path of the brain through comparisons with evolutionary 
relatives. Critical for unraveling the origins of human abilities is the 
comparison with the chimpanzee, one of our closest living relatives, 
with which we shared a last common ancestor about 7 million years 
ago39.

Previously acquired chimpanzee neuroimaging data are scarce 
and suffer from limited image resolution and anatomical accuracy. To 
bridge this gap, we here present a high-quality postmortem dMRI and 
MR microscopy resource. Following previous releases of high-quality 
postmortem diffusion resources from marmoset monkeys14 and 
macaques16, our data provide a detailed insight into the brain con-
nectivity of our closest living evolutionary relatives. As such, our data 
complement current evolutionary brain research by providing the 
opportunity to formulate detailed hypotheses and validate findings 
from large data sources such as the National Chimpanzee Resource. 
The raw and processed data, including the tractography results, are 

openly shared with the research community (https://openscience.
cbs.mpdl.mpg.de/ebc).

The primate brain connectome is characterized by fiber tracts of 
various sizes. For a comprehensive understanding of WM, a detailed 
representation of all fascicles, including fine tracts, is crucial; however, 
noninvasive imaging methods such as conventional in vivo dMRI suffer 
from low image resolution and fail to reveal the subtle details of brain 
connectivity. Other methods to identify fiber connections, such as inva-
sive in vivo tract-tracing or postmortem polarized-light-microscopy 
(PLI)40, are either not feasible in chimpanzees (tracing) or face con-
siderable challenges in the reconstruction of spatial 3D images/rep-
resentations (PLI). Accordingly, postmortem dMRI proves a valuable 
alternative for identifying brain pathways that can achieve unprec-
edented image resolutions compared to in vivo MRI14,15,41.

The dMRI resource presented here offers several advantages over 
previous studies of chimpanzee brain connectivity9,12,13. Besides the 
substantially higher resolution, these advantages include improved 
microstructural diffusion contrast, realistic representations of fiber 
crossings and a higher specificity of the reconstructed fiber tracts. 
Even with large fascicles, these data enable more accurate and detailed 
representations of the fiber projections on the cortical surface14.

For a high-quality reconstruction of chimpanzee WM connections, 
we have developed an optimized fiber orientation reconstruction 
algorithm (LSD). In contrast to previous reconstruction approaches 
such as CSD, LSD computes matching deconvolution kernels in each 
voxel separately to reconstruct WM fiber orientations with high fidel-
ity. LSD increased the neuroanatomical precision of the reconstructed 
chimpanzee brain connectome, while also accounting for complex WM 
architectures such as crossing fibers.

The combination of high-resolution imaging and optimal fiber 
reconstruction provides insights into the neuronal connectivity  
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of the chimpanzee brain. For instance, we were able to observe a 
clear separation between the frontal brain fascicles sfo and mu. The 
existence of the sfo is controversial in humans35. Our results indi-
cate the existence of the sfo in chimpanzees, thereby placing this 
tract evolutionarily closer to humans than previously thought. If the 
sfo has regressed in humans since the last common ancestor with 
chimpanzees, this would be a unique evolutionary development  
in humans.

Complex WM architecture, such as crossing fibers, may not only 
complicate reconstructions of smaller tracts but also their exact corti-
cal projections. Here, the af is of particular interest, as it constitutes a 
central component of the human language network. Its evolutionary 
change has been considered essential in explaining the emergence 
of human language ability9,11. Our high-resolution data show that the 
chimpanzee af is crossed by strong transcallosal tracts. It did not show 
a connection of comparable strength reaching the middle and inferior 
temporal gyri as compared to humans. This result supports the hypoth-
esis that the human af, targeting the middle temporal gyrus, may be 
critical for language processing.

In summary, the present ultra-high-resolution dataset allows 
a detailed description of the brain organization of the closest liv-
ing evolutionary relatives of humans, the great apes. Only through 
detailed inter-species comparisons, can we trace the trajectories of 
brain evolution. Several considerations make this endeavor a matter 
of utmost urgency. In vivo imaging experiments on great apes are 
banned worldwide due to ethical and legal concerns. Simultaneously, 
all great ape species are threatened by extinction due to poaching and 
the destruction of their natural habitat42. This gradually closes the door 
to understanding the evolution of the human brain and the emergence 
of human-specific behavioral traits.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41592-024-02270-1.
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Methods
Sample preparation
We acquired postmortem MRI data from the brain of a deceased 
47-year-old adult female chimpanzee (Pan troglodytes verus) from 
Kolmården Wildlife Park, Sweden. The chimpanzee was medically 
euthanized due to an untreatable cervical leiomyoma. The brain 
was extracted and immersion-fixed with 4% paraformaldehyde in 
phosphate-buffered saline (PBS) at pH 7.4 within a short postmor-
tem interval of only 4 h. The procedures were in line with the ethical 
guidelines of primatological research at the Max Planck Institute for 
Evolutionary Anthropology, Leipzig, which were approved by the ethics 
committee of the Max Planck Society.

After formalin fixation for 6 months, we removed the superficial 
blood vessels and washed out the paraformaldehyde in PBS for 3 weeks. 
For MRI scanning, we placed the brain in a spherical acrylic container 
filled with perfluoropolyether (PFPE). To prevent potential leaking of 
PFPE during the acquisition, we vacuum-sealed the container using 
commercially available synthetic foil packaging. We heavily padded 
both the brain in the sample container as well as the sample itself with 
sponges to minimize mechanical coupling between the specimen and 
the MRI system during data acquisition.

Histology and tissue quality
The tissue quality of the sample was carefully assessed through histol-
ogy and immunohistochemistry, electron microscopy and an assess-
ment of diffusion FA (Supplementary Note 1).

For a microscopical and histological assessment of the brain tissue 
quality, we obtained a 2 × 2 × 0.5 cm3 segment from the left cerebellar 
hemisphere. The tissue segment was cryoprotected in 30% sucrose in 
PBS with 0.1% sodium azide. A series of frozen sections of 30 µm was cut 
and sections were collected in PBS with sodium azide. Histology and 
immunohistochemistry were performed to visualize cytoarchitecture 
(Nissl stain), myelin (rat anti-myelin basic protein antibody, Abcam), 
microglia (rabbit anti-IBA-1 antibody, Fujifilm) and astrocytes (rabbit 
anti-glial fibrillary acidic protein (GFAP) antibody, DAKO). The primary 
and secondary antibodies used in these experiments are listed at the 
end of this section.

The primary antibodies used were:

	1.	 Myelinated fibers - detected protein: myelin basic protein 
(MBP); antibody: rat anti-MBP; dilution: 1:1,000; source: Ab-
cam; cat. no. AB7349; lot no. GR3375915-1

	2.	 Microglia - detected protein: Ionized calcium binding adaptor 
1 (Iba-1); antibody: rabbit anti-Iba-1; dilution: 1:2,000; source: 
Fujifilm; cat. no. Fujifilm 019-19741; lot no. PTN5930

	3.	 Astroglia - detected protein: GFAP; antibody: rabbit anti-GFAP; 
dilution: 1:5,000; source: Dako; cat. no. Z0334; lot no. 20059855

	4.	 Aβ plaques - detected protein: amyloid-β 17–24; antibody: 
mouse anti-Aβ clone 4G8; dilution: 1:500; source: BioLegend; 
cat. no. 800701; lot no. B286227

	5.	 Aβ plaques - detected protein: pyroglutamated amyloid-β 
Aβ-pE3; antibody: rabbit anti-pE3-Aβ; dilution: 1:500 source: 
Synaptic Systems; cat. no. 218003; lot no. 218003/6

	6.	 Neurofibrillary tangles - detected protein: hyperphosphoryl-
ated tau, pS202/pT205; antibody: mouse anti-pTau  
clone AT8; dilution: 1:100; source: Thermo Fisher Scientific;  
cat. no. MN1020

The secondary antibodies used were:

	1.	 Species: donkey anti-mouse; labeling: biotinylated; source: 
Dianova; cat. no. 715 065 150; lot no. 144671

	2.	 Species: donkey anti-rabbit; labeling: biotinylated; source: 
Dianova; cat. no. 711 065 152; lot no. 147049

	3.	 Species: donkey anti-rat; labeling: biotinylated; source:  
Dianova; cat. no. 712 065 150; lot no. 124180

To assess tissue integrity in more detail, ultrastructural assessment 
was performed based on electron microscopy data (Supplementary 
Note 1). A small brain slice from the cerebellum (~20 × 20 × 5 mm) was 
refixed in 3% paraformaldehyde and 1% glutaraldehyde in 0.2 M sodium 
cacodylate buffer at pH 7.4 for 48 h. The refixed plate was sectioned 
at 70 µm using a sectioning vibratome and small triangles (~3 × 5 mm) 
were cut out. The small triangles were postfixed in buffered 1% osmium 
tetroxide for 1 h at room temperature with constant shaking, rinsed in 
PBS, dehydrated in a graded acetone series with a contrast step of 70% 
acetone with 2% uranyl acetate and embedded in Durcupan Araldite 
casting resin. For structural orientation, semithin sections were cut 
at 0.5-µm thickness and stained with toluidine blue. Ultrathin sections 
(50 nm) were cut on a Reichert Ultramicrotome II. Sections were imaged 
with a LEO M 912 Omega TEM (Zeiss) at 80 kV. Digital micrographs 
were acquired with a dual-speed 2K-on-axis CCD camera based on a 
YAG scintillator and processed with the analytical EM software Image 
SP (TRS-Tröndle).

MRI data acquisition
High-resolution diffusion MRI and anatomical MRI data acquisition. 
We acquired whole-brain dMRI data on a preclinical Bruker Biospec 
94/30 MRI system at 9.4T (Paravision 6.0.1), using a Gmax = 300 mT/m 
gradient system and a 154-mm transmit-receive quadrature radiofre-
quency coil (Bruker BioSpin). The brain was placed in left–right orienta-
tion in the center of the system for optimal coil sensitivity. We acquired 
dMRI data using a segmented 3D EPI spin-echo sequence. The sequence 
used two adiabatic refocusing pulses43 to minimize the impact of B1+ 
inhomogeneity across the sample. We acquired data with an isotropic 
resolution of 500 µm using the following parameters: TR = 1,000 ms, 
TE = 58.9 ms, matrix size [r, read × p, phase × s, slice] = 240 × 192 × 144, 
no partial Fourier, no parallel acceleration, EPI segmentation fac-
tor of 32 and EPI-Readout-BW of 400 kHz. Diffusion-weighting was 
applied with b = 5,000 s mm−2 in 55 directions, uniformly distributed 
on a half-sphere and partially flipped to cover the full sphere44. Before 
measurement, we acquired ten diffusion-weighted volumes (almost 
13 h) as dummy scans to achieve a constant steady-state temperature in 
the sample throughout the scanning session. We acquired three inter-
spersed b = 0 images without diffusion-weighting for field-drift cor-
rection. An additional b = 0 volume was acquired with reversed-phase 
encoding direction to correct off-resonance EPI distortions. Addition-
ally, we recorded a noise map with matching EPI parameters to charac-
terize the noise statistics of the dMRI data. The total dMRI acquisition 
time was approximately 90 h.

We acquired anatomical 3D FLASH MRI data with identical image 
dimensions and at the same image resolution (500 µm isotropic) as the 
dMRI data: TR = 50 ms, TE = 9 ms, matrix size [r × p × s] = 240 × 192 × 144, 
no partial Fourier, no parallel acceleration, BW = 20 kHz. To gener-
ate different contrasts, data with multiple flip angles were acquired 
with ϑ = [5, 12.5, 25, 50, 80]°. We obtained an ultra-high-resolution 
FLASH MR microscopy dataset at 150 µm isotropic resolution using 
the following parameters: TR = 50 ms, TE = 9 ms, matrix size [r × p × s] = 
800 × 640 × 480, ϑ = 27°, no partial Fourier, no parallel acceleration and 
BW = 20 kHz. The MR microscopy FLASH acquisition took about 5.5 h.

We repeated both the dMRI and FLASH data acquisitions 
(at 500 µm) 2 weeks after the initial measurements for a test– 
retest evaluation.

MRI data processing
Diffusion MRI data processing. Diffusion MRI preprocessing entailed 
the following seven steps: (1) signal debiasing utilizing the noise s.d., 
σ, and the effective number of coils, estimated from the noise map45; 
(2) MP-PCA denoising (MRtrix v.3.0.2); (3) 3D volumetric Gibbs ringing 
correction using sub-voxel shift (MRtrix v.3.0.2); (4) field-drift correc-
tion using linear interpolation between the non-diffusion-weighted 
data; (5) correction of eddy currents from diffusion-weighting and 
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off-resonance EPI distortions (FSL v.6.0, FSL eddy for CUDA v.8.0, 
ANTS v.2.3.5)46; (6) fitting of a DTI model to the dMRI data to generate 
maps of FA, radial diffusivity (RD), mean diffusivity (MD) and main fiber 
orientation (FSL v.6.0); and (7) normalization of the dMRI data and σ 
map using the mean non-diffusion-weighted b = 0 volume. This step 
also included the calculation of a mean diffusion-weighted dataset, 
averaged across all diffusion directions for visualization purposes and 
the test–retest analysis (Python v.3.8).

Local spherical deconvolution. We computed fODF using LSD for the 
whole brain (Python v.3.8). This involved the following steps: (1) the 
diffusion signal was transformed into a dODF using the constant solid 
angle (CSA) operation47. (2) dODFs were transformed into fODF can-
didates using the sharpening deconvolution transform48. LSD does 
not assume previous knowledge of the true underlying sharpening 
ratio. The rotational symmetric kernels of different diffusion anisot-
ropy were automatically selected from a series of predefined ratios 
(ranging from 1.1 to 6.0), which encode the ratio of diffusivity between 
the main and the secondary axis of the kernel. The applied ratios 
represent distinct single-fiber response functions per voxel. (3) The 
resulting fODF candidates were used to estimate the measured dMRI 
signal using a multi-tensor diffusion (MTD) model49. For this, each 
candidate’s fiber orientations and corresponding peak amplitudes 
were extracted (relative peak threshold 0.25). The peak amplitudes 
were used as volume fractions in the MTD model. MTD tensor eigen-
values were uniquely defined by the applied fODF deconvolution ratio 
and the constraint of the spherical mean of the diffusion-weighted 
signal50. (4) The AIC was used to select the optimal deconvolution 
ratio for each voxel.

AIC = 2k − 2 ln(L)

The number of model parameters, k, is given by NuFO (each ori-
entation corresponds to three MTD parameters). The model likelihood, 
L, was calculated assuming Gaussian noise with s.d. σ  (noise map) 
between the model’s data prediction ̂S(g⃗) and the observed data S (g⃗) 
for each gradient direction g⃗ .

L̃ (g⃗) = 1
σ √2π

exp[− 1
2(

̂S (g⃗) − S (g⃗)
σ

)
2

]

The directional errors are independent. Hence, the total likeli-
hood across directions was computed as the product of the individual 
directional likelihoods.

The optimal deconvolution ratio with the lowest AIC in its corre-
sponding MTD was selected for each voxel. For increased spatial con-
sistency, the AIC maps were smoothed using a moderate Gaussian 
kernel (σsmooth = 0.5 voxels) before model selection.

To compare the quality of the LSD estimation with conventional 
methods, fODFs were computed using the CSD51 algorithm in MRtrix 
(v.3.0.3). To evaluate LSD and CSD fODF reconstructions, a NuFO map52 
was computed for both methods. LSD and CSD reconstructions were 
compared in different crossing fiber regions of the brain.

Test–retest evaluation
We assessed the stability of the dMRI measurements and the LSD fODF 
reconstructions based on a test–retest evaluation, using a separately 
acquired dMRI dataset. The retest data were warped to the test data in 
a one-step correction approach46, enabling voxel-wise analysis of both 
datasets without loss in image resolution from multiple interpolations.

Average voxel-wise coefficients of variation were computed to 
assess the reproducibility between test and retest data with respect to 
the normalized averaged diffusion signal, FA and the LSD deconvolu-
tion ratios.

For a voxel-wise estimation of the stability of estimated fiber ori-
entations, the angles between the reconstructed fiber orientations 
from the test and retest data were computed. In a first assessment, the 
angles were calculated for the principal fiber orientation based on DTI. 
For LSD, these angles were extracted for the reconstructed primary and 
secondary fiber orientations in WM voxels with two fiber orientations.

Diffusion MRI tractography. Whole-brain deterministic streamline 
fiber tractography was computed based on the LSD fODFs using the 
MRtrix software tckgen (v.3.0.3, one seed in each voxel, fourth-order 
Runge–Kutta integration, step size of 0.125 mm, angular threshold of 
60° and relative threshold of 0.25). Tractography and seeding were 
constrained to the segmented brain WM and subcortical regions.

Track-density images. We computed a track-density image (TDI) 
using probabilistic tractography with the following parameters: 
iFOD2 algorithm, 27 seeds in each voxel, step size of 0.1 mm and rela-
tive threshold of 0.1. A dense tractography (larger number of seeds 
per voxel and smaller step size) was used to generate TDI53 data with 
an isotropic resolution of 75 µm. The larger number of generated 
streamlines in the dense tractography is necessary to compute TDI 
data of sufficient quality53. TDI data features a substantially higher 
resolution than its original input data and is thus able to resolve finer 
anatomical details53. We used the TDI data to annotate WM regions 
with anatomical labels32.

WM fascicle segmentation. Principal fiber tracts were segmented 
and visualized based on the whole-brain tractography using BrainGL 
(https://github.com/rschurade/braingl). The segmentation of the dif-
ferent fascicles was based on guidelines for humans31, chimpanzees12 
and macaques34. A detailed description of this procedure for each 
fascicle can be found in Supplementary Note 6.

Segmentation of WM and subcortical regions. Brain tissue was 
segmented using a semi-automated process based on multimodal MRI 
data. First, a fuzzy c-means algorithm was utilized to obtain clusters 
from different contrasts (all FLASH contrasts and dMRI b0, FA, MD 
and RD at 500 µm). The resulting cluster probability maps were then 
assigned to either WM, gray matter or extra brain space, averaged, 
median filtered in a 3 × 3 × 3-voxel kernel and binarized (threshold of 
0.5). The resulting WM map was then refined manually, based on the 
multimodal MRI data (ITK-Snap v.3.8.0). In this step, the multimodal 
MRI data were used to segment the following subcortical structures in 
both hemispheres: cau, claustrum (clau), globus pallidus (gp), inferior 
colliculus (ico), lgn, nucleus accumbens (na), pt, red nucleus (rn), sub-
stantia nigra (sn), superior colliculus (sc) and the th. The segmentation 
of these subcortical regions was based on anatomical landmarks. As no 
chimpanzee brain atlas exists, a human subcortical atlas was chosen 
for anatomical guidance54. Manual segmentations were performed by 
C.E., A.A. and H.G.

Assessment and validation of LSD
We undertook a more detailed investigation of the accuracy and per-
formance of the LSD based on (1) ground-truth in silico simulation 
experiments as well as (2) human postmortem dMRI measurements 
and histology.

To this end, we first investigated the influence of the measured 
number of diffusion directions on the accuracy of the LSD. We then 
examined the overall reconstruction accuracy of LSD and compared 
it to CSD using Monte Carlo simulations for a wide range of fiber con-
figurations and SNR values.
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We then compared the reconstruction accuracy of LSD and CSD 
based on known anatomy using high-resolution human dMRI meas-
urements. Finally, LSD fiber reconstructions were compared to fiber 
reconstructions from 2D myelin histology.

Numerical simulation experiments. General simulation setup. The 
general process for the simulations involved (1) generating fODFs, 
(2) generating diffusion kernels, (3) convolving and (4) sampling 
them to obtain ground truth signals and finally (5) adding noise. 
The synthetic data were then (6) processed with LSD/CSD, and the 
reconstructed fODFs were (7) evaluated with various metrics. The 
synthetic fiber models and dMRI signals were generated using DIPY  
(https://dipy.org/).

For fODF generation, the individual fODF peaks were generated by 
sampling the probability density function of a symmetrized Von-Mises 
Fisher distribution of concentration parameter κ and mean orienta-
tion µ. The spherical function of multiple such peaks of different 
orientations was then averaged to obtain the final fODFs in the case 
of crossing.

The diffusion kernels were modeled as axisymmetric tensors, 
parametrized by the MD and the diffusivity ratio R (parallel diffusivity 
over perpendicular diffusivity).

The convolution of the fODFs and tensor kernels was discreetly 
approximated by rotating the tensor over a uniform spherical grid of 
724 points.

For diffusion sampling, to generate the diffusion signal, each of the 
rotated tensors was sampled using the desired b vectors and b values. 
The resulting signal was averaged using the fODF values as weights. 
For a single b value shell, the b vectors were typically generated from 
a uniformly distributed set of n points on the hemisphere using the 
electrostatic repulsion method44.

For synthetic noise, the noiseless signals were typically corrupted 
by adding Gaussian noise (following a distribution with mean 0 and 
s.d. σ). Our synthetic signals were normalized such that the signal is 1 
at b = 0, so we define the SNR as 1/σ. This definition of SNR represents 
the SNR ‘at b0’ for each direction.

For fODF reconstruction, the LSD reconstruction followed the 
pipeline described in the main manuscript. For the simulations, we 
employed a maximum sh order of 8, deconvolution tensor kernel 
ratios ranging [1.1, 10], a relative peak extraction threshold of 25% and a 
minimum peak separation angle of 25 degrees, unless stated otherwise. 
CSD fODFs were reconstructed in MRtrix.

For evaluation metrics, to evaluate the quality of the reconstructed 
fODFs, we first computed two main metrics between the extracted 
peaks and the ground-truth peaks; the difference in their number 
(NuFO error) and the average angular error between them. To compute 
the angular error, we looped over all possible pair matches between the 
extracted peaks and the ground truth peaks and selected the one that 
minimizes the error. We then computed a derived error metric from 
both NuFO and angular error, the success-to-attempt-ratio (STAR), 
which counts the ratio of ‘successes’ of a given method or parameter 
choice. Success is defined as a reconstructed fODF with a NuFO error 
of 0 and an angular error below 5 degrees.

Impact of acquired diffusion directions on LSD reconstruction. To evalu-
ate the impact of the number of diffusion directions on the LSD recon-
struction quality, we created two typical crossing fiber geometries, 
generated the diffusion signal for multiple b vector sampling and 
compared the resulting angular errors. We generated fODFs with both 
60° and 90° crossing angles (concentration parameter κ = 24) and a 
diffusion kernel with MD of 1 × 10−3 mm2 s−1 and R = 3. We then used a b 
value of 1,000 s mm−2 and generated sets of b vectors for n = [28:2:200] 
directions. The signal from the fODF and kernel convolution was gener-
ated for each set of b vector/b value. The data were then corrupted with 
Gaussian noise (1,000 noise replicates) for each n, using an appropriate 

value of σ to match the SNR between sets of b vectors. The σ was cho-
sen so that sqrt(n)/sigma was constant and SNR = 100 for n = 55. We 
reconstructed fODFs using LSD (sh order max 6) from this noisy data 
for both crossing geometries for all numbers of diffusion directions 
n. Finally, we plotted the mean angular error and s.d. (over the 1,000 
noise replicates of each n).

Reconstruction accuracy of LSD compared to CSD. For the simulation 
experiment 2peaks-manyK, to evaluate the reconstruction accuracy 
of the LSD method, we generated a large dataset of two-peak signals 
spanning the space of fODF geometries and the space of diffusion 
kernel shapes for many SNR. We refer to this dataset as 2peaks-manyK 
(two fODFs peaks and many diffusion kernels). For this, we generated 
two-peak fODFs with crossing angles from 30–90° (linearly distrib-
uted) and with concentration parameters κ from 8 to 24 (log-linearly 
distributed), for a total of 65 unique fODF shapes. We generated dif-
fusion kernels with MD from 0.6 × 10−3 to 1.2 × 10−3 mm2 s−1 (linearly 
distributed) and ratios R from 1.5 to 8 (sqrt-linearly distributed), for a 
total of 30 unique diffusion kernels. We then generated all combina-
tions of fODFs and diffusion kernels, for a total of 1,950 different voxel 
geometries, excluding rotations.

The signal from the fODF and kernel convolution was generated 
for n = 60 b vectors with a b value of 1,500 s mm−2. The data were then 
overlaid with Gaussian noise, generating data with an SNR of [10:10:100] 
(100 replicates each). To remove potential orientation bias, we added 
a random 3D rotation to each fODF before generating the synthetic 
dMRI signal.

We reconstructed the fODFs for the 2peaks-manyK dataset 
(b = 1,500) using LSD and CSD (MRtrix software). The LSD reconstruc-
tion used sh order max 8. The CSD kernel estimation was performed 
using the ‘dwi2response tournier’ method on a specially created com-
panion dataset consisting of the same properties as 2peaks-manyK 
but with only one peak each. We extracted the fODFs peaks and com-
puted the NuFO and angular error. The data were grouped by SNR 
and crossing angle for each method. For each bin, we computed the 
ratio of successes to attempts (STAR metric). Success was defined 
as a reconstruction with the exact number of peaks as the ground 
truth and a total angular error of <5°. We present the STAR metrics as 
percentages. We also show the differences between the two methods 
as percentage points (a value of 10% in the difference plot means that 
LSD reconstructed 10% more of the total voxels than CSD for that SNR 
and crossing angle, not 10% more).

For the simulation dataset 2peaks-oneK, we generated another 
two-peaks dataset, which covers the same range of fODF geometries 
as 2peaks-manyK but employs only a single diffusion kernel. The 
fODF parameters are sampled more finely within the same range to 
obtain the same total number of configurations. We refer to this data-
set as 2peaks-oneK (two fODFs peaks and one diffusion kernel). This 
microstructural configuration is more consistent with the underlying 
assumptions of CSD, a single diffusion kernel is used to generate the 
dMRI signal by convolution.

We generated two-peak fODFs with crossing angles ranging from 
30–90° (linearly distributed) and concentration parameter κ from 8 
to 24 (log-linearly distributed), for a total of 195 unique fODF shapes. 
We employed a diffusion kernel with MD of 0.9 × 10−3 mm2 s−1 and ratio 
R of 4.107, which correspond to the median MD and median R from the 
manyK dataset. We generated all combinations of fODFs and diffusion 
kernels for a total of 1,950 different voxel geometries, excluding rota-
tions. The signal from the fODF and kernel convolution was generated 
for n = 60 b vectors and a b value of 1,500 s mm−2. The data were then 
corrupted with Gaussian noise, resulting in an SNR of [10:10:100] (1,000 
replicates each). We added a random rotation to each fODF before 
generating the signal to remove potential orientation bias.

We reconstructed the fODF for the 2peaks-oneK dataset (b = 1,500) 
using LSD and CSD (MRtrix software). The LSD reconstruction used 
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sh order max 8. The CSD kernel estimation was performed using the 
iterative ‘dwi2response tournier’ method on a specially created com-
panion dataset consisting of the same microstructural properties as 
2peaks-oneK but with only one peak (fiber direction). We extracted the 
fODF peaks and computed the NuFO and angular error. The data are 
grouped by SNR and crossing angle for each method. For each bin, we 
computed the STAR metric. Success was defined as a reconstruction 
with the exact number of peaks as the ground truth and a total angu-
lar error of <5°. We present the STAR metrics as percentages. We also 
show the differences between the two methods as percentage points 
(a value of 10% in the difference plot means that LSD reconstructed 
10% more of the total voxels than CSD for that SNR and crossing angle, 
not 10% more).

Histological assessment of LSD in human sample. We performed 
a validation of the reconstructed LSD fiber directions by postmor-
tem measurements of a human brain slab. These data allowed us to  
(1) conclude the validity of the LSD reconstructions based on the  
known human anatomy and (2) validate the fiber direction reconstruc-
tions using optical histology.

Sample description. A 2-cm coronal human brain slab (89 y, 24 h post-
mortem interval) was obtained through the University of Leipzig’s 
body donation program. Brains were provided by the Paul Flechsig 
Institute - Centre of Neuropathology and Brain Research, Medical 
Faculty, Leipzig University, Leipzig, Germany. The entire procedure of 
case recruitment, acquisition of the patient’s personal data, protocols 
and the informed consent forms, performing the autopsy and handling 
the autopsy material were approved by the responsible authorities 
(approval by GZ 01GI9999-01GI0299; approval no. WF-74/16, approval 
no. 282-02 and approval no. 205/17-ek).

The neuropathologic examination did not reveal any evidence of 
neurologic disease. Following the standard Brain Bank procedures, 
the sample was immersion-fixed in either 3% PFA and 1% glutaral-
dehyde in PBS (pH 7.4) for at least 6 weeks. Following it was embed-
ded in 1.5% agarose in PBS for cutting a 50-µm slice at the vibratome 
(Hyrax V50, Carl Zeiss Jena). For immunohistochemical processing, 
the slice was washed with PBS-Tween 20 three times for 7 min. Next, 
it was immersed in 2% H2O2 diluted in 60% methanol for 60 min and 
washed for 10 min in PBS-Tween 20. Incubation in blocking solution  
(2% BSA, 0.3% milk powder, 0.5% DNS, 0.1% NaN3 in 0.02% PBS-Tween 20)  
for 60 min followed.

Diffusion MRI data acquisition and reconstruction. The sample was 
rehydrated and embedded in PFPE for MRI acquisition. Slab dMRI data 
were acquired on a preclinical Bruker Biospec 94/20 MRI system at 
9.4T (Paravision 6.0.1), using a Gmax = 660 mT/m gradient system and 
an 86 mm transmit-receive quadrature radiofrequency coil (Bruker 
BioSpin). Data with an isotropic resolution of 400 µm were acquired 
using a pulsed gradient diffusion-weighted 2D Spin-Echo sequence 
using the following parameters:

TR = 3,074.5 ms, TE = 38.9 ms, matrix size [r × p × s] = 215 × 175 × 70, 
no partial Fourier, no parallel acceleration, nine averages. Diffusion- 
weighting was applied with b = 10,000 s mm−2 in 60 directions, on a 
half-sphere and partially flipped to equally cover the full sphere. Each 
repetition contained four uniformly interspersed b = 0 acquisitions 
without diffusion-weighting.

Diffusion data processing entailed (1) removal of data points dur-
ing the heating phase, (2) noise characterization and signal debias-
ing using noise standard deviation and the effective number of coils,  
(3) MP-PCA denoising, (4) Gibbs ringing correction using sub-voxel 
shift, (5) linear field-drift correction, (6) correction of eddy currents 
from diffusion-weighting. Finally, we computed fODFs using both CSD 
and LSD with sh of 8. The CSD computation in MRtrix employed the 
iterative ‘tournier’ method51 to assess a suitable deconvolution kernel. 

LSD was computed using a series of predefined deconvolution ratios 
from 1.1 to 10, a relative peak intensity threshold of 0.25 and an angular 
peak separation threshold of 20°. The optimal deconvolution ratio was 
selected in a 3 × 3 × 3 AIC patch.

Histology data acquisition and reconstruction. For imaging of the 
histological slice, the Zeiss CLSM (LSM 880 Airyscan, Carl Zeiss 
Jena) equipped with a ×20 objective (NA 0.8, WD 0.55 mm, RI 1.38, 
Plan-Apochromat Carl Zeiss Jena) was used. Autofluorescence of myeli-
nated fibers55,56 was excited with an argon laser with 488 nm. The emit-
ted light was collected using three-band pass filters at 505–530 nm. The 
image consists of 25 × 27 single microscopic images, here referred to as 
tiles. By deploying the tile scan function of the CLSM, a larger mosaic 
containing the entire histological slide was acquired. Each tile size 
was 120 × 120 µm.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The resource presented here includes (1) dMRI data at 500-µm isotropic 
resolution, (2) MR microscopy FLASH data at 150-µm isotropic resolu-
tion, (3) anatomical FLASH data at 500-µm isotropic resolution, (4) WM 
fiber pathway reconstructions, (5) ultra-high-resolution TDI data and 
(6) segmentations of various anatomical brain structures. The raw data 
and all other features of the resource can be downloaded at https://open-
science.cbs.mpdl.mpg.de/ebc/ (https://doi.org/10.17617/3.O5XSI9).

The data volume and 3D-reconstructed fascicles can be viewed 
online on the open science framework of the Max Planck Institute 
for Human Cognitive and Brain Sciences at https://openscience.cbs.
mpdl.mpg.de/ebc/.

Code availability
Code and processing routines are publicly available for download 
at https://github.com/cornelius-eichner/EBC_dMRI_Preprocessing 
(MPL-2.0 license).
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