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a b s t r a c t 

Diffusion MRI (dMRI) represents one of the few methods for mapping brain fiber orientations non-invasively. Unfortunately, dMRI fiber mapping is an indirect 
method that relies on inference from measured diffusion patterns. Comparing dMRI results with other modalities is a way to improve the interpretation of dMRI 
data and help advance dMRI technologies. Here, we present methods for comparing dMRI fiber orientation estimates with optical imaging of fluorescently labeled 
neurofilaments and vasculature in 3D human and primate brain tissue cuboids cleared using CLARITY. The recent advancements in tissue clearing provide a new 

opportunity to histologically map fibers projecting in 3D, which represents a captivating complement to dMRI measurements. In this work, we demonstrate the 
capability to directly compare dMRI and CLARITY in the same human brain tissue and assess multiple approaches for extracting fiber orientation estimates from 

CLARITY data. We estimate the three-dimensional neuronal fiber and vasculature orientations from neurofilament and vasculature stained CLARITY images by 
calculating the tertiary eigenvector of structure tensors. We then extend CLARITY orientation estimates to an orientation distribution function (ODF) formalism 

by summing multiple sub-voxel structure tensor orientation estimates. In a sample containing part of the human thalamus, there is a mean angular difference of 
19 o ± 15 o between the primary eigenvectors of the dMRI tensors and the tertiary eigenvectors from the CLARITY neurofilament stain. We also demonstrate evidence 
that vascular compartments do not affect the dMRI orientation estimates by showing an apparent lack of correspondence (mean angular difference = 49 o ± 23 o ) 
between the orientation of the dMRI tensors and the structure tensors in the vasculature stained CLARITY images. In a macaque brain dataset, we examine how 

the CLARITY feature extraction depends on the chosen feature extraction parameters. By varying the volume of tissue over which the structure tensor estimates 
are derived, we show that orientation estimates are noisier with more spurious ODF peaks for sub-voxels below 30 μm 

3 and that, for our data, the optimal gray 
matter sub-voxel size is between 62.5 μm 

3 and 125 μm 

3 . The example experiments presented here represent an important advancement towards robust multi-modal 
MRI-CLARITY comparisons. 
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. Introduction 

Diffusion-weighted imaging (DWI) is sensitive to the diffusive mo-
ion of water molecules. Within tissue, water diffusion patterns are in-
uenced by the presence of membranes and macromolecules. Therefore,
he geometric pattern of water diffusion can be used to infer the orien-
ation of fibrous structures such as axonal bundles and subsequently the
D trajectories of fiber pathways, known as diffusion MRI (dMRI) fiber
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racking (or tractography) ( Basser et al., 2000 ; Conturo et al., 1999 ;
ori et al., 1999 ). Thus far, however, only the scalar measures of diffu-

ion MRI, such as the apparent diffusion coefficient, are commonly used
n the clinic ( Baird and Warach, 1998 ), while diffusion orientation mea-
urements have not yet become a standard clinical tool. Unfortunately,
he accuracy of the voxel-wise diffusion orientation, as well as the sub-
equent fiber tracking, strongly depend on several different factors, in-
luding the quality and quantity of the data, efficacy of the preprocess-
ng steps, adequacy of the model, ambiguity in intra-voxel crossings,
nd the choice of regions to tract between ( Jones et al., 2013 ). This can
ead to false negatives and false positives in the reconstructed diffusion
ber tracts that are difficult to identify ( Maier-Hein et al., 2017 ). False
egatives can be the result of fiber pathways that are too small, not suf-
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ciently myelinated, with not enough fiber density or overlapping with
oo many other fiber pathways to produce a detectable anisotropic dif-
usion pattern ( Canales-Rodríguez et al., 2019 ; Jones et al., 2013 ). False
ositives can result from dMRI fiber tracking that starts on one pathway
ut erroneously jumps to an unconnected, adjacent crossing or parallel
athway because the distance between the two pathways is too small
or them to be uniquely resolved ( O’Donnell and Westin, 2011 ). Fur-
her, it is not well understood whether dMRI can reliably identify fiber
athways entering and exiting gray matter. 

Due to these known inaccuracies and questions about dMRI speci-
city (false positives) and sensitivity (false negatives), there are on-
oing efforts to compare dMRI measurements against other modali-
ies that also allow visualization of neuronal fibers ( Dyrby et al., 2018 ;
nnocenti et al., 2018 ). Tracer studies in animals, which inject a tracer
nd then sacrifice the animal to identify propagation of the tracer
long neuronal fibers can be compared with diffusion fiber pathways
 Knösche et al., 2015 ; Oh et al., 2014 ; Schilling et al., 2019 ) but is
imited to animals. One-to-one comparisons with optical techniques
n fixed brain tissue allow direct visualization of fiber pathways and
ay reveal the underlying tissue structure within the individual voxel

 Kleinnijenhuis et al., 2011 ; Leuze et al., 2014 ; Seehaus et al., 2013 ).
nfortunately, capturing the full 3D projection of fiber pathways using

hese optical techniques remains a challenge. One approach is to section
he brain tissue and use polarized light imaging to map the orientation
t each location in the image ( Axer et al., 2016 ; Leuze et al., 2014 ;
ollink et al., 2017 ). Another approach is to use tissue staining of 2D

lices and subsequently stack the slices ( Schilling et al., 2016 , 2018 ).
et another method involves the use of optical coherence tomography
OCT) to map microscopic structures at a depth of several millimeters
nd then use a vibratome to repeatedly remove the top layer of the tis-
ue specimen ( Magnain et al., 2015 ) to build a map of the full thickness
f the specimen. 

The adoption of 3D histology via tissue clearing enables opti-
al microscopy of tissue cuboids, up to about the size of a whole
odent brain (~1 cm 

3 ) ( Chung et al., 2013 ; Dodt et al., 2007 ;
rtürk and Bradke, 2013 ; Spalteholz, 1911 ). Brain clearing combined
ith lipophilic dyes such as long-chain dialkylcarbocyanines ( Hou et al.,
015 ; Murray et al., 2015 ) or immunohistochemistry of myelin-specific
roteins ( Murray et al., 2015 ; Tomer et al., 2014 ) then offers a way to la-
el neuronal fibers within intact tissue. Compared to conventional brain
licing, tissue clearing provides access to the intact 3D neuronal network
ithout the need for further image stitching or slice alignment and is
ell-suited for comparisons to 3D neuroimaging data ( Aswendt et al.,
017 ). Thus far, the development of tissue clearing has primarily fo-
used on optimization for mouse (brain) tissue, where transgenic models
llow cell-specific targeting with fluorescent probes ( Chung et al., 2013 ;
odt et al., 2007 ; Leuze et al., 2016 ; Renier et al., 2014 ; Susaki et al.,
014 ). 

More recently, tissue clearing was improved for application to non-
ransgenic animals and human brain tissue through the use of active
learing and immunostaining, e.g., electrical gradients, perfusion force,
r specific chemicals ( Epp et al., 2015 ; Lee et al., 2016 ; Murray et al.,
015 ; Park et al., 2019 ; Zhao et al., 2020 ). While limited to small tissue
uboids (~3 × 3 × 0.5 cm 

3 ) ( Morawski et al., 2017 ), these 3D histology
ethods potentially provide new insights into the sensitivity and speci-
city of diffusion MRI measurements. An initial study has shown that
calar dMRI measurements like mean diffusivity or fractional anisotropy
orrelate well with the density of cellular features visualized in CLARITY
rocessed mouse brains ( Stolp et al., 2018 ). 

Here we aim to show the potential for improved interpretation of
MRI fiber orientation measurements by enabling a close correspon-
ence with 3D histological images that directly show relevant mi-
rostructures. For this purpose, we present an example experimental
rotocol that enables a robust comparison of dMRI and CLARITY data
n the same human brain tissue sample. We expect the neurofilament-
tained CLARITY images to depict the orientation of neuronal fibers and
2 
herefore show correspondence with the dMRI orientation estimates. To
xamine the potential influence of tissue vasculature on dMRI measure-
ents, we determine whether orientation estimates from vasculature-

tained CLARITY images correspond with dMRI orientation estimates.
urther, we examine how the CLARITY-derived orientation estimates
epend on the volume of tissue over which the structure tensor esti-
ates are derived. 

There are several challenges associated with comparisons across
uch different imaging techniques. Anatomical orientation must be thor-
ughly recorded during tissue cutting to be able to later locate the origin
f the specimen within the whole brain or tissue slab. Tissue deforma-
ions during the clearing process complicate a co-registration of CLAR-
TY and MRI data. Further, the different contrast mechanisms (diffusion
atterns vs. immunohistochemistry) and resolutions (2.5 𝜇m vs. 1 mm
sotropic) require a carefully considered feature extraction approach.
o address the latter point, we use macaque brain data to examine the
ffect of calculating the structure tensors from differently sized tissue
olumes. 

While a complete optimization of all the methods described in the
RI-CLARITY comparison pipeline is well beyond the scope of a sin-

le manuscript, we demonstrate a highly tractable approach to perform
 direct comparison in the same human tissue. This represents a criti-
al step towards MRI-CLARITY comparisons, which have the potential
o push the dMRI field forward by aiding the development of robust
nd interpretable dMRI fiber tracking and microstructure mapping for
 wide range of applications. 

. Methods 

Experiments were performed in both human brain and macaque
rain samples. The multi-step process for comparing MRI and CLAR-
TY data in the same tissue sample included tissue collection, tissue
xation in a hydrogel mixture, MRI scanning, cuboid cutting, clearing,
taining, light microscopy imaging, co-registration of MRI and CLAR-
TY images, feature extraction, comparison, and crossing fiber analy-
is. The human data demonstrate a comparison pipeline between dif-
usion MRI and CLARITY data in the same tissue sample. The macaque
ata demonstrate parameters that affect the CLARITY feature extraction
ethod. The macaque experiments benefit from very high-resolution,
igh SNR CLARITY images but compare to an existing high-resolution
MRI dataset ( Reveley et al., 2015 ; Schilling et al., 2019 ; Thomas et al.,
014 ) from a separate macaque. 

.1. Tissue collection 

.1.1. Human 
In accordance with the local IRB, a whole human brain with no

nown pathology was extracted 24 hours after death and placed in 10%
ormalin for one day before the coronal slab shown in Fig. 1 was cut. A
0 × 15 × 10 mm 

3 tissue block covering part of the thalamus was cut
rom the coronal slab. Photographs with anatomical annotations were
cquired during the iterative cutting process to retain perspective on
he sample origin within the whole brain. For CLARITY processing, a
maller tissue cuboid (10 × 10 × 0.5 mm 

3 ) covering gray matter was
ut from the tissue block as described below in Section 2.4 “Tissue Cut-
ing ”. Photographs and MRI scans were taken during various stages of
he cutting process ( Fig. 1 ). 

.1.2. Macaque 
In accordance with the local APLAC protocol, a tissue block of the

ccipital lobe of a macaque brain fixed in 10% formalin was extracted
 Fig. 2 ). The tissue block was directly immersed in the CLARITY hydro-
el solution after extraction. Photographs with anatomical annotations
ere acquired during the iterative cutting process to retain perspective
n the sample origin within the whole brain. 
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Fig. 1. Photographs of the multiple stages of 
the tissue cutting. A A coronal slab of human 
brain tissue fixed for one day in 10% forma- 
lin and a sample cut from the coronal slab (red 
dashed box). The sample was embedded in a 
hydrogel solution and polymerized. A struc- 
tural MRI scan (0.3 mm isotropic resolution) 
and a DTI scan (1 mm isotropic resolution) 
were performed on the sample. The arrows in- 
dicate the anatomical orientation, S – superior, 
R – right, A – anterior. B The tissue sample cut 
in half, with labels depicting the location of 
the lateral thalamus (LT), anterior thalamic nu- 
cleus (ATN), medial thalamic tract (MTT), red 
nucleus (RN), subthalamic nucleus (STN), and 
substantia nigra (SN). The rounded blue arrow 

denotes that the direction the sample is rotated 
(from S-R to S-A) for the photos shown in C and 
D. C The lateral part of the tissue sample was 
scanned on a small-bore scanner with a struc- 
tural MRI scan at 0.1 mm isotropic resolution. 
D The superior part of the sample shown in C, 
which encompasses mostly gray matter and 
many visible vessels (black dots) that under- 

went the rest of the CLARITY pipeline (clear- 
ing, staining, and microscopy). 

Fig. 2. A A photograph of the left part of the 
occipital lobe of a macaque brain with green 
lines indicating the location of the excised slab. 
B A photograph of the 3 mm thick slab excised 
from the occipital lobe in the coronal plane. 
C The cleared brain sample. D-G Images indi- 
cating the brain location of the extracted tis- 
sue used for high-resolution two-photon CLAR- 
ITY. The confocal microscopy image in G pro- 
vides an intermediate field-of-view that enables 
co-registration of the detailed two-photon mi- 
croscopy image in H with the MRI (D-F). 
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.2. Tissue fixation in hydrogel 

Both human and macaque tissue samples were embedded in a hy-
rogel monomer solution consisting of 4% acrylamide, 0.05% bisacry-
amide, 4% paraformaldehyde (PFA) and 0.25% VA-044 thermal initia-
or in PBS ( Tomer et al., 2014 ) for one week. The samples were degassed
nd polymerized at 37 °C for 2.5 h. Excess hydrogel was removed. 

.3. MRI 

.3.1. Human 
The polymerized human brain sample ( Fig. 1 B) was scanned on a

T large bore GE human scanner, using a Nova-32 channel head coil
3 
n a large container filled with fomblin, a non-protonated fluid. While
nly a single sample was examined in this study, a plastic box with
ultiple compartments was used to simultaneously scan multiple tissue

amples of similar size that were used to test variations in the clearing
nd staining protocol (results of other clearing and staining variations
re presented in the supplemental material). The tissue samples were
atched in size to the individual box dividers such that they were sta-

ilized and did not touch each other during the scan, which simplified
mage segmentation of each piece after the experiment. The plastic box
ith dividers was placed inside a larger plastic container filled with

omblin, and holes were created inside each of the plastic box divider
ids such that no air bubbles would be trapped in the individual spaces.
he tissue samples were removed from the refrigerator 12 h prior to the
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Table 1 

MRI scan parameters for the human sample. 

Specimen Sequence Scanner Resolution TR/TE 

Extracted thalamus ( Fig. 1 B). Balanced steady state free 

precession 

7T human 350 × 350 × 300 um 12.6/6.2 4 averages 

Extracted thalamus ( Fig. 1 B). Diffusion-weighted spin echo 

echo planar imaging 

7T human 1 mm isotropic 3000/60 447 directions, 

b = 2000 s/mm 

2 

30 images at b = 0 s/mm 

2 

Extracted thalamus cut in half ( Fig. 1 C). FLASH 7T Bruker small bore 0.1 mm isotropic 39.6/19.6 Flipangle = 22 o 
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can such that they would equilibrate with room temperature before
maging. The parameters of the MRI sequences can be seen in Table 1 . 

To examine the dataset with reference to a whole brain in vivo dMRI
can, the tissue sample data was compared against a single subject
MRI dataset from the Human Connectome Project (HCP) ( Vu et al.,
015 ) acquired with a 7T scanner at 1.05 mm isotropic resolution with
E = 41 ms, b = 1000 & 2000 s/mm 

2 and 130 diffusion directions with
wo opposite phase encodings per direction. 

.3.2. Macaque 
A structural scan of an ex-vivo whole macaque brain was acquired

n a 7T small bore Bruker scanner with a Turbo RARE T2-weighted se-
uence at a resolution 0.15 × 0.15 × 0.5 mm 

3 , and TR/TE = 2500/53.4.
A 3 mm thick slab of the occipital lobe of the macaque brain was

xtracted and scanned on the same 7T small bore Bruker scanner with
 FLASH sequence with TR/TE = 42.9/20 and 0.2 mm isotropic spatial
esolution. 

The macaque brain CLARITY images were compared against a high-
esolution (0.25 mm isotropic) ex vivo macaque dMRI dataset acquired
n a 7-T horizontal Bruker scanner at the Bethesda National Insti-
ute of Health (NIH) and presented previously ( Reveley et al., 2015 ;
chilling et al., 2019 ; Thomas et al., 2014 ). The NIH dMRI protocol
onsists of 114 directions with b = 4900 s/mm 

2 and 7 volumes of
 = 0 s/mm 

2 . The TORTOISE tool ( Calabrese et al., 2015 ; Pierpaoli et al.,
010 ) was used to preprocess the data for eddy currents distortions and
requency drift. 

.4. Cutting tissue cuboids for CLARITY processing 

.4.1. Human 
The human thalamus sample used for the FLASH MRI scan ( Fig. 1 C)

as cut in half, separating the superior from the inferior portion. The
uperior part of the thalamus sample (yellow region in Fig. 1 C) was
hen cut again along the sagittal orientation so that the sample’s sagittal
lane was parallel to the read-slice directions of the diffusion MRI scan
o produce a 10 × 10 × 0.5 mm 

3 section containing deep gray matter
or clearing ( Fig. 1 D). 

.4.2. Macaque 
For the macaque brain, the tissue block from the occipital lobe was

ut into 3 mm thick coronal slabs. A slab from the center of the occipital
obe ( Fig. 2 B) was then used for further CLARITY processing. 

.5. Tissue clearing 

.5.1. Human and macaque brain 
The human and macaque tissue cuboids were passively cleared ac-

ording to the advanced CLARITY protocol by Tomer et al. (2014) .
riefly, the sample was placed in a 4% SDS/borate clearing buffer (SBC)
t 37 °C for five weeks (human thalamus) and at 60 °C for two weeks
macaque). The SBC solution was exchanged every two days for the first
eek and every week after that. After clearing, the sample was washed
vernight in 0.2 M boric acid buffer/0.1% Triton X-100 at 37 °C. 
4 
.6. Staining 

For staining, the SWITCH protocol ( Murray et al., 2015 ) was adapted
o stain neurofilaments (NF) for visualization of neural fiber pathways. 

.6.1. Human 
The human brain sample was incubated in SWITCH OFF (with SDS)

ntibody solution (NF-H chicken antibody (AB5539, Merck, Germany)
1:250) for 14 days at 37 °C, followed by a quick wash in 1x PBST
PBS + 0.1% TritonX) and an incubation in SWITCH ON (without SDS)
ntibody solution (1:500) for six days at 37 °C. Excess primary anti-
ody was washed off with sequential steps in 1x PBST (10 min, 30 min,
 days). The same labeling procedure was pursued with the secondary
ntibody dilution of 1:500 (donkey x chicken AlexaFluor647, A21449,
ife Technologies, Germany). The stained sample was kept in PBST and
ransferred to FocusClear (CellExplorer Labs) 2 days before imaging. 

.6.2. Macaque 
The macaque brain sample was incubated in SWITCH OFF (with

DS) antibody solution (NF-H chicken antibody (AB_2313552 AvesLab,
SA)) (1:100) for 28 days at 37 °C, followed by a quick wash in 1x PBST

PBS + 0.1% TritonX) and incubation in SWITCH ON (without SDS) an-
ibody solution (1:100) for 14 days at 37 °C. Excess primary antibody
as washed off with sequential steps in 1x PBST (10 min, 30 min, 2
ays). The same labeling procedure was pursued with the secondary an-
ibody dilution of 1:100 (Goat anti-Chicken IgY (H + L) AlexaFluor647,
-21449, Thermo Fischer Scientific, USA). The stained sample was kept

n PBST and transferred to FocusClear (CellExplorer Labs) 2 days before
maging. 

.7. Optical microscopy imaging 

The cleared samples were mounted on a cover slide within a ring
f blue tag to provide spacing between the cover slide and prevent the
ocusClear from flowing out. 

.7.1. Human 
The human brain sample was imaged using a confocal microscope,

overing 200 slices with a 10x objective at 2.5 𝜇m isotropic resolution
sing mosaic stitching to cover the whole sample. Two channels were
cquired, 488 nm for the autofluorescence to show the vasculature and
48 nm to capture the NF antibody staining. 

.7.2. Macaque 
The macaque brain sample was imaged using a confocal microscope

ith a 5x objective to obtain an overview image, including 17 slices
t 264 um in-plane resolution. Two channels were acquired, 488 nm
or the autofluorescence to show the vasculature and 648 nm to cap-
ure the NF antibody staining. A part of the macaque sample that con-
ained both white and gray matter was then further imaged with a
wo-photon microscope at 1.5 μm isotropic resolution over a region
.6 × 2.8 × 0.25 mm 

3 in size and covering 176 slices. 
The signal-to-noise ratio (SNR) of each sample’s CLARITY data was

easured by selecting an ROI covering the sample and an ROI covering
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he empty background and measuring both mean signal intensity and
tandard deviation of the ROI. SNR was then calculated as: 

𝑁𝑅 = 

𝜇

𝜎

here μ is the mean signal over the ROI, and 𝜎 is the standard deviation
f the background ROI. 

.8. Co-registration of MRI and CLARITY images 

.8.1. Human 
Prescribing MR slices parallel to the sample surface and then cut-

ing the cuboid and optically imaging it within the same (or very sim-
lar) plane simplified the co-registration procedure. The human CLAR-
TY dataset was co-registered to the high-resolution 100 𝜇m MRI scan
y manually identifying vessels and the tissue boundaries as common
andmarks between the two sets of images and manually placing reg-
stration markers on these landmarks. Using the landmark-based regis-
ration toolbox in 3Dslicer, a similarity transform relating the CLARITY
nd MR images was computed using these registration markers. The
igh-resolution scan from the preclinical Bruker MRI scanner was then
inearly co-registered to the 300 𝜇m structural scan from the human 7T
RI scanner and, in turn, to the dMRI scan. 

.8.2. Macaque 
The portion of the macaque brain section scanned with high-

esolution two-photon microscopy ( Fig. 2 H) was visually identified on
he confocal microscope overview ( Fig. 2 G) image based on fluorescent
leaching and is delineated in Fig. 2 G by a yellow patch. To compare
he two-photon microscopy images ( Fig. 2 H) with a dMRI of a whole,
acaque brain ( Fig. 2 D), the overview confocal image ( Fig. 2 G) was
rst manually aligned and then linearly co-registered to the structural
RI of the tissue block ( Fig. 2 F). The structural MRI of the tissue block

 Fig. 2 F) was co-registered to the T2-weighted whole-brain acquisition
 Fig. 2 E). Finally, the T2-weighted whole macaque brain ( Fig. 2 E) was
o-registered to the b = 0 s/mm 

2 image of the NIH whole macaque brain
 Fig. 2 D). All manual macaque brain co-registrations were performed
ith 3D Slicer ( Fedorov et al., 2012 ) and linear co-registrations with
lastix ( Klein et al., 2010 ). 

To refine the initial point co-registration between the NIH macaque
rain diffusion tensor and CLARITY structure tensor, a vector field rigid
egistration algorithm was developed. The optimization algorithm used
otations and translations until the angular vector distance was mini-
ized. 

All the co-registration matrices were concatenated, and a final
ntensity-based linear co-registration with Elastix was used, to avoid un-
ecessary blurring. 

.9. Feature extraction and comparison 

.9.1. Human and macaque brain 
Structure tensor analysis was performed on the CLARITY data to ex-

ract fiber orientation estimates that could be compared with dMRI ori-
ntation estimates. The primary fiber orientation was estimated as the
ertiary eigenvector (i.e., with the smallest eigenvalue) of a structure
ensor ( Budde and Frank, 2012 ; Kass and Witkin, 1987 ; Khan et al.,
015 ; Wang et al., 2015 ; Ye et al., 2016 ), which was defined as: 

 = 

⎛ 
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⎟ ⎟ ⎟ ⎟ ⎠ 
, 

here Ix, Iy , and Iz are the gradients of image volumes I along each of
he x, y, and z axes (a marker of the edges of fiber tracts), computed by
onvolving I with three 3-dimensional 1st order derivative of Gaussian
lters with a standard deviation 𝜎 = 5 μm for the NF stain visible in the
5 
48 nm channel of the human brain sample, 𝜎 = 12.5 μm for the vas-
ulature visible in the 488 nm channel of the human brain sample and
= 1 μm for the NF stain in the macaque brain ( Canny, 1986 ). In the

uman sample, the structure tensors were averaged over each diffusion
RI voxel ( w = 1.0 × 1.0 × 0.5 mm 

3 ). In the macaque brain, the struc-
ure tensor was computed over voxel sizes of 250 μm 

3 . The angle (0–90°)
etween the primary CLARITY fiber orientation, estimated from the ter-
iary orientation of the structure tensor, and the primary dMRI tensor
rientation was calculated in MATLAB. Note that the structure tensor’s
rimary eigenvector is oriented along the direction of the highest signal
ntensity gradient, which represents the edges of the fibers and there-
ore is orthogonal to their long axis. For visualization and comparison
urposes, the orientation along the nerve fibers thus corresponds to the
tructure tensors’ tertiary orientation. 

.10. Crossing fiber analysis 

.10.1. Human brain 
Diffusion data crossing fiber estimates were derived using the FSL

ayesian Estimation of Diffusion Parameters toolbox (BedpostX). The
rimary fiber orientation and any additional fiber orientations with an
nisotropic fiber fraction > 0.05 were estimated. 

CLARITY data structure tensor orientation estimates were derived
rom 0.09 mm isotropic regions using Gaussian filters with a stan-
ard deviation of 𝜎 = 5 μm. CLARITY data crossing fiber estimates
ere derived from the distribution of all the structure tensor ori-
ntation estimates within each diffusion human brain MRI voxel
 w = 1.0 × 1.0 × 0.5 mm 

3 ) and represented as a polar Fiber Orienta-
ion Distribution (FOD) histogram with angle increments of 4.5 o . 

.10.2. Macaque brain 
The macaque brain data was used to study the effect of changing

he region size over which the CLARITY crossing fiber estimates were
erived. The 250 μm 

3 CLARITY voxel corresponding to a matched MRI
oxel of the same size was subdivided into: 2 × 2 × 2, 4 × 4 × 4, 8 × 8 × 8,
nd 16 × 16 × 16 sub-cubes. The structure tensor was calculated for
ach of these sub-cubes, corresponding to 125 × 125 × 125 μm 

3 ,
1.5 × 61.5 × 61.5 μm 

3 , 30 × 30 × 30 μm 

3 , and 15 × 15 × 15 μm 

3 ,
espectively. All primary orientations of the structure tensors in each
ub-cube were then summed to estimate the FODs representative of the
ull 250 μm 

3 voxel. Due to the high number of crossings detected in the
acaque data and to allow a visualization that is familiar to the diffusion
RI community, the polar histograms were fitted with spherical har-
onics with order l max = 8 with the MrTrix3 software ( Tournier et al.,
019 ) to generate structure orientation distribution functions (sODF)
uch that only the dominant orientations of the histogram are visual-
zed. 

. Results 

.1. Human 

.1.1. MRI 
Fig. 3 displays the MRI scans of the human brain tissue block. Fig. 3 A

s a whole-brain 1.05 mm isotropic diffusion MRI scan of a different
rain from the HCP dataset. Fig. 3 B displays a zoomed view of the region
f interest. The bottom of Fig. 3 displays from left to right the 1 mm
sotropic diffusion MRI scan ( Fig. 3 C), the 300 μm isotropic structural
RI scan ( Fig. 3 D), and the 100 μm isotropic structural scan ( Fig. 3 E)

f the excised specimen. 

.1.2. CLARITY (clearing, staining, optical microscopy imaging) 
Passive clearing led to high sample transparency while preserving

he tissue’s stability throughout the subsequent staining and optical mi-
roscopy imaging experiments. Using the SWITCH protocol, the NF anti-
ody stain penetrated the sample homogeneously throughout the whole
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Fig. 3. Human thalamus tissue sample rela- 
tive to the whole-brain dataset. A A whole 
brain in vivo 1.05 mm isotropic resolution DTI 
scan taken from the human connectome project 
(HCP). B Zoomed image of the HCP DTI scan 
depicting the region that a specimen was ob- 
tained (indicated by red outline) for an MRI- 
CLARITY comparison. Ex vivo MRI of the spec- 
imen included: C 1 mm isotropic DTI, D 0.3 
mm isotropic structural MRI, and E 0.1 mm 

isotropic structural MRI. The tissue specimen 
has been aligned to the whole brain HCP scan 
shown in A to provide whole-brain perspective 
on its anatomical location. F The cleared sam- 
ple stained for neurofilament with extracted 
fiber orientations. G Photographs of the cut 
10 × 10 × 0.5 mm 

3 tissue cuboid used for the 
CLARITY procedure. 
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hickness ( Fig. 4 ). For confocal imaging, the sample was immersed in
 refractive index matched solution and very carefully placed on the
icroscope stage such that it was as flat as possible but not compressed.

Fig. 4 shows the neurofilament antibody (green) and autofluores-
ence (red) channel of the cleared human brain sample in pseudo colors.
he grid pattern that can be seen covering the sample arises from mosaic
titching of different tiles acquired with the confocal microscope. The
F stain demonstrates the overall fiber orientation in the sample, with
ost fibers on the posterior side of the sample traversing along the A-P

rientation and on the anterior side along the S-I orientation. Note that
t is only possible to infer the orientation and not the directionality of
he fiber patterns. The SNR of the CLARITY image for the human sample
as 3.6. 

.1.3. Comparison 
Distinct vessels can be observed both in the autofluorescence chan-

el of the CLARITY sample and the 100 μm T2 ∗ -weighted MRI data
 Fig. 5 A). The root mean square error of the co-registration based
n the 15 manually placed registration markers depicted in Fig. 5 A
as 0.261 mm. The largest error between registration markers was
.360 mm for registration marker #5 ( Fig. 5 A, top left corner). 

The three-dimensional structure tensor estimates are superimposed
n the source microscopy images (2.5 um isotropic neurofilament-
tained confocal microscopy) to enable visual assessment of how well
hey align with visually observed fibers in the image ( Fig. 5 B). 

The structure tensor orientation estimates were not affected by the
mage stitching artifacts (grid pattern visible in Fig. 4 A, B), because
hese artifacts were present at a much larger scale compared to the size
f the Gaussian filters used in the structure tensor estimates. Both dif-
usion and structure tensors estimated mainly an A-P fiber orientation,
specially towards the center of the sample. The dominant fiber orien-
6 
ation estimated by diffusion and structure tensors was extracted for a
uantitative comparison ( Fig. 5 C), which yielded a mean angular differ-
nce of 19 ± 15 o inside the dashed white line in Fig. 5 D. The boundaries
ere excluded from the analysis to avoid edge effects that lead to incor-

ect structure tensor estimations in that region. 
The same structure tensor analysis with a slightly bigger Gaussian

lter ( 𝜎 = 12.5 μm) to account for the larger vasculature size compared
o the neurofilament stain was applied to the 488 nm channel, which
ainly highlighted the tissue vasculature ( Fig. 5 E). The mean angular
ifference between the dominant orientation estimates of the structure
ensor for the 488 nm channel and the diffusion tensor was 49 ± 23 o 

nside the dashed white line. 
Fig. 6 depicts the crossing fiber analysis of the CLARITY and the dif-

usion MRI data. The majority of the FODs in the CLARITY data depict a
niform single orientation with 87% of the fibers (excluding the bound-
ries of the sample) having a voxel-wise spread of less than 22.5 o for
he individual orientation estimates that compose each FOD ( Fig. 6 A).
he majority of the diffusion MRI voxels also support the existence of
nly a single orientation, although there are a few voxels where the
nisotropic fiber fraction of a second fiber orientation is above the 5%
hreshold typically used for tractography ( Fig. 6 B). A magnification of
he region containing crossing fibers in the middle of the sample and
omparison with the CLARITY FOD highlights a few voxels where the
econdary diffusion orientation estimate and the CLARITY FOD results
re not in agreement ( Fig. 6 C). 

.2. Macaque 

.2.1. Sample localization 
Fig. 2 D shows the whole NIH dMRI brain and, as marked by the yel-

ow region, the anatomical location of the macaque visual cortex brain
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Fig. 4. Human thalamus CLARITY data. A A cleared tissue cuboid showing (in 
pseudo colors) neurofilament stain (green) and autofluorescence (red), which 
visualizes mainly the vessels in the tissue. The right inset shows a magnification 
of the underlying tissue structure. B 3D rendering of the specimen showing the 
homogeneous stain penetration of the sample. 

s  

c  

t  

T  

m

3
 

t  

a  

b  

s  

a  

s  

e
 

t  

v  

a  

t
 

d  

p  

M  

e  

d  

s

Table 2 

Angular differences between the primary ori- 
entation derived from dMRI and CLARITY 
macaque data for different numbers of sub- 
cubes. 

sODF WM GM 

2 × 2 × 2 48° + /- 15° 28° + /- 21°

4 × 4 × 4 40° + /- 12° 24° + /- 16°

8 × 8 × 8 39° + /- 14° 36° + /- 26°

16 × 16 × 16 35° + /- 11° 58° + /- 11°
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ample processed with CLARITY. Fig. 2 H displays the two-photon mi-
roscopy image of the macaque visual cortex NF stain. The fiber orien-
ations are easier to see in the gray matter, where the stain is less dense.
he SNR of the two-photon microscopy image over both white and gray
atter was 17.6. 

.2.2. Fiber orientation analysis 
Fig. 7 displays the voxel-wise comparison of the primary fiber orien-

ation estimation from the CLARITY-derived structure tensor ( Fig. 7 A)
nd the diffusion MRI-derived tensor ( Fig. 7 B). The angular difference
etween the CLARITY and the diffusion MRI derived orientations are
hown in Fig. 7 C. There was an angle difference of 21° + /- 19° in GM
nd 42° + /- 16° in WM. The histograms of the angle difference in GM
how 68% of voxels with an error below 20° and 40% of voxels with an
rror below 10°. 

Fig. 8 displays the comparative analysis of structure tensor orien-
ation density functions (sODFs) derived from different sizes of tissue
olumes. A dominant orientation is detected for 2 × 2 × 2, 4 × 4 × 4,
nd 8 × 8 × 8 sub-cubes, while highly distributed orientations are de-
ected for the 16 × 16 × 16 sub-cubes, especially in the gray matter. 

In Fig. 9 , only the major peaks from each voxel-wise measure are
isplayed. The second and third rows show the primary peak and all the
eaks with an amplitude of at least 1/3 of the primary peak amplitude.
ore peaks are detected in the CLARITY data than in the dMRI data,

specially in the white matter. It can also be seen that the CLARITY and
MRI orientations are in better agreement for the 2 × 2 × 2 and 4 × 4 × 4
ub-cubes, especially in the gray matter. 
7 
Table 2 lists the angular difference between the primary orientation
erived from dMRI and CLARITY data for different numbers of sub-cubes
veraged over the region containing ODFs shown in Fig. 9 . 

. Discussion 

This study develops and demonstrates a framework for direct com-
arisons of tissue microstructure across MRI and CLARITY data acquired
n the same human thalamus tissue sample, including the necessary
ata acquisition, co-registration, and automated feature extraction tech-
iques. The MRI-CLARITY comparisons presented here demonstrate the
bility to identify clear landmarks for co-registration of MRI and CLAR-
TY images. These data also demonstrate that structure tensor estimates
f the primary fiber orientation may be extracted from CLARITY con-
ocal microscope images of a human sample with an SNR of 3.6. This
tudy extends CLARITY fiber orientation estimates to a crossing fiber
nalysis. Structure tensor orientation estimates over multiple sub-cubes
re used to generate fiber orientation distribution functions and struc-
ure tensor and FOD results are shown to be strongly affected by the size
f the tissue volume over which the structure tensor is estimated. 

For a detailed look at the effects of the structure tensor and crossing
ber analysis and how well the findings in the human thalamus sam-
le translate to other tissue such as white matter or a different species,
n additional sample excised from a macaque brain is examined. The
acaque brain data were acquired at a higher SNR (17.6) with 2-photon
icroscopy CLARITY images of the white and gray matters. The compar-

sons of the FODs with varying sub-cube sizes against a dMRI macaque
rain dataset in the same region suggest that there exists an optimal sub-
ube size for orientation estimation. The optimal sub-cube size likely
epends on several different factors, including the SNR and resolution
f the microscopy data, the density of the stain, the scale of any artifacts
e.g., stitching artifacts), and the scale of the structure of interest in the
issue (e.g., neuronal fibers). It is currently unclear whether the struc-
ure tensor analysis of the CLARITY data is sensitive to individual axons
r rather the edges of striated small fiber pathways within the tissue.
or the data presented here, small sub-cube sizes resulted in noisy ODFs
ith many spurious peaks. Large sub-cube sizes obscured intra-voxel
ariations between fiber orientations. 

The lowest angle difference between the fiber orientation estimates
erived from the macaque brain CLARITY and dMRI data in gray matter
as for a sub-cube size of 61.5 μm isotropic and for the largest sub-

ube size of 125 μm isotropic. This is a good indication that the 90 μm
sotropic cube size for estimation of the FOD in the human dataset was
hosen appropriately to probe the tissue structure in the thalamus. The
igher angular differences in the macaque white matter are potentially
ue to the dense staining in the white matter, which does not visualize
he edges of individual fibers very well. This may indicate that a sparser
tain that targets a lower density component of the white matter is better
or visualizing white matter orientations. 

The macaque brain CLARITY data displayed higher SNR and higher
patial resolution than the human CLARITY data. Therefore, they were
articularly useful for evaluating the effect of varying the volume over
hich the structure tensors were calculated. Nonetheless, it is important

o note that the CLARITY and dMRI macaque data were from different
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Fig. 5. Human thalamus comparison of CLAR- 
ITY and MRI-derived orientation estimates. A 

T2 ∗ -weighted structural (100 μm) MRI and the 
autofluorescence CLARITY image of the thala- 
mus both depict vessels, which served as co- 
registration markers for linear co-registration 
of the CLARITY data to the MRI scan. Mark- 
ers in the fused image depict the manually 
placed co-registration markers for multiple im- 
age slices of the CLARITY (red) and MRI (yel- 
low) projected onto the same 2D plane. Based 
on the MRI and CLARITY co-registration mark- 
ers, the co-registration root mean square error 
was RMS = 0.26 mm. The co-registered MRI 
and CLARITY dataset was then co-registered to 
the 300 𝜇m resolution structural MRI and the 1 
mm diffusion MRI. B Overlays of the CLARITY- 
derived structure tensors and MRI-derived dif- 
fusion tensors, on their respective images (left) 
and combined (right). C Overlays of the CLAR- 
ITY and MRI-derived dominant orientations, 
on their respective images (left) and combined 
(right). D A map of the 3D angular difference 
between the CLARITY and MRI-derived dom- 
inant orientations displaying a mean angular 
difference and standard deviation of 19 ± 15 o 

inside the dashed white line. The histogram 

shows the distribution of angular differences 
between the CLARITY and MRI-derived ori- 
entation estimates. E Comparison of the esti- 
mated diffusion tensor MRI orientation with 
the structure tensor orientations estimated for 
the CLARITY image of the vasculature shows 
a mean angular difference and standard devia- 
tion of 49 ± 23 o inside the dashed white line. 

Fig. 6. Human thalamus comparison of CLAR- 
ITY and MRI-derived crossing fiber estimates. A 

Voxel-wise fiber orientation distribution func- 
tions (FOD) are estimated from the struc- 
ture tensor analysis of the CLARITY data. A 

CLARITY-derived FOD corresponding to each 
diffusion MRI voxel (1 mm isotropic) is esti- 
mated by calculating multiple structure ten- 
sors over 0.09 mm isotropic regions and then 
representing all the structure tensors estimated 
within the region of a given MRI voxel (al- 
though limited through-plane by the thickness 
of the CLARITY specimen) as a histogram of 
orientation estimates. B Crossing fibers are es- 
timated from the diffusion MRI data. The pres- 
ence of secondary fiber orientation (green) is 
supported by the data in only a few voxels. C 
A magnification of four MRI voxels highlights 
some disagreement between the FOD and dif- 
fusion crossing fiber analysis. 
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rain specimens. Therefore some anatomical variation between animals
s represented in the cross-modality comparison. In contrast, the hu-
an CLARITY data was at lower SNR and spatial resolution but featured
LARITY and dMRI in the exact same tissue and therefore represents a
etter test-bed for the cross-modality CLARITY-dMRI comparison. 

While there was an agreement between the primary orientations of
iffusion tensor and structure tensor of 20 o and less in most parts of
he human sample, there were some deviations with angles > 45 o esp. at
he boundaries of the sample leading to a mean angle of 27 ± 24 o if the
8 
ngle difference is measured over the whole sample. This could be due
o strong gradients between tissue and background noise at the bound-
ries, leading to erroneous structure tensor fiber orientation estimates
n these regions. This is evidenced by the lower angular difference of
9 ± 15 o observed once the outer layer of voxels is excluded from the
omparison. This error is still higher compared to other 3D measures
uch as ( Schilling et al., 2016 ), who reported an error of 6 o in voxels
ith a parallel fiber orientation and 10–11 o in crossing fiber regions
sing a comparison with confocal imaging of DiI stain of 80 μm sec-
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Fig. 7. Macaque visual cortex comparison of 
CLARITY and MRI-derived orientation esti- 
mates in white matter (WM) and gray matter 
(GM). The dotted line provides a visual indi- 
cation of the approximate gray-white matter 
boundary. A Structure tensor estimation from 

the CLARITY data. B Diffusion tensor estima- 
tion of the NIH dMRI dataset in the same re- 
gion. C The angular difference between the pri- 
mary orientations of the structure tensor and 
the diffusion tensor. 

Fig. 8. Macaque visual cortex characterization of CLARITY-derived crossing fiber estimates. A and D show fODF estimates using constrained spherical deconvolution 
calculated from the NIH macaque data ( Thomas et al., 2014 ). The gray matter has a dark gray background and the white matter has a light gray background. B and 
E show the sODF calculated from the CLARITY two-photon microscopy data with varying sub-voxel sizes. To facilitate visual comparison with the dMRI data, the 
sODF was concatenated over the whole 250 𝜇m voxel size, and a spherical harmonics function was fitted to the final sODF using MrTrix ( Tournier et al., 2019 ). In A , 
a gray matter voxel is highlighted on top of the dMRI fODF reconstruction. The sODF of the corresponding voxel in the two-photon microscopy data is shown in B . 
The first row shows the primary structure tensor orientations for each of the sub-voxels projected on a single plane, the second row shows the corresponding sODF. 
In D, a white matter voxel is highlighted on top of the dMRI fODF reconstruction. The sODF of the corresponding voxel in the two-photon microscopy data is shown 
in E . The number of detected peaks increases for smaller sub-voxel sizes. C and F show a close-up view of the 2-photon microscopy data. 
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ions that were stacked to a 3D volume using block-face imaging. One
ource of this discrepancy could be related to the lower dMRI resolu-
ion of 1 mm isotropic used in our comparison compared to the 400 μm
sotropic data used in the prior study. Future comparisons with a dMRI
can at a higher resolution would be necessary to improve this compari-
on step. Another limitation of the CLARITY procedure is that it relies on
mmunostaining to visualize fiber tracts. Since the stain only visualizes
ne component, in our case the neurofilaments, other structures that can
ontribute to tissue anisotropy are not considered. Additionally, dMRI is
nown to be more robust at estimating fiber orientations in white mat-
er than gray matter. The lower anisotropy within our deep gray matter
ample from the thalamus may have resulted in noisier fiber orientation
stimates and a greater angular difference relative to the CLARITY fiber
rientation estimates. 

Crossing fiber analysis of the diffusion MRI in the human sample
eveals only a small number of voxels where the anisotropic fiber frac-
9 
ion of a secondary orientation was estimated to be above the threshold
f 0.05. The FOD analysis of the CLARITY data also revealed very few
oxels with any evidence of a secondary orientation. While the close
orrespondence is encouraging, this dataset does not enable extensive
omparisons of crossing fiber estimates. 

The current study’s focus was to determine a protocol that enables
 robust comparison of MRI and CLARITY 3D histology in the same
issue sample. Multiple clearing and staining protocols were tested, and
herefore we employed methods that enabled multiple tissue samples to
e processed simultaneously. Specifically, the diffusion MRI scanning
as performed on multiple cuboids simultaneously by combining them

nto a single container and scanning them on a human MRI scanner.
hile this approach limited the achievable diffusion MRI resolution for

hese small samples, it was compatible with the assessment of different
learing protocols. Each sample was scanned separately on a small-bore
canner to obtain a high-resolution structural scan that facilitated the co-
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Fig. 9. Macaque visual cortex crossing fiber analysis of the dMRI data and CLARITY two-photon microscopy data. The first column shows the dMRI measurements. 
The four columns on the right show the CLARITY structure tensor results for varying sub-voxel sizes. The first row shows the spherical harmonic ODFs. The second 
row shows only the primary orientation of the dMRI and structure tensor measurements. The third row shows all the peaks with an amplitude of at least 0.3x the 
primary peak amplitude. 
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egistration of CLARITY and MRI data and could be obtained much more
uickly than a high-resolution diffusion MRI scan. In future studies, an
ndividual high-resolution dMRI scan for each processed sample on a
reclinical scanner would be desirable to allow a comparison of various
iffusion models at very small voxel sizes. 

As shown previously, hydrogel embedding does not significantly al-
er the diffusion characteristics of the dMRI results ( Leuze et al., 2016 ).
FA percentage, fixation time, and storage solution (PFA or PBS) can af-
ect the diffusion properties of the tissue, but it is well-established that
iffusion anisotropy can still be measured in fixed tissues ( Leuze et al.,
014 ; McNab et al., 2009 ; Miller et al., 2012 ). 

Immersing tissue specimens in fomblin for MRI scans did not appear
o affect the subsequent clearing or staining of the sample. Some of the
amples became very soft during the clearing process, and we hypoth-
size that this relates to the gray versus white matter content of the
ample. As expected, gray matter tends to clear faster than white mat-
er due to its lower myelin content. For samples containing both gray
nd white matter, the gray matter sometimes appeared to disintegrate
lightly during the extending clearing time needed to clear the white
atter parts of the sample. The human tissue sample highlighted in this
anuscript contained gray matter in the thalamus. It did not exhibit a

trong gradient in myelination levels, and therefore differential clearing
peed was not an issue. 

The NF stain was selected, for the experiments presented here, be-
ause NF is the most abundant fibrillar component in axons and is or-
anized longitudinally along the axonal wall. This makes it a valuable
10 
roxy for neuronal fiber orientation ( Kandel, 1989 ). Staining compati-
ility with CLARITY cleared tissue requires special consideration. One
omplication is that antibodies with many binding sites (such as NF)
end to bind rapidly upon exposure to the exterior of the sample, thereby
imiting staining deeper within the sample. An example of such an inho-
ogeneous stain can be seen in Supplemental Figure 2B. The SWITCH
ethod tries to account for this issue by including an additional staining

tep in which the antibodies are temporarily prevented from binding to
he sample by an SDS solution ( Murray et al., 2015 ). Thus, the antibodies
an diffuse equally throughout the sample and then, after the SDS solu-
ion is washed out, the antibodies are allowed to bind to their respective
inding sites. The SWITCH protocol was applied to initially prevent the
ntibody from binding to the outer areas of the sample, which helped
o achieve a homogeneous stain throughout the whole sample depth. In
he data presented here, NF antibody was used to visualize the fiber ori-
ntations. However, Morawski et al. (2017) have previously presented
ithin cleared tissue a range of antibodies labeling myelin basic protein

MBP), human neuronal protein C (HuC), or glial fibrillary acidic pro-
ein (GFAP) to extract myelination and specific cell types. While stain-
ng for the sample presented here was done passively, this process might
e sped up by electrophoretically driving antibodies through the tissue
 Li et al., 2015 ). 

The MRI was used as the reference volume in the MRI-CLARITY co-
egistration because the MRI was acquired on the tissue sample before
t suffered distortions from the clearing and mounting procedure. Small
issue specimens such as the one demonstrated here tend to have less
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evere deformations of the sample during clearing than larger samples.
imilar to prior work ( Stolp et al., 2018 ), the CLARITY images presented
ere show only minor distortions in the cleared sample. The low distor-
ion levels made it easier to achieve an accurate co-registration to the
RI data (RMSE = 0.26 mm for all registration markers with a maximum

rror of 0.35 mm for a single registration marker after co-registration).
he small RMSE (~1/4 of the dMRI voxel size) between the MRI and
LARITY registration markers indicate that the linear co-registration ap-
lied was suitable for this case ( Goubran et al., 2015 , 2013 ). Stronger
eformations may demand a non-linear, deformable co-registration such
s intensity-based B-spline deformation or diffeomorphic symmetric im-
ge normalization ( Avants et al., 2008 ; Rueckert, 1999 ). Of note, struc-
ure tensor analyses were performed after the co-registration, thereby
ircumventing any need to reorient orientation estimates. 

In addition to shape deformations, CLARITY tissue processing can
lso lead to deformations in the sample size. The sample expands when
mmersed in the clearing solution (SBC) but then shrinks back to approx-
mately its original size after immersion in FocusClear. Still, the possi-
ility for some retained expansion or contraction of the tissue sample
ompared to its original size should be considered. Substantial shrink-
ge of the tissue sample could lead to less space between stained neuro-
laments and thus lower contrast between stained neurofilaments and
ackground image noise, which would make it more challenging to es-
imate the dominant fiber orientation with a structure tensor analysis.
ubstantial expansion of the tissue sample could increase the space be-
ween stained neurofilaments, which could make fiber orientation esti-
ates with structure tensor analysis more robust. A full analysis of the
otential effect of tissue sample expansion or contraction was beyond
he scope of this study. 

An open question that was examined with the data from this study, is
hether or not water within the vascular compartments of postmortem

issue influence the measured diffusion patterns used to infer on dMRI
ber orientation. The CLARITY autofluorescence images from the hu-
an sample depict vascular compartments without coherent orienta-

ional organization. A structure tensor analysis of the CLARITY autoflu-
rescence images confirms this incoherent orientation organization, and
omparison of the vascular structure tensor orientations with the diffu-
ion tensor MRI orientations show low correspondence ( Fig. 5 E). These
ata inspire confidence that ex vivo diffusion MRI represents the under-
ying neuronal fiber structure and is not driven by water molecules that
re hindered or restricted by vascular compartments. The vasculature
as a different influence on the diffusion signal in vivo compared to ex
ivo ( Dyrby et al., 2011 ) because in vivo blood flow results in significant
ttenuation of the intra-vessel signal. The vasculature could be clearly
dentified as hypointensities in structural MRI of the human tissue speci-
en. These hypointensities may indicate the presence of a considerable

mount of blood, which has a faster signal decay due to its iron con-
ent, still present inside the vessels. This lower signal level within the
essels could lower sensitivity to diffusion effects within the fixed tis-
ue. In contrast, animal tissue, which is perfusion fixed, may have less
lood remaining in the vessels and therefore be prone to the vasculature
ontributing diffusion anisotropy contrast. 

. Conclusion 

We have demonstrated a voxel-wise comparison of CLARITY im-
ges that depict neurofilaments and vasculature with dMRI estimates
f microstructural orientation in human brain tissue. Vasculature com-
onents visible in both the autofluorescence channel of the CLARITY
ata and the high-resolution T2 ∗ weighted MRI allowed for accurate co-
egistration across imaging modalities. Automated feature extraction of
he fiber orientations from the CLARITY images was in good agreement
ith the MRI-derived diffusion tensor orientations. Crossing fiber esti-
ation in the CLARITY data depended strongly on the chosen sub-cube

ize over which the structure tensor was calculated. Vasculature ori-
ntation estimates from the CLARITY images did not correspond with
11 
he MRI-derived diffusion tensor. The data presented here represents
ritical steps towards integrating information across multiple scales and
maging modalities such that MRI measurements may be validated, im-
roved, and interpreted accurately. 
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