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We have developed workflows to align 3D magnetic resonance histology (MRH) of
the mouse brain with light sheet microscopy (LSM) and 3D delineations of the same
specimen. We start with MRH of the brain in the skull with gradient echo and diffu-
sion tensor imaging (DTT) at 15 pm isotropic resolution which is ~ 1,000 times higher
than that of most preclinical MRI. Connectomes are generated with superresolution
tract density images of ~5 pm. Brains are cleared, stained for selected proteins, and
imaged by LSM at 1.8 pm/pixel. LSM data are registered into the reference MRH
space with labels derived from the ABA common coordinate framework. The result
is a high-dimensional integrated volume with registration (HiDiver) with alignment
precision better than 50 pm. Throughput is sufficiently high that HiDiver is being
used in quantitative studies of the impact of gene variants and aging on mouse brain
cytoarchitecture and connectomics.

magnetic resonance histology | light sheet microscopy | connectome | mouse brain

MRI of the human brain has become a mainstay of both clinical care and basic neurosci-
ence research since Lauterbur’s catalytic studies in the 1970s (1). Resolution, contrast,
and imaging speed have improved at a rapid rate. Resolution is limited in humans by
movement artifacts, sensitivity, and short scan durations. Voxels are typically 1 mm on
edge. Consequently, structural MRI is unable to resolve fine-grained anatomical structure
at the scale of tissue cytoarchitecture. But, these studies have been enormously rewarding
because throughput is high, and sample sizes can include thousands of subjects.

As a result, there is now a burgeoning new field that combines MRI with genetics and
genome-wide association studies (GWAS) (2, 3). These joint MRI and genetic studies are
now sufficiently well powered to detect DNA variants and haplotypes that are causally
linked to both normal differences in brain architecture and differential susceptibility and
resilience to neurological diseases. Examples include ENIGMA (4), the UK Biobank (5),
and the Alzheimer’s Disease Neuroimaging Initiative (ADNI) (6, 7). In comparison, some
MRI studies using small mammals—rats and mice—have taken an orthogonal approach

Significance

We demonstrate the highest-
resolution MR images ever
obtained of the mouse brain. The
diffusion tensor images (DTI) @
15 um spatial resolution are
1,000 times the resolution of
most preclinical rodent DTI/MRI.
Superresolution track density
images are 27,000 times that of
typical preclinical DTI/MRI. High
angular resolution yielded the
most detailed MR connectivity
maps ever generated. High-
performance computing
pipelines merged the DTI with
light sheet microscopy of the
same specimen, providing a
comprehensive picture of cells
and circuits. The methods have
been used to demonstrate how
strain differences result in
differential changes in
connectivity with age. We believe
the methods will have broad

in which the major focus has been to achieve ever higher spatial resolution rather than
higher throughput. This has involved high-field MRI acquisition strategies from postmor-
tem specimens, i.e., magnetic resonance histology (MRH) (8-11). We can now image the
whole mouse brain at spatial resolution as high as 25 pm (12). These murine MRH datasets
can be merged with whole-brain LSM immunohistochemistry (IHC) to provide up to
two orders of magnitude higher spatial resolution.

Rodent brain MRH and LSM studies typically have modest sample sizes—often less
than 20 cases per study and often include only one or two genotypes, ages, or treatment
groups. The bottleneck is long acquisition times for both MRH and LSM. There is an
equally serious constraint in processing, aligning, and merging terabyte 3D images (13).
These problems have thwarted even moderate-throughput rodent neurogenetics of the
types heralded in humans by ENIGMA (4), ADNI (7), and UK Biobank (5).

We have developed atlases and methods to accurately register MRH and LSM with 3D
volumetric labeling of 180 regions of interest (ROls) in each hemisphere. We demonstrate
that high-dimensional integrated volume with registration (HiDiver) generalizes to dif-
ferent sexes, ages, and genotypes with a precision better than 50 pm. Imaging and com-
putational workflows have a throughput of hundreds of specimens per year. This enables
systematic global analyses and genetic dissection of variation in CNS architecture as a
function of genotype, age, sex, sensorimotor experience, environmental exposure, behav-
ioral phenotype, and interventional treatment at both regional and cellular levels.

There are many alternative methods for postmortem analysis of the mouse brain.
Expansion microscopy of cleared tissues has been used to image whole brains at submicron
resolution (14). Knife-edge scanning microscopy has been used to provide connectivity
measure using Golgi stains at micron resolution (15). Optical coherence microscopy has

applicability in the study of
neurodegenerative diseases.
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been used to generate whole-brain images at ~ 5 pm resolution
(16). These methods have been used thus far to provide reference
atlases. Typical acquisition/processing times are weeks per spec-
imen. And several investigators have merged high-resolution MR
with optical methods (17-19).

The work we present here differs from the previous work in four
ways: 1) The resolution index (20) of the MR data presented here
is nearly 10 times that of any previous MRH acquisition, enabling
far more accurate reconstruction of whole-brain connectomes; 2)
the MRH is acquired in the skull, allowing accurate measures of
regional volumes; 3) the light sheet images are registered to this in
skull geometry, making cell density measures much more accurate;
and 4) the entire process can be accomplished with sufficient
throughput to allow systematic studies (N > 100) of neurogenetics,
linking genome to regional brain morphometry, cell density, and
whole-brain connectivity.

1. Results

We addressed three technical challenges of imaging and registering
MRH with LSM for the mouse brain: 1) acquisition of very large
(250GB) MRH at microscopic resolution with adequate through-
put; 2) accurate registration of very large geometrically distorted
LSM data with MRH data; and 3) workflows to map these data
into a common reference space. We have previously demonstrated
the utility of MRH in neurogenetics at moderate throughput—12
strains with two replicates each (21). For that work, we registered
MRH data into the INCF Waxholm reference space (10) and gen-
erated volumetric data for 35 ROIs. In the last decade, we have
increased both the spatial and contrast resolution using diffusion
tensor imaging (12, 22).

SI Appendix, Table S1 summarizes four experiments used to
develop and validate HiDiver:

1. C57BL/6 mice studied at 90 d of age—an age close to
that of most data generated by GENSAT (23), the ABA,
and the BRAIN initiative (24, 25). Specimens were
scanned to create new 3D HiDiver reference atlases at 24
X the spatial resolution of any previous DTT atlas.

(81 Appendix, Table S1, specimens 200302 and 200316).

2. A second set of mice was used to explore the impact of
spatial and angular resolution on scalar DTT metrics to
improve throughput and test LSM registration accuracy.
For this purpose, we generated track density images
(TDI) at 5 pm superresolution, in a C57BL/6] trans-
genic line (B6.Cg-Tg(7hyI-YFP)H]Jrs/] (26, 27) that
expresses yellow fluorescent protein intensely in subsets
of large neurons and their axons, particularly pyramidal
neurons in neocortical layer 5 and pyramidal and granule
neurons in hippocampus.

3. 'The third experiment tested the robustness of HiDiver
registration in the face of significant variation in geno-
type and age of specimens. For this work, we used
BXD89 mice, an inbred strain generated by crossing of
C57BL/6] to DBA/2] (28). Its genome has been fully
sequenced (29) and differs from the reference genome
at ~2.87 million loci—87% single-nucleotide polymor-
phisms (SNPs) and 13% other variant classes (DG
Ashbrook, personal communication). One of the
BXD89s was a young adult at 111 d; the other was an
old adult at 687 d. The mean life expectancy of this strain
is ~700 d (30).

20of8 https://doi.org/10.1073/pnas.2218617120

4. 'The fourth experiment applied the methods to determine
which strains and regions of the brain were most affected
by aging in 13 diverse strains of the BXD mouse. We
employed a higher-throughput, lower-spatial/-angular
resolution (45 pm/46 angle) that could be executed in
under 12 h, allowing us to collect data on 111 different
specimens.

1.1. Reference Framework Creation.

1.1.1. Registered scalar MRH volumes. Fig. 1 provides an overview
of the differing anatomical detail evident in MGRE and scalar
images from the DTT acquisitions. A Nissl section from the ABA
is included for reference (Fig. 14). The average MGRE (Fig. 15)
combines four echoes of the 4D MGRE volume. Scalar diffusion
images were derived from the DTI (31) and GQI algorithms
(32). These scalar images yield unique contrast that is related to
the ultrastructure of cerebral tissue (e.g., axonal densities, myelin
content, and configuration of intra-/extra-cellular compartments).
‘These MRH base datasets provide 12 complementary views of cyto-
and myeloarchitecture, five of which are shown in Fig. 1. ST Appendix,
Table S2 summarizes all the 12 scalar volumes and the algorithms
used to generate the contrast. Blood vessels are prominent in the
MGRE and AD images (Fig. 1 Band C), whereas mean diffusivity
highlights hippocampal layers particularly well (MD, Fig. 1C). In
marked contrast, the fractional anisotropy (FA, Fig. 1E) accentuates
white matter tracts and those regions in which dendritic arbors have
a common orientation, such as stratum radiatum in the CA fields
of the hippocampus and the molecular layer of the dentate gyrus.

The utility of color FA is emphasized by the complex intersec-

tion of tracts around the internal capsule—asterisk in Fig. 1F. The
intensity represents the magnitude of diffusion anisotropy, whereas
color encodes the primary axis of diffusion (Fig. 1F, f). The inter-
secting tracts—the fimbria, the stria terminalis, the cerebral
peduncle, the internal capsule, and the optic tract—are difficult
to resolve by conventional histology. These tracts can be dissected
unambiguously in the color FA. A comparative view with the ABA
tract demarcations is given in S/ Appendix, Fig. S1. By combining
multiple MRH scalar images, one can resolve structures that are
hard to detect using standard light microscopy.
1.1.2. Definition of ROIs. The ABA common coordinate framework
(CCFv3) defines regions of interest (ROIs) for 461 structures (33).
We registered these into each hemispheres of the C57BL/6] in Fig. 2
using ANTs (34). More than half of all ROIs are so small that they
cannot be reliably registered even within the same strain. Registering
across genotypes is even more challenging, which compromises the
accuracy with which we were able to estimate volumes, cell densities,
and cell counts. Almost all ROI volumes with a left—right coefficient
of error (CE) greater than 0.05 are generated by poor technical
accuracy rather than fluctuating asymmetry in brain structure (see
refs. 35 and 36). We opted to generate a reduced subset of ROIs
that combines smaller adjacent subvolumes. We refer to this subset
as the first reduced version of CCFv3 or r1CCFv3. It consists of
180 ROIs/hemisphere and provides an isotropic parcellation of the
whole brain (87 Appendix, Table S3). This is comparable to the
human connectome project in which there are 180 ROIs in each
hemisphere. It represents a significant improvement over previous
MRI atlases, e.g., Waxholm space with 35 ROIs/hemisphere and
the Calabrese connectome atlas with 27 ROIs/hemisphere.

The parcellation of r1CCFv3 was refined by two neuroanato-
mists (LEW, RWW). The product was a set of ROIs that can be
embedded reliably in all MRH data, regardless of sex, age, and
genotype, and with a low mean CE (<0.05) without extensive
manual curation.
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Fig. 1. Overview of MRH contrast (S/ Appendix, Table S1, specimen 200302-1:1) at a plane equivalent to level 74 of the ABA coronal series (https://tinyurl.com/
CCFv3-Level74). (A) Reference image from the ABA of an inverted contrast Nissl-stained section. Several regions and tracts are labeled: cortex (CTX), corpus
callosum (cc), primary somatosensory area (SSp), hippocampus (HPF), fimbria (fi), thalamus (TH), hypothalamus (HY), basolateral amygdala (BLA), and lateral
ventricle (VL, in blue). (B) Average MGRE with dark blood vessels (arrow - perforating artery) and darker heavily myelinated tracts (e.g., cc, cpd, and fiin A and
B). (C) Mean diffusivity (MD) with light regions defining both cell-dense regions such as the granule cell layer (D, sg) dentate gyrus, and blood vessels (arrow) and
ventricle. (D) Axial diffusivity (AD) is similar to C, but differentiates additional hippocampal layers. (E) Fractional anisotropy (FA) defines finer details of neurite
orientation—white in the heavily myelinated corpus callosum and corticofugal projections and the margins of barrels in the somatosensory cortex (arrow). The
barrel field cortex is revealed in an enface tangential plane in S/ Appendix, Fig. S2. (F) Color FA provides additional differentiation of fiber tracts based on their
orientation (Top Right Inset). The yellow asterisk marks a complex of intersecting tracts around the internal capsule (S/ Appendlix, Fig. S1). The corpus callosum (red)
is distinct from both the cingulum (green above) and the dorsal hippocampal commissure (green below). Lower rows (a-f) are corresponding 2x magnifications
of the hippocampus that illustrate MRH resolution of layers. Abbreviations—so: stratum oriens; sp: pyramidal cell layer; sr: stratum radiatum; slm: stratum
lacunosum-moleculare; mo molecular layer of the dentate gyrus; sg: granule cell layer of the dentate gyrus; po: polymorphic layer of the dentate gyrus. Video
available @ https://bit.ly/MouseBrain15micron

1.1.3. Light sheet and MRH registration. MRH provides excellent
geometric fidelity; multiple registered contrasts (Fig. 1); and the
practicality of conducting whole-brain morphometry of in situ
volumes, ROI histology, and tractography. The benefits of LSM
are high spatial resolution and the application of numerous labeling
and staining protocols. The main drawbacks are poor geometric
fidelity and problematic penetration of reagents. HiDiver combines
the strength of both methods. Fig. 3 shows an original LSM dataset
before (red) and after (green) registration to the MRH data. Swelling
using SHIELD is over 60% relative to the MRH reference volumes
(SI Appendix, Table S1), and this expansion is not uniform. For
example, swelling in the olfactory bulb is nearly 100%.

Fig. 3 highlights two key elements relevant to resolution and
alignment of HiDiver. First, the resolution of MRH is at the
threshold of resolving cell layers and fascicles of axons. Trios of
oblique arrowheads in Fig. 3 B-C point out the tight correspond-
ence of the CAl—subiculum boundary. A similar trio of images
(Fig. 3 E-G) demonstrates the melding of MRH-RD and
LSM-MBP labeling of the Purkinje cell layer. The availability of

multiple scalars from the MRH acquisition provides a range of
anatomic features to drive registration of many different immu-
nohistochemistry markers (37).

The precision of registration was measured by visualizing
coregistered volumes in Imaris. Small (<50 pm diameter) vessels
were identified in the axial plane of the NeuN image (specimen
200316-1:1) in which the vessels are dark (37). Cross hairs were
placed in the center of the vessel. The plane of section was
incremented interactively to locate an intersection of a branch
of the same vessel. The three-dimensional coordinates were
recorded. The process was repeated in the RD image in which
the vessels are bright. Eleven different measurements were made
across the volume with an average alignment of 22 + 14 pm

(37).

1.2. Spatial Resolution and Tractography.

1.2.1. Spatial resolution: in vivo vs. MRH. The voxel volume in the
new reference atlas is 3.4 x 10°° mm?>. S/ Appendix, Fig. S3 shows
a comparison of the FA for an in vivo mouse DTT @ 0.15 mm

Fig.2. Full-brain volumetric rendering of r1CCFv3. All lines that define ROIs use the ABA color conventions. (A) The DWI in a coronal plane with ROl demarcations.

(B) The FA image at the same level with four ROIs: the mediodorsal nucleus of the thalamus (MD), the caudoputamen (CP), the endopiriform nucleus (EP), and
the piriform area (PIR). (C) Axial DWI of a horizontal section with corresponding borders and two ROIs labeled in common with B. The red lines in A and B and
the yellow line in C define orthogonal images. (D) 3D delineations of major components of the olfactory system displayed with DSI Studio. Abbreviations—OB:
olfactory bulb; AON: anterior olfactory nucleus; ENT: entorhinal area; MEA: medial amygdaloid nucleus; OT: olfactory tubule (specimen 200316-1:1)
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LSM-NeuN F

LSM-MBP

HiDiver

Fig. 3. HiDiver integration of MRH and LSM. Distortion of LSM samples was corrected by registering to the MRH reference volume of the same specimen.
Panel (A) flags four types of registration problems in the LSM data—before (red) and after (green) correction with specimen 200316-1:1. Arrow 1 highlights
variable expansion during LSM processing that can range up to 100% for the olfactory bulbs, but averages about ~60% globally in this case. Arrow 2 flags tears
in the visual cortex introduced during dissection. Arrow 3 marks an exaggerated flexure of the brainstem, while arrow 4 indicates spread of the olfactory bulbs.
All the three LSM channels were brought into alignment with MRH by diffeomorphic registration. Panels (B-D) (specimen 191209-1:1) provide an overview of
HiDiver alignment where (B) is DWI, (C) is NeuN, and (D) is the HiDiver product. The arrowheads in these overlays point to the CA1, subiculum boundary. (E-G)
show the RD with MBP and a similar trio that points to a layer of Purkinje cells and Bergmann glia in the cerebellar cortex. The MBP label extends into and just

above this layer. (Scale bar in B is 200 pm.)

resolution (voxel volume of 3.4 x 10~ mm?®) to MRH DTI in
this work (0.015 mm), i.e., a decrease in voxel volume of 1000 X.
1.2.2. Trade-Off in spatial and angular resolution. Experiment
2 compared trade-offs between spatial and angular resolution
(SI Appendix, Table S1). The TR, TE, and & values were fixed
for all the three scans. S Appendix, Fig. S4 shows the FA images
which have been scaled for comparison. The first two scans at
15 pm (SI Appendix, Fig. S4A) vs. 25 pm (SI Appendix, Fig. S4B)
were acquired with approximately the same total scan time, the
slight variation coming from the desire to choose angular invariant
sampling strategies in which the b vectors were equally spaced
on the unit sphere. As one would expect, the 15-pm data are
noisier than the 25-um data. The definition of cortical layers and
layers in the hippocampus is superior in the lower-resolution
(25 pm) data. Noise in the FA image is dependent on the noise
in the constituent images and the propagation of error through
the multiple pipelines. As a surrogate for noise, we include the
histogram of a central region of white matter (corpus callosum)
which we believe is relatively uniform. The impact of angular
sampling, i.e., comparison of S/ Appendix, Fig. S4B (at 108 angles)
with ST Appendix, Fig. S4C (at 61 angles), is not as obvious, yet
it results in a reduction of scan time by ~1/2. Recent work has
demonstrated an inflection point in reduction of false negatives
in the connectomes at ~61 angles when comparing connectome

40f8 https://doi.org/10.1073/pnas.2218617120

metrics vs. angular sampling (figure 8h in ref. 38). Finally, the
denoising step addresses some of the loss in SNR in moving to
reduced angular sampling. ST Appendix, Fig. S5 shows the impact
of denoising on the 15 pm/108 angle volume. Reduction of the
spatial resolution (15 to 25 pm) and angular resolution (108 to
61) with the addition of the denoising and implementation of a
fast spin echo variant has yielded a protocol (25 pm, 61 angles)
that can be executed in 20 h (8 Appendix, Fig. S6).

1.2.3. LSM alignment to superresolution MRH track density images.
Track density images (TDI) were generated using the method
developed by Calamante (39, 40) with nominal superresolution
of 5 pm. The TDI have been registered to their LSM in which
a subset of large neurons is labeled with yellow fluorescent
protein (Fig. 4). The TDI are in yellow and the LSM in green.
Despite the nonuniform distortions highlighted in Fig. 3, we can
achieve alignment that is usually at the level of cytoarchitectonic
boundaries and cell layers (Fig. 4 Cand F).

The joint LSM and TDI facilitate interpretation of the fine
structure in Fig. 4 Band E compared to the previous state-of-the-art
work (e.g., figure 5C from ref. 40). The fine strands in the corpus
callosum are consistent with the mean orientation of fascicles of
myelinated axons and contrast with darker interfascicular callosal
oligodendrocytes (41, 42) (Fig. 4 Band E). These TDI strands are

an order of magnitude larger than the diameter of the largest
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myelinated fiber—about 3 pm (43). A striking feature of the
strands is their radial uniformity in fortuitous planes through the
cortex and hippocampus (Fig. 4E). As TDI strands reach super-
ficial layers of the cortex, they spread and form an arcade as
expected of distal dendrites of pyramidal cells and ascending
axonal projections and collaterals (Fig. 4B).

1.2.4. Embedding 3D volumetric labels from MRH into LSM. The
transfer of labels from MRH to LSM is good but still imperfect.
The correspondence of the mirror-imaged horizontal planes—
DWI (SI Appendix, Fig. S7, Right) and NeuN (Leff)—is sufficiently
accurate as judged by the overall concordance of independently
defined boundaries, blood vessels, and cytoarchitectonic
boundaries. Vessels provide useful landmarks for comparison (37).

1.3. Application in Neurogenetics: Impact of Age and Strain
Variation on HiDiver. To test HiDiver across genotype and age,
we transferred the r1CCFv3 ROIs into two BXD89 mice that
differ from C57BL/6] atabout 1 in 1,000 base pairs of DNA—the
typical level of genetic variation seen among any two humans.
The r1CCFv3 labels were transferred from the male reference
(specimen 200302-1:1) to the new strains using our dedicated
pipeline for rodents (44) (SI Appendix, Fig. S7). The HiDiver
transfer of volumetric labels from r1CCFv3 from C57BL/6] to
both BXD89 cases is visually accurate as judged by the boundaries
imposed on the axial DW1 and the corresponding LSM channels
(Figs. 4 and 5).

We generated whole-brain connectomes by seeding 5 million
points distributed across all ROIs (Fig. 5 Cand D). For simplicity,
only the connectomes of the right hemisphere are shown for young
and old animals. Maier-Hein et al. have highlighted the compli-
cations of false positive connections in human studies (45) where
voxels range from 1.25 to 2 mm?® (46). In contrast, connectomes
in Fig. 5 C and D have voxels that are up to 2.5 million times
smaller with commensurate reduction in the number of crossing
or merging fibers in any voxel (47). Fig. 5E shows the linear

Thy1-YFP

difference scaled to allow the reader to appreciate where there are
differences. The bands along the bottom and right sides are the
fiber tracts.

1.4. High Throughput. Experiment 4 demonstrates the utility of
HiDiver in a study of over 100 cases in 13 strains. We acquired
whole-brain connectivity with a higher-throughput protocol
(11.8 h/specimen) at 45 pm/46 angles across both sexes and two
age cohorts as part of an ongoing study of aging and Alzheimer’s
disease. Forty-seven cases were young, between the ages of 72 and
176 d. Sixty-four cases matched by strain were postreproductive
and ranged in age between 341 and 687 d. Using life expectancy
estimates of all these BXD family members (30), we rescaled
chronological age to the fraction of expected lifespan as shown in
SI Appendix, Fig. S8.

Statistical methods described in refs. 36 and 48 were used to
find the global differences in connectivity as a function of strain
and age. A minimum deformation template (MDT) was generated
in our SAMBA pipeline for all the specimens in a given strain. A
visual quality assurance check was executed in Slicer which allows
multicontrast multiplanar visualization. Our canonical atlas (with
labels) was mapped to the MDT. The individual specimens (now
with labels) were mapped back to their original laboratory space
by inverting the transform to the MDT. The connectome pipeline
was used to generate connectivity between each ROI. A dimen-
sional reduction was applied to map the vectors of each of the 179
ROIs into a reduced space to enable ANOVA comparisons in
young and old animals across all the strains. Multidimensional
scaling was used to embed the results into two dimensions to
visualize clustering (48). This enables rank ordering of the nodes
in which there are differences within a strain and between ages
(36). Our previous work has demonstrated that more than 150
vertices of the whole-brain connectome (generated with 179 ROIs
in both hemispheres) had significant dependence on the strain

(genome) (36). SI Appendix, Fig. S9A emphasizes this by plotting

g
A{’A il

HiDiver

Fig.4. Joint LSM and superresolution TDI at two levels through cortex, dorsal hippocampus, and caudoputamen. (A) and (D) are Thy1 fluorescence images (green)
from a 90-d-old B6.Cg-Tg(Thy1-YFG)H]Jrs/) (sample 190415-2:1). (B and E) are TDI at the same levels at a superresolution of 5 ym. (C and F) are merged HiDiver
images that highlight the alignment of TDI and Thy1-positive pyramidal cells, dentate gyrus granule cells, and axon fascicles penetrating the caudoputamen.
Inset in (C) is a 3x magnification of a radial section of CA1. (D-F) are LSM, TDI, and HiDiver at the level of the primary motor cortex (MOp), respectively. All images
have been rendered at the same effective slice thickness of 14.4 um. (Scale bar in Ais T mm.) Video available @ https://bit.ly/MRHLightSheet.
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Fig. 5. Quantitative tractography applied to BXD89 males. (4) (111 d) and (B) (687 d) are matched DWIs of specimens that differ by 19 mo. The scale bar is
5 mm. (C and D) are matched connectomes of the same young and old specimens that provide a measure (log10 scale) of the connection strength of each of
179 of 180 ROIs in the right hemisphere with all other right-hemisphere ROIs (one ROl is the whole hemisphere). () Difference of (C and D) scaled to allow the

reader to appreciate where there is difference.

the MDS of the BXD65b and BXD34 in the same space. For each
strain, clusters in a different part of the plot highlight the genetic
dependence of the connectome. Perhaps more interesting is the
fact that the two strains sequester differently with age. The largest
global connectivity change during aging (BXD65b) and the small-
est connectivity change (BXID34) are calculated from the Euclidean
distances between the means of their respective clusters. The young
BXDG65b specimens (green) were tightly clustered, while the old
specimens (purple) were clearly separated from the young and
were not clustered tightly. The separation in the dimensionless
MDS plot is 322. The dotted lines indicate one SD of the cluster
centroid. The BXD34 data on the right show a much smaller
separation of 38. The SD of the centroid is smaller for the young
animals than it is for the old, i.e., as the animals age, there is
divergence in their connectomes.

A comparable analysis was performed for all regions of interest
and the results rank ordered to highlight which nodes and strains
underwent the largest change in connectivity with age. Over 100
(of 179) regions changed with age in the omni MANOVA com-
parisons. The subiculum, one of the regions in which the connec-
tivity changed with age in all of the strains, is shown in S Appendix,
Fig. S9 B and C. The young specimens are again clustered more
tightly. The difference between the centroids for the BXD29 (75)
is more than three times the difference for the BXD34 24.
SI Appendix, Fig. S9 D and E provide a demonstration of the con-
sequence of the large change in subiculum connectivity for the
BXD29 for the two specimens identified by the arrows in
SI Appendix, Fig. S9B.
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SI Appendix, Fig. S10 shows comparison of two of the old
BXDG65b animals used in the analysis described in SI Appendix,
Fig. S9. As animals age, there is a greater chance of error in the
labeling pipeline because of age-related atrophy. But, as
SI Appendix, Fig. S10 demonstrates, the labels are transferred with
good fidelity.

SI Appendix, Fig. S11 shows the integrated method applied in
our ongoing studies of strain-related resilience in Alzheimer’s dis-
ease. A total of 40 different BXD strains with and without the
5XFAD transgene are being imaged at 6 and 14 mo. More than
150 specimens have been imaged thus far using the 25-pm
high-throughput protocol described in S/ Appendix, Fig. S6.
Brains have been removed from the skull and transferred to
LifeCanvas Technologies (Cambridge, MA) where they were
stained for NeuN and a-f and scanned using structured plane
illumination. The LSM volumes were returned to Duke where
they were aligned with the MRH volume obtained in the skull.
The 14-mo-old female SXFADBXD77 mice shown in ST Appendix,
Fig. S11 were (group) analyzed using Omni MANOVA which
identified the subiculum as an area in which there was significant
reduction in connectivity in the 5XFAD animal. S/ Appendix,
Fig. S11A4 shows the FA image. S/ Appendix, Fig. S11B shows the
a-f LSM that has been aligned to the FA. Heavy plaque deposits
in the subiculum are consistent with the Omni MANOVA anal-
ysis. SI Appendix, Fig. 11C (control nTgBXD77) and SI Appendix,
Fig. 11D (5XFADBXD77) show the tractograms obtained by
seeding the right subiculum. There is substantial reduction in the
connectivity in the SXFADBXD77.
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2. Discussion

2.1. Synopsis of HiDiver. The methods described here rely
on a fundamental redesign of infrastructure that enables the
collection and registration of structural data for complete
individual brains. This allows us to probe the gene-structure
relations far more systematically than has been possible to date. A
quantitative analysis of regional volumes, cell types (49, 50), and
brain wide connectomes (51) is now practical across hundreds
of unique genomes. We believe this approach will offer ways to
understand genetic variation and environmental perturbations in
cellular complement and distribution, circuit architecture, and
behavioral phenotype as a function of stage, age, life experience,
and/or interventional treatment.

Our methods differ from those of previous work (17, 52, 53)
in five specific ways: 1) the spatial resolution of MRH is
improved by more than two orders of magnitude; 2) the contrast
resolution is higher, and there are multiple scalar images from
the DTI/GQI acquisition that provide varied anatomical defi-
nition; 3) MRH data are acquired in the skull with limited dis-
tortion, enabling LSM to be spatially remediated with excellent
geometric accuracy with respect to in vivo morphometry; 4) we
labeled multimodal packages for each specimen within a com-
mon reference space; and finally, 5) the throughput is sufficiently
high that the methods can be targeted at neurogenetic and
genome-wide mapping studies which require large numbers of
specimens (21, 54).

Our most immediate target is neurogenetics of Alzheimer’s disease.
DTT has generated considerable interest as a tool for diagnosing and
staging Alzheimer’s disease (55, 56). While we and others have
demonstrated the ability to detect atrophy in animal models of
Alzheimer’s disease (57), the methods we have described here provide
a much richer set of measures. Volume measures are possible with
much higher precision because of the increased spatial resolution
and improved segmentation. Scalar measures of axial diffusivity pro-
vide potential measure of axonal loss. Radial diffusivity provides
insight into myelination. Mean diffusivity may be an early measure
of change in cortical microstructure (58). Recent work by Stone et al
has suggested that measuring diffusion properties in specific tracts
may provide one of the most sensitive and specific methods for stag-
ing Alzheimer’s disease (59). Translating these methods to the mouse,
as outlined above, is challenging because of the need for much higher
spatial resolution than is routine in the clinical domain. The work
we have outlined here creates a path for translation between mouse
models and clinical application.

2.2. Limitations of HiDiver. While throughput still remains
a bottleneck, we have made significant progress from 45 pm
resolution in 10 d (47). The acceleration in SI Appendix, Fig. S6
has reduced the acquisition time for a 25 pm/61 angle volume
to 20 h. A second promising method exploits the structural
redundancy in q space, i.e., joint compression in k and q space
(60). We have examined the trade-offs in angular sampling and
spatial resolution from which it has become clear that as the spatial
resolution is increased, the angular resolution can be decreased.
Figure 8 in the study by Crater et al. (38) demonstrates that with
spatial resolution at 25 pm, reducing the angular resolution from
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60 to 40 angles has negligible effects on the false positive ratio with
a small change (0.17 to 0.20) in the false negative ratio.

2.3. HiDiver and Genetic and Environmental Dissection of the
Murine CNS. The conundrum now is how to connect these very
large volumes of neuroimaging data in ways that can help answer
major questions related to brain function, aging, and disease.
Multiscalar data registration is just a key first step. What is also
needed is a computational framework to systematically extract
or test the causality of putative genome—phenome relations. In
many cases that means large and highly diverse samples such as are
common in human neuroimaging. As is typical in our reductionist
age, most experimental preclinical work in rodents still relies on
single canonical genotypes. The archetypal mouse is a 56-d-old
C57BL/6] male (61). This #-0f~1 design is not computationally
robust. It is not possible to use a single genome to derive structure—
function relations that generalize to other members of the same
species, let alone to other species and of course, to humans. As
we improve throughput, we anticipate that experimental studies
will shift to robust population models that incorporate levels of
genetic variation comparable to human populations.

3. Materials and Methods

Sl Appendix, Fig. S12 provides an overview of the workflow. There are two main
processing streams. The first focuses on the generation of scalar volumes derived
from the diffusion tensor images (DTI) and multigradient echo images (MGRE)
with the brain in the cranial vault. The second focuses on whole-brain 3D LSM
images.The two streams are merged into a common space where the morphology
of the LSM is restored by registration to the MRH which defines a common coor-
dinate reference frame (CCF3v3)(33) to allow generation of image-derived phe-
notypes of cells and circuits covering the whole brain. The methods are facilitated
through an integrated high-performance computing structure and specialized
processing pipelines described in more detail in S/ Appendix.

Data, Materials, and Software Availability. Software is available at hitps://
github.com/YugqiTianCIVM/MRH_LSM_registration (62). We have made the data for
experiments 1-3 available under creative commons CC by NC-SAat https://civmimag-
espace.civm.duhs.duke.edu/login.php/client/4 (63).The data is stored in H5 format
to enable interactive examination using Neuroglancer (https:/github.com/google/
neuroglancer; https://zenodo.org/record/5573294# ZCrklezMlIvo) (64, 65).
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