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1 | INTRODUCTION

Diffusion MRI (dMRI) is a medical imaging technique
that utilizes the diffusion of water molecules to generate
image contrast, enabling the non-invasive mapping of the
diffusion process in biological tissues. These diffusion pat-
terns can be used to infer and generate maps of tissue
microstructure or can be applied to map tissue orienta-
tion to study the structural connections of the brain in a
process called fiber tractography. They have found appli-
cations widely used in neuroscience, neuroanatomy, and
neurology, but also outside the brain with musculoskele-
tal, whole-body, and organ-specific applications in normal
and pathological conditions.

Much like any biomedical research, the use of ani-
mal models and ex vivo tissue is essential to the field
of diffusion MRI. In this work, we define small animal
imaging as imaging performed on a living animal model
of human tissue, whereas ex vivo we define as covering
any fresh excised tissue, perfused living tissue, or fixed
tissue. Small-animal research is highly valuable for inves-
tigating the biology, etiology, progression, and treatment
of disease; for the field of dMRI specifically, preclini-
cal imaging is essential for methodological development
and validation, characterizing the biological basis of diffu-
sion phenomena, and comparative anatomy. While dMRI
enables non-invasive characterization of tissue in vivo, ex
vivo acquisitions are increasingly being used to probe tis-
sue properties and brain connectivity. Diffusion MRI of ex
vivo tissue has several experimental advantages, including
longer scanning times and absence of motion. Together,
these make it possible to acquire data with high SNR at a
much higher resolution compared to in vivo studies, and
with sophisticated diffusion contrasts which may enable
better characterization of microstructure and connectivity.
Another advantage afforded by ex vivo dMRI is the abil-
ity to compare diffusion data to histological data, bridging

work represents “Part 2” of a three-part series of recommendations and considerations for preclin-
ical dMRI. We describe best practices for dMRI of ex vivo tissue, with a focus on the value that ex
vivo imaging adds to the field of dMRI and considerations in ex vivo image acquisition. We first give
general considerations and foundational knowledge that must be considered when designing exper-
iments. We briefly describe differences in specimens and models and discuss why some may be more
or less appropriate for different studies. We then give guidelines for ex vivo protocols, including tis-
sue fixation, sample preparation, and MR scanning. In each section, we attempt to provide guidelines
and recommendations, but also highlight areas for which no guidelines exist (and why), and where
future work should lie. An overarching goal herein is to enhance the rigor and reproducibility of ex
vivo dMRI acquisitions and analyses, and thereby advance biomedical knowledge.

acquisition, best practices, diffusion MRI, diffusion tensor, ex vivo, microstructure, open
science, preclinical, processing, tractography

the gap between in vivo and histology for methodological
validation. Because of these advantages, there have been
an increasing number of dMRI studies on ex vivo tissue
samples.

However, there are a number of considerations that
must be made when performing ex vivo experiments. The
steps from tissue preparation, image acquisition and pro-
cessing, and interpretation of results are complex, with
many decisions that not only differ dramatically from in
vivo imaging of small animals, but ultimately affect what
questions can be answered using the data. This work
represents “Part 2” of a three-part series of recommen-
dations and considerations for preclinical dMRI. Part 1
covers in vivo small animal imaging.! Here, Part 2 presents
general considerations and best practices for preclinical
dMRI acquisition of ex vivo tissue. Finally, Part 3 cov-
ers ex vivo data processing, tractography, and comparisons
with histology.? This work does not serve as a “consen-
sus” on any specific topic, but rather as a snapshot
of “best practices” or “guidance” from the preclini-
cal dMRI community as represented by the authors. We
envision this work to be useful to imaging centers using
small animal scanners for research, sites that may not have
personnel with expert knowledge in diffusion, pharmaceu-
tical or industry employees, or new trainees in the field of
dMRI. The resources provided herein may act as a start-
ing point when reading the literature and understanding
the decisions and processes for studying model systems
with dMRI.

We first describe the value that ex vivo imaging adds to
the field of dMRI, followed by general considerations and
foundational knowledge that must be considered when
designing experiments. We briefly describe differences in
specimens and models and discuss why some may be
more or less appropriate for different studies. We then pro-
vide guidance for ex vivo acquisition protocols, including
decisions on hardware, sample preparation, and imaging
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sequences. In each section, we attempt to also highlight
areas for which no guidelines exist (and why), and where
future work should lie. With this, we hope to enhance the
rigor and reproducibility of ex vivo dMRI acquisitions and
analyses, and thereby advance biomedical knowledge.

2 | ADDED VALUE

Ex vivo samples add substantial value to dMRI by acting as
supplements, substitutes, translations, and/or validation
mechanisms for in vivo human studies. Building on the
four areas identified in Part 1 in which preclinical MRI
adds value to the field of diffusion MRI, here we focus on
aspects specific to ex vivo experiments (Figure 1).

First, ex vivo dMRI allows correlations with histological
and other imaging measures in a more direct way than in
vivo dMRI, since the tissue has undergone similar changes
related to fixation and other chemical treatments. Through
co-registration of microscopy images to MRI images of
the same specimens, direct comparisons and correlation
of dMRI measures to different quantitative microscopic
parameters can be achieved, thus elucidating how differ-
ent microscopic tissue features influence dMRI contrast.
Such validation studies in turn improve our ability to inter-
pret in vivo dMRI for both preclinical and clinical studies.

Second, ex vivo imaging allows acquisition of “extreme”
datasets not possible with in vivo preclinical or clinical
imaging, pushing the boundaries of acquisition and anal-
ysis to answer questions about what dMRI is capable of

Grrelation with histoloa ﬁcquisition of “extreme”

datasets

FIGURE 1
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measuring in principle. By “extreme” datasets, we target in
particular: advanced diffusion encoding, higher b-values,
shorter diffusion times, or very comprehensive g-t cov-
erage, all with high SNR and/or high spatial resolution
that requires very long scan times. Preclinical MRI systems
indeed offer four distinct advantages for imaging. First, the
appeal of higher fields is driven by benefits of potentially
higher SNR due to increased net magnetization. Second, ex
vivo imaging allows more flexibility in RF coils, which can
be in close proximity to the sample being imaged, further
increasing SNR. Third, stronger and faster switching gra-
dients are also an immense asset for dMRI experiments,'2
enabling a higher SNR via reduced TE. Stronger gradients
facilitate the exploration of broader ranges of diffusion sen-
sitization and diffusion time (i.e., “g-t space”) while keep-
ing an acceptable SNR level. In particular, unique insights
into tissue microstructure have been brought by exploring
a range of g-t space only feasible (at the time) on preclini-
cal systems,'3"'7 including very short diffusion times, very
strong diffusion weightings*!3-16:18-19: or more complex
diffusion encoding schemes.?-2? Finally, the greatest asset
enabled by ex vivo imaging is a lengthy scan time, ranging
from several hours to successful scans of >10 days in dura-
tion, with the added benefit of no physiological motion.
Long scanning further facilitates acquisitions across g-¢
ranges, with substantially increased SNR and/or increased
spatial resolution.

Third, the use of animal models allows us to study the
sensitivity of dMRI to tissue changes in diseases, disorders
and treatments in a controlled way. Animal models are

ﬂtudy tissue changes in\ /Comparative Anatomm

disease, disorder, treatment

- J

Four areas in which preclinical brain imaging adds value to the field of dMRI. It enables: (i) correlation with histology on

the same subject/sample, (ii) the acquisition of richer datasets than on clinical systems thanks to more advanced hardware and longer scan

times available, (iii) the study of tissue changes with disease and treatment in a more controlled setting, and (iv) comparative anatomy
between species. Figures reused and adapted from (left to right): (i),3~ (ii),®® (iii),>!° (iv)."!
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critical to biomedical research as they may be biologi-
cally similar to humans, susceptible to many of the same
health problems, and can be studied throughout their
whole life span and across generations. Ex vivo imaging
has the added benefit of bridging the gap between in vivo
imaging and histology (Added Value #1) of such models,
and investigation of new imaging sequences (Added Value
#2) that together spur development and validation of new
biomarkers for diagnosis and treatment.

Fourth, the use of ex vivo systems enables comparative
anatomy. A key challenge in comparative neuroanatomy
is to identify homologous structures and structural
boundaries across species. Moreover, the brain under-
goes substantial changes through development and aging
which hampers comparison of data from different time-
points. High-resolution ex vivo structural MRI and dMRI
data have provided versatile reference data for creating
anatomical atlases for fly, mouse, rat, primate, and even
bat brains?**° allowing detection of detailed anatom-
ical systems corresponding to those identified using
histological criteria.3> Comparative neuroanatomical
efforts, then, may rely on histological comparisons across
species supplemented by high quality imaging acquisi-
tions as a marker of “virtual histology” and “virtual brain
dissection”.

3 | EXVIVO: TRANSLATION AND
VALIDATION CONSIDERATIONS

Similar to in vivo studies of small animals, scanning ex vivo
tissue presents both opportunities and challenges when
translating and validating experimental findings.3* This
section introduces experimental and biological aspects
that must be considered when designing and interpret-
ing ex vivo studies. All aspects are covered in more
detail in their corresponding sub-sections in Acquisition
(Section 4).

3.1 | Anatomical considerations

The basic constituents of the brain and other organs are
largely preserved across mammalian species, providing the
basis for translational MRI studies. Moreover, the con-
stituents and organization of ex vivo tissue are largely
similar to their in vivo counterparts, assuming appropri-
ate perfusion fixation (to preserve “dead” tissue) or arti-
ficial perfusion (to preserve “viable” ex vivo tissue).3*3>
For example, in the central nervous system, the funda-
mental structure of a long axon wrapped with a myelin
sheath is preserved with chemical fixation ex vivo. Notice-
able exceptions to similarity are possible changes in size,

volume fractions of tissue compartments, membrane per-
meability, and/or diffusivity drop beyond those that are
expected from temperature changes (see Considerations of
microstructure and the diffusion process, below).36-37

3.2 | Considerations
in disease/disorder/model

As in small animal studies, a challenge when using ex vivo
data to study the sensitivity of dMRI to detect changes in
disease or treatments is confirming the translational value
to human studies. Despite this, ex vivo imaging of mod-
els of stroke, demyelination, traumatic brain injury, spinal
cord injury, and tumor models have proven useful to inves-
tigate altered microstructure or connectivity in diseased
states, and facilitate subsequent histological validation.38
Clearly, the advantage of small animal imaging for longitu-
dinal studies of development or disease progression in sin-
gle subjects stops at the ex vivo scan, yet the benefits of the
high resolution and high SNR scan enable detailed investi-
gations of the ex vivo tissue at one specific time point. This
is often taken advantage of through a cross-sectional or
partially longitudinal experimental design where (subsets
of) animals are sacrificed at different timepoints to enable
validation using histology.

3.3 | Considerations of microstructure
and the diffusion process

The translation of ex vivo measurements to in vivo should
be interpreted with caution, as both the tissue microstruc-
ture and intrinsic diffusivities may be different (Figure 2).
To prevent post-mortem degradation and to limit uncon-
trolled changes in tissue microstructure, tissues should
be chemically fixed. Nevertheless, even using appropriate
chemical fixation, the tissue inevitably undergoes changes:
so far intra-/extracellular space volume fraction shifts, cell
membrane permeability, relaxation rates, and diffusion
coefficients have all been shown to change.?®373#! The
degree to which fixation affects microstructure features is
however variable across the literature—see Section 4.3 for
details. Ex vivo dMRI on fixed tissue at room temperature
also distinguishes itself through lower diffusivity by a fac-
tor of 2-5 in the tissue, which cannot be explained by the
difference in temperature alone, but is also due to fixation
and/or other post-mortem tissue changes.*? These effects
should all be considered when designing the scanning pro-
tocol, and should be considered also when interpreting
results in terms of diffusion distance and probed spa-
tial scales (Section 4.5.3). Lastly, strategies for mitigating
and/or correcting temporal drift are described throughout,
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FIGURE 2 Considerations in the diffusion process. When performing studies on ex vivo tissue, one must consider effects of (i)

chemical fixation (changes in geometry, volume fractions, relaxation rates, permeability, diffusion coefficients), (ii) changes in diffusivity

(which can be approximally two to five times reduced from in vivo depending on experimental conditions), and (iii) temporal instabilities
over long scan times (causing temporal drift or image artifacts). Figures reused and adapted from (i),% (ii),*>** (iii).4>46

and may involve sample preparation (Section 4.4), con-
trolling temperature during scanning (Section 4.5.4) and
within preprocessing pipelines (Part 3; Section 2).

These effects need to be considered when interpreting
in vivo dMRI based on ex vivo validation studies. A diffu-
sion biophysical model that is validated or performs well
ex vivo may not be valid/validated in vivo, and vice-versa,
due to modeling assumptions, and potential differences
in diffusivities, compartmental volume fractions, and
relaxation rates.

3.4 | Species differences

Diffusion MRI has been utilized in a number of animal
models, both in vivo and ex vivo. The most appropri-
ate species to investigate is ultimately dependent upon
the research question. Of course, in studies of human
anatomy, the post-mortem human brain can also be
imaged and subsequently dissected, or sectioned for his-
tological analysis. Additionally improved SNR can be
achieved and traded for spatial resolution by dissect-
ing and imaging just the fragment of interest from the
whole sample, thus allowing the use of smaller-bore,
higher-magnetic field systems, and smaller RF coils.

Below, we list some of the most common species
(and a few avantgarde ones) studied with ex vivo
dMRI and briefly describe advantages and disadvantages
of each.

3.4.1 | Murine models (mouse and rat)

Rats and mice have been and continue to be the
long-standing preferred species for biomedical research
models as they offer a low-cost option with outcome mea-
sures widely available and a substantial database of nor-
mative data, including behavioral, genomic, and medical
imaging (Figure 3). In addition to biological advantages,
the small physical size offers technical advantages, fit-
ting in the typically smaller bores (and smaller coils)
of magnets with larger field strengths. This is particu-
larly advantageous for ex vivo imaging, where the small
size may facilitate scanning with smaller bore ultra-high
field scanners and smaller volume coils or cryogenic
probes. Ex vivo, mouse and rat models have found most
applications in exploration and development of advanced
image acquisition and diffusion encoding, and validation
of multi-compartment modeling facilitated through subse-
quent histology.
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FIGURE 3
resolution, high SNR, dense sampling of g-t space. Here, a fixed

Ex vivo imaging of mouse models facilitates high

mouse brain was imaged on a 16.4T Bruker Eon Ascend scanner
equipped with a 10-mm birdcage coil and gradients capable of
producing up to 3 T/m in all directions. Images show mean
diffusivity (MD), mean kurtosis (MK), and directionally encoded
color (DEC) fractional anisotropy (FA) maps.*’ All animal studies
were approved by the competent institutional and national
authorities and performed according to European Directive 2010/63.
Images kindly provided by Andrada Ianus and Noam Shemesh.

3.4.2 | Primate models

Popular non-human primates (NHPs) in dMRI literature
include marmosets, squirrel monkeys, and macaques.
With a number of white matter and gray matter regions
with homologous counterparts in humans,**->! NHPs are
well suited for studies of cortical development, gyrifica-
tion, and the structural and functional significance of
specific white matter pathways. Ex vivo NHP imaging,
in particular, is very common after injection of histo-
logical tracers, and constitutes a majority of diffusion
tractography validation studies (Figure 4). This enables
comparisons of tracers to exceptional quality diffusion
datasets, in order to identify challenges and limitations in
diffusion tractography. For example, controversies regard-
ing the existence or nonexistence of a pathway, or the
location of pathway terminations have been resolved or
steered through primate models.>*>

3.4.3 | Human models

Ex vivo imaging of human brains is also possible
(Figure 5). Of course, the greatest advantage is the imme-
diate translatability to the in vivo human brain. Because
of the high resolution and rich (g-t) space coverage, ex
vivo dMRI of the human brain has found a number

of neuroanatomical applications®® including validation
of orientation estimates and tractography,®®-** mapping
of subcortical structures and creation of high resolution
atlases and templates,>%+% and investigation of deep or
cortical gray matter laminar structures.*>¢-68 Challenges
that are specific to human brain samples include limi-
tations to medium-to-large bore systems (that often do
not have specialized hardware such as strong gradient
sets), and the need for specific sample holders or coils,
although small sub-sections of human brains have also
been scanned. Additionally, high quality scans are only
possible on well-preserved samples, whereby minimizing
the post-mortem interval between death and fixation is
a necessity (see Section 4.3 Fixation for detailed discus-
sion of the effects of post-mortem interval on MR-relevant
tissue features).

3.4.4 | Other models

Several other models beyond murine and NHP have
proven useful to the diffusion community. Examples
include the pig brain, which has been used with ex vivo
dMRI for tractography validation,”®7? and even to opti-
mize strategies for ex vivo diffusion acquisitions.*> Other
gyrencephalic brains have been used ex vivo to study
diseases or to validate tractography include ferrets,’7>
sheep,’7® dogs,” and cats.® One study scanned 123
mammalian species, with brains ranging in size from 0.1
to 1000 mL, to study the evolution of mammalian brain
connectivity.3!

Further, various non-human models of white mat-
ter, including cat optic nerves, rabbit peripheral nerves,
garfish olfactory nerves, and lobster nerves and spinal
cords were used to evaluate sources of anisotropy, and
attribute and associate microstructural features to not only
anisotropy, but restricted and hindered diffusion, compart-
mental diffusivities, and insight into pathology.??%% More-
over, the simple nervous system with very large neurons
of Aplysia, a sea slug, has been used to study the rela-
tionship between the cellular structure and the diffusion
MRI signal, to characterize compartment-specific diffu-
sion properties and to follow diffusion changes induced
by neuronal responses to ischemic-like stress or chemical
stimulation.3+-88

In general, dMRI studies of perfused viable tissue or
cells present different advantages and/or challenges as
compared to chemically fixed tissue. As mentioned above,
isolated perfused “live” tissue samples facilitate well con-
trolled perturbation studies,®®® for example, controllably
changing perfusate tonicity to induce cell swelling/shrink-
age to model tissue alterations in stroke.’®®! Further-
more, the estimation of relative compartment sizes
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FIGURE 4 Primate models have been used to validate tractography estimates of structural connectivity. Ex vivo imaging offers the
ability to investigate and compare the anatomical accuracy of high quality and high resolution dMRI datasets against histological tracers, the
gold-standard for elucidating brain tractography. Figure adapted from>® and,*” based on ex vivo macaque data acquired by>® shows tracer
trajectory (left), directionally encoded color map (middle), and tractography streamlines (right).

Stick, fraction [a. u.]

Low b-value (~ 230 s/mm?2)

High b-value (~ 3000 s/mm?)

FIGURE 5 Exvivoimaging of the human brain facilitates high resolution and high SNR dMRI (left), which offers exceptional
tractography, mapping and creation of templates for small structures, and investigation of gray matter laminar structures (right). Images
adapted from.®
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FIGURE 6

For high-quality ex vivo diffusion MRI, decisions regarding hardware, fixation, preparation, MR scanning, and tissue

storage must be carefully considered. Hardware: Utilize the smallest coil that fits the sample under investigation, to maximize SNR. Fixation:
For ex vivo tissue to be a good model of in vivo, the post-mortem interval to fixation must be as short as possible. Preparation: Washing out
fixative and soaking tissue in a solution of Gadolinium-based contrast agent decreases primarily water-protons T; which in turn allows for a
favorable trade-off between SNR maximization and TR reduction (i.e., reduced acquisition time), while a robust physical setup eliminates
motion during scanning. MR Scanning: A multi-shot 3D diffusion-weighted spin echo EPI or multi-shot 3D diffusion-weighted RARE/FSE
sequence. While not typically used in vivo due to motion sensitivity and long scan time, these sequences combine advantages of high SNR,
minimal distortion, and reasonable scan time ex vivo. Storage: Fixed tissue can be stored for many months to several years if stored in fixative
or phosphate buffered solution (often with 1% paraformaldehyde [PFA]) at 5°C.

can also be thoroughly explored by controlling tonic-
ity,”? especially since, without fixative, the tissue does
not shrink.

4 | ACQUISITION

4.1 | Standard protocol: overview

Here, we provide recommendations (Figure 6) for (1)
selecting appropriate hardware including MRI systems
and coils (Section 4.2), (2) chemical fixation (Section 4.3),
(3) sample preparation including washing, constraint and
holders, possible contrast enhancements, and immersion
solutions (Section 4.4), (4) MR scanning including diffu-
sion encoding, readouts, g-t coverage, spatial resolution,
and monitoring (Section 4.5), and (5) long-term sample
storage (Section 4.6).

4.2 | Hardware (species/organ specific)

Most investigators are limited to the use of hardware avail-
able at their imaging center. The guidelines for ex vivo
imaging largely follow those suggested for small animal
imaging in Part 1.! For RF coils, the general recommen-
dation is to utilize a coil that will maximize SNR for the
sample of interest, which will typically be the smallest
coil that fits the sample under investigation. For ex vivo
in particular, this is often a volume coil for both excita-
tion and reception, as we typically desire (and have time
for) covering the entire sample with the scan FOV, and

volume coils have more homogeneous excitation/recep-
tion profiles than surface coils. Nevertheless, surface coils
for reception can offer higher local SNR so the choice of
coil setup depends on the imaging task.

If several MRI systems are available, a recommenda-
tion is to select the scanner with the strongest and fastest
gradients, highest field strength, that has a bore and appro-
priate coil that is large enough for the sample to be imaged.
Higher static magnetic field strengths provide higher SNR,
but are challenged by changes in relaxation rates, for
example increases in T;°* and decreased T,°* (see Sam-
ple Preparation (Section 4.4) for discussion on techniques
to alter both longitudinal and transverse relaxation, and
see MR Scanning: Readout (Section 4.5.2) for discussion on
taking advantage of altered relaxation rates).

4.3 | Fixation

After death, tissues begin a self-degeneration process
called autolysis, due to their own autogenous enzymes.
This process degrades tissue quality, potentially altering
several of the microstructural features we wish to quantify
and/or validate against. Chemical fixation stops autolytic
processes and preserves tissue structure by cross-linking
proteins.’® The post-mortem interval (PMI), i.e., the time
between death and chemical fixation, is crucial for tis-
sue quality. Anatomical and radiological signs of autoly-
sis, such as myelin loosening, decreased anisotropy and
decreased diffusivities, may be observed as rapidly as four
to 6 h post-mortem, dependent upon tissue temperature,
and continue to be altered with longer times between
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death and fixation.3”9>% Thus, rapid tissue fixation is rec-
ommended to maintain its integrity.

For laboratory animals, the method of choice is intrac-
ardiac perfusion fixation, which consists of using the intact
vascular system to flush fixatives throughout the tissue
upon animal sacrifice. This comes with the advantage of a
mostly homogenized fixative distribution throughout the
tissues and an efficient removal of blood by flushing with
heparin-containing phosphate buffered saline (PBS) prior
to perfusion with fixative. For human tissues or in the case
where perfusion-fixation is not possible for animals, perfu-
sion fixation can sometimes be performed on post-mortem
brain tissue using mechanical means.’>*’ In an optimal
case, a syringe would be inserted into the femoral artery
of a non-refrigerated (refrigeration introduces MRI arti-
facts) cadaver after a short PMI, via which mannitol 20%
(wash step) and subsequently a fixative are pumped at a
low pressure to avoid microstructural damage.

Alternatively, tissue may be immersion-fixed, i.e.,
immersed in a fixative solution where fixative will pas-
sively diffuse throughout the tissue over a period of time
(estimated at ~1 mm/hr at 25°C,% or longer for refriger-
ated samples). For example, at least 20 days are needed for
enough formaldehyde to diffuse to the core of a human
brain to cause fixation (Dawe et al. 2009). Other tissue
types may require different fixation durations, since the
diffusion dynamics of the fixative solution are not the
same as for the brain (e.g., 124days for 4% formalde-
hyde to penetrate 30 mm into the whole human spleen,
and 62 days for the fixative to diffuse over the same dis-
tance into mammalian liver tissue) (Dawe et al. 2009).
As a major pitfall, immersion fixation introduces the risk
of autolytic effects and microbial degradation®® due to
the PMI and/or delay in penetration of deep tissue in
larger samples.”® As autolytic processes are temperature
dependent, refrigerating the tissue as soon as possible
after death, and during immersion fixation is recom-
mended. Furthermore, this technique yields a transient
concentration gradient of the fixative, and hence spatially
inhomogeneous tissue integrity with varying MR charac-
teristics (e.g., apparent Ty and T5). As a result, immersion
fixed samples may exhibit lower anisotropy and diffusiv-
ity than their perfusion-fixed counterparts, in which case
the differences may correlate with tissue degeneration. A
rule of thumb to check the quality of fixed tissue (perfu-
sion and immersion fixed) is that FA values should be the
same as in vivo, e.g., as measured in the midsagittal cor-
pus callosum. Nonetheless, immersion fixation holds the
advantage of not relying on an intact vascular system, such
that the most peripheral parts of the tissue can undergo
good fixation even in the case of clogged blood vessels
and/or trauma. Furthermore, perfusion-fixed tissues
may additionally be post-fixed through the immersion
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process as well, often in a different concentration of
the fixative.

In brief, we recommend minimizing the PMI to min-
imize autolytic changes in the tissue, refrigerating sam-
ples before and during immersion fixation and, whenever
possible, sacrificing the animals using perfusion-fixation,
which practically reduces the PMI to zero. For samples
where perfusion fixation of the tissue is not possible (e.g.,
human brain samples) the recommendation is to keep PMI
as constant as possible across samples and to state the PMI
when reporting methods and results.

There are a number of fixatives to choose from, the
most common being formaldehyde. For an overview
of formaldehyde fixatives, see Refs. 100,101. Notably,
the type and concentration of fixative can have a con-
siderable impact on tissue relaxation properties,37-%
leading to differences in image SNR for dMRI. Neutral
buffered formalin (NBF; formalin buffered with PBS)
at 10% concentration can be used at room temperature
and is most commonly used for immersion fixation in
large samples (where higher temperature speeds up
the penetration), while PFA at 4% in buffered solution
should be kept cold and is standard for perfusion fixa-
tion. Both result in a 4% formaldehyde solution. Buffered
fixatives (NBF or buffered PFA) may be preferred to
their unbuffered versions. For example, brains fixed
with NBF have higher T, values than brains fixed with
standard formalin'®? (Figure 5). Reducing these fixative
concentrations by half has been shown to also prolong
T, and improve SNR in fixed tissue.!®*1%* The addi-
tion of glutaraldehyde to the fixative solution improves
ultrastructural brain tissue preservation in the case of
immersion-fixation,'% a mandatory requirement particu-
larly for electron microscopy cross-validation studies. The
use of a fixative solution combining glutaraldehyde and
paraformaldehyde has been shown to be MRI compatible
while providing a better preservation of the cytoskeletal
structures than paraformaldehyde fixative alone,!%® while
also better preserving membrane permeability.’’” How-
ever, high glutaraldehyde concentrations can reduce the
immunogenicity of antigens for immunohistochemistry
analyses,'” but concentrations in the 0.05% range are
acceptable.!?” For an extensive discussion on other types
of fixatives, as well as a comprehensive review on fixation
in brain banking, see Ref. 98.

Even using the recommended procedures and con-
centrations for perfusion-fixation, there is discrepancy in
the literature as to the degree of microstructural changes
that the tissue undergoes. Studies mention for example
variable levels of preferential shrinkage of certain com-
partments (e.g., the extracellular space).!%® Brains stored
in formaldehyde-based fixatives may continually shrink
during storage,'*® with different structures experiencing
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differing rates of morphometric change and with differ-
ent extents over time.'%% It should be noted though
that shrinkage due to chemical fixation is less than that
during dehydration and tissue preparation for electron
microscopy, for example.3*9>19% At the intracellular level,
MR microscopy studies on immersion-fixed, isolated neu-
rons from Aplysia californica show that formaldehyde
affects nucleus and cytoplasm evenly.®> Notably, compart-
ment models of diffusion in vivo have long yielded rela-
tive intra- to extracellular fractions of 30/70 (or 50/50 at
best in white matter) which are in mismatch with 80/20
histological estimates of intra- vs. extracellular compart-
ment volume fractions.!'1112 The latter are however more
consistent with ex vivo diffusion models, which typically
report 70/30 signal fractions.!® This suggests that ex vivo
fixed tissue used for dMRI is closer to its histological coun-
terpart than in vivo tissue. It is unclear though whether
the change in relative dMRI compartment sizes between
in vivo and ex vivo is due to non-uniform shrinkage with
fixation or to non-uniform changes in compartment T,’s,
which affect the weighting of compartment signal contri-
butions.!'* Methods such as cryo-fixation used for electron
microscopy, which preserves the in vivo tissue compart-
ment sizes more faithfully, could help shed light on some
of these open questions.10%115

Furthermore, there is still controversy as to whether
chemical fixation increases or decreases cell mem-
brane permeability,*>11%117 which is highly relevant
for multi-compartment tissue models.!'>!"% A num-
ber of dMRI studies on fixed tissue have also reported
an additional signal component in tissues, such as
“isotropically-restricted water” in white matter (some-
times referred to as “still water” or “dot compartment”)
that is not observed in vivo>'1%120 except for the cere-
bellum.'?! This isotropically-restricted component is
characterized by an extremely low diffusion coefficient,
which gives rise to a non-vanishing diffusion-weighted
signal even at high b-values (Alexander et al. 2010). The
exact origin of such a component is unknown, although
it may be related to tissue overfixation or to vacuoles as
visualized using synchrotron imaging.'??

In addition, fixation alters the relaxation rates, substan-
tially decreasing T; and T,.3” The decrease in T, is under-
stood to be due to the cross-linking of proteins that occurs
in the fixation reaction, and is not reversible, whereas
T, is decreased due to the presence of unbound fixative,
and can be increased back closer to its in vivo value by
washing.3” Consequently, tissue washing or rehydration is
beneficial for SNR enhancement and must be considered
when designing any ex vivo MRI acquisition protocol (see
Section 4.4).

Finally, and crucially, fixation changes the water diffu-
sion coefficient,37-9%123124 with important implications for

acquisition protocols and biophysical models of dMRI, as
will be discussed in Section 4.5.3.

4.4 | Sample preparation

Recommendations for sample preparation include (1)
wash out free fixative, (2) ensure a robust mechanical
setup to eliminate motion during scanning, and (3) ver-
ify temperature stabilization prior to acquiring data. If no
tissue relaxometry or diffusion quantification is planned,
(4) soaking in a gadolinium (Gd) -based solution might
help to optimize the trade-off between SNR and acquisi-
tion time.*1%* We discuss each in detail below, and also
consider the solution that samples may be scanned in.

First, prior to imaging fixed tissues that have been
stored in the fixation fluid, we recommend PBS “wash-
es” to rehydrate the sample and wash out free fixatives.
This simply entails placing the sample in a PBS solution,
augmented with an antibacterial/antifungal product such
as sodium azide, and replacing this PBS solution regu-
larly. While the T rises quickly, the washing time required
for it to stabilize is dependent on sample size, geometry,
volume and temperature of PBS solution, fixative con-
centration and previous time in fixative,'* with a wide
variety of wash times noted in the literature (Table 1). To
maximize T, and reduce the time to its stabilization, we
recommend using as large a volume of PBS solution rel-
ative to the sample volume as practical and replacing the
solution more frequently in the first few hours/days/weeks
of washing (e.g., every 12-72 h), depending on sample size.
To maximize tissue quality, we recommend refrigerating
samples throughout the washing period. Of course, the
larger human brain may require several weeks or more to
fully wash.

To further increase SNR and CNR, gadolinium-based
contrast agents are often added during the rehydration
(washing) step. Gd is a paramagnetic contrast agent in the
form of a chelate that facilitates longitudinal relaxation
(reduces T,), which allows TR minimization, particularly
in 3D acquisition sequences, thus maximizing the SNR per
unit time. Alternatively, Gd can be introduced during the
perfusion step for small animals, in a technique referred
to as “active staining”.!?> If this is done, we still recom-
mend immersing the sample in a Gd solution in addition.
Typically, T; decreases are observed in the sample within
2-3days in larger brains (macaque brain),* although we
recommend soaking for 1-2 weeks in Gd solution depend-
ing on brain size. Naturally, a higher concentration of Gd
results in shorter T; and T,.*1%* The optimal concentra-
tion to use depends on acquisition timings (minimum TE,
maximum TR) and on the method of staining (active stain-
ing typically uses a higher concentration than soaking), as

95U8017 SUOLULLOD) BAI81D) 3[qedt|dde au) Aq peuenob ale sajonte O ‘8sn Jo s 1o} Arlqi 8uluQ 8|1/ UO (SUONIPUOI-pU-SLUB)/W0Y A8 1M Aleiq 1 jpuluo//sdiy) SUONIPUOD pue Se | 841 89S *[920z/c0/50] Uo Akeiqitauliuo A8|IM ‘DI NI AQ SEPOE WLW/ZO0T OT/10p/wod A3 | Alelg1jpuljuoy/:sdiy wolj pspeojumod ‘9 ‘SZ0Z ‘¥65222ST



SCHILLING ET AL.

TABLE 1
Approximate
sample Soaking

Specimen thickness time Fixative

Ghost 80pL 12h Various

erythrocytes

Rat cortical slices 0.5 mm 12h 4%
formaldehyde

Rat spinal cord ~2mm Overnight 4%
formaldehyde

Marmoset brain 2.5mm 4 days 10%

sections formaldehyde

Marmoset brain ~ ~20 mm 4-6weeks 4%
formaldehyde

Rat brain in situ ~25 mm >20days 2%
formaldehyde

>47days 4%

formaldehyde

Macaque brain ~40 mm >25days 10%
formaldehyde

3weeks 4%

formaldehyde

Sheep brain ~ 50 mm >3weeks 4%

formaldehyde

well as field strength. Selected examples from the literature
highlight the range of Gd contrasts and concentrations
utilized with different acquisition choices given in Table 2.

As a caveat, the effects of gadolinium on specific tissue
compartments are not well understood. T; longitudinal
evaluation after Gd-doping exhibited a complex behavior
of T variation within different regions.!3! Gd-soaking is
thus best suited for tractography acquisitions, rather than
quantitative dMRI studies. Gd staining to optimize SNR
has been used without detrimental effects on histology or
immunohistochemistry analysis, 104132

Our second recommendation is to ensure a robust
mechanical setup to eliminate motion during MRI data
acquisition (Figure 7). The sample must be tightly con-
strained inside the imaging container, to prevent motion
within the immersion fluid. This is critical to address both
bulk motion and non-linear deformations that may arise
over the duration of a long ex vivo scan (e.g., bending
of the brain stem). Notably, non-linear deformations are
particularly challenging to correct when considering the
importance of directional information in diffusion MRI.
Sample-holders may be as simple as test tubes, or the
cylinder of syringes (which may facilitate removal of air
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Examples of soaking times in PBS prior to MR imaging, depending on specimen size, fixative, etc.

No. of solution

PBS vol Temperature changes Reference
100 X sample 3 Thelwall et al,
vol 2006, MRM
Room tempera- 4-5 Shepherd et al.,
ture MRM, 2009; Shep-
herd et al., NI,
2009
Shepherd et al., NI,
2009
10X sample 4°C 0 D’Arceuil et al,
vol 2007, NI
4°C 0 Blezer et al., 2007,
NMR Biomed
50 mL 4°C 0 Barrett et al., 2022
50 mL 4°C 0 Barrett et al., 2022
1L 4°C 0 D’Arceuil et al,
2007, NI
~200mL 4°C 5 Schilling et al.,

2018, NI

Leprince et al., Proc
ISMRM, 2015

bubbles), as well as holders custom-made to fit within
specific volume coils, often made with clear polycarbon-
ate materials. In addition, some fluids that the sample is
immersed in (see below) may have high densities, causing
the sample to float if not properly constrained. Constraints
are often applied through inserting foam pieces, where sev-
eral groups have suggested very heavily reticulated foam to
facilitate removal of air bubbles. Pieces of agar can also be
used to stabilize tissue in a container, though agar is MR
visible. If the above options are not feasible, post-mortem
brains can also be placed in a plastic bag. Here, the brain
is wrapped with a thin layer of gaze in minimal fluid to
reduce air bubbles and susceptibility effects, and the bag
is slowly compressed until fluid is expelled to fully remove
air bubbles and tied tightly to ensure no leakage. Finally,
very fragile tissue specimens, such as embryonic mouse
brains, can be immersed in either agar gels, or kept within
the skull, for increased mechanical support and to avoid
deformation.

To minimize field inhomogeneities, ideally the holder
will consist of a simple geometric shape (without sharp
boundaries), with the sample immersed in a susceptibil-
ity matched fluid. The holder can be designed to minimize
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TABLE 2 Examples of the concentration of gadolinium contrast agent used in ex vivo dMRI studies from the literature.

Concentration (mM) Contrast agent TE (ms) TR (ms) Magnet (T) Sample

1 Gd-DTPA 32 240 4.7 Macaque

1 Gd-DTPA 41 410 9.4 Squirrel monkey
0.5/0.5 Gd-DTPA 26 1000 9.4 Zebra finch

5 Gadoteridol 11-15 125-150 11.7 Mouse

5/2.5 Gd-DTPA 21 100 7 Rat

15/1 Gd-DTPA 27 250 9.4 Rat

50/5 Gd-DTPA 15 100 9.4 Mouse

Reference
41

126

127

128

129

104

130

Note: Where two concentration values are given, the first refers to the active staining concentration (contrast agent added in perfusion fixation), the second to

passive staining (soaking post-fixation). A single concentration value refers to passive staining only.

-

i SQUIRREL MONKEYS \
MOUSE i CERVICAL SPINAL ¥ MACAQUE
(BRAIN+SKULL) iOUS CORD + TISSUE

ELEPHANT SHRE

MOUSE LIVER

MACAQUE

FIGURE 7 Examples of ex vivo samples prepared for dMRI acquisitions. Sample holders may be syringes or test tubes/falcon tubes,
custom-made or 3D printed holders with ventilation valves, or simply placement within a plastic bag robustly secured to a platform. Photos
courtesy of Daniel Colvin, Kurt Schilling, Luisa Ciobanu, Stijn Michielse, Francesco Grussu, Raquel Perez-Lopez, Ileana Jelescu, Tim Dyrby.
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coil-to-sample distance, and to enable consistent sample
positioning to eliminate any orientation effects and facili-
tate analysis.

Finally, recent advances allow 3D printing dedicated
sample holders for minimizing motion/vibration, larger
holders for human brains, and the ability to load mul-
tiple samples for simultaneous imaging (although with
the disadvantage of requiring larger FOV, limited spatial
resolution and sub-optimal shimming across samples).

For data acquisition, samples are typically immersed in
either PBS or fluorinated oil. In general, we suggest using
a fluorinated oil, which are susceptibility-matched, inert
compounds that do not have 'H protons. Thus, they lead to
no signal in 'H MR images, alleviating ghosting artifacts,
facilitating image masking, and allowing a smaller, tighter
FOV. A variety of fluorinated oils are suitable: perfluo-
ropolyethers such as Fomblin (Solvay) or Galden (Solvay)
or perfluorocarbons such as Fluorinert (3 M); and they can
be recycled to be reused for multiple scans. While stud-
ies have not explicitly looked at the effects of these oils
on conventional or immuno-histology, it is our experience
that they do not compromise nor interfere with this anal-
ysis.!33 However, it is recommended that after the MRI
scan, excess oil be removed off the sample using absorbent
paper, followed by several PBS washes to remove any resid-
ual oil in the cavities of the tissue sample. While these
compounds are inert, the effect of long-term storage of
tissue in them is not known and thus not recommended.

Due to the strong difference in magnetic susceptibil-
ity with tissue, any air bubbles trapped in cavities such as
brain sulci and ventricles will result in substantial image
distortions and should be carefully removed during sam-
ple preparation by slightly turning, shaking and agitat-
ing the tissue. Alternatively, a vacuum setup to remove
trapped air bubbles is very effective. Of note, due to the
extremely low pressure, bubbles expand substantially, and
the fluid can appear as “boiling.” Lastly, a fine paintbrush
may also be used to remove air bubbles while the sample
is immersed.

Finally, to remove unwanted time-dependent signal
contributions due to tissue temperature changing during
scanning (from the cold storage to bore-temperature), we
advise placing the sample at the desired temperature for at
least 4-8 h prior to scanning.*® It may be beneficial to run a
dummy dMRI scan during these hours of temperature reg-
ularization to also stabilize possible temperature changes
caused by gradient coil heating. As nonlinear motion of
the tissue (due to physically handling and setting up the
tissue in the magnet) is likely to occur immediately after
handling, this extra waiting period (or dummy scans) may
minimize motion during the scan itself. Timing should be
kept consistent to avoid bias in group comparisons. During
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the scanning, the use of strong or varying diffusion weight-
ings can influence the temperature environment of the
tissue hence the diffusion coefficient. A constant airflow
around the tissue can further stabilize the temperature.

4.5 | MR scanning

4.5.1 | Encoding
Just as for in vivo small animal imaging,! a number of
possible diffusion encoding, or sensitization schemes are
feasible, although the unique changes of decreased dif-
fusivities and relaxation times must be considered. For
ex vivo dMRI, the two most common encoding schemes
are the pulsed gradient spin echo (PGSE)'** and SSFP
with diffusion preparation.'*> For PGSE encoding, strong
diffusion-sensitization gradients are applied on either side
of a 180° refocusing pulse, resulting in a mathematically
elegant way to describe diffusion weighting through the
b-value, b = (yG6)*(A — 6/3), (where y is the gyromag-
netic ratio, G is the gradient strength, 6 is the pulse dura-
tion, and A pulse separation). Because of its simplicity,
PGSE is the most widespread diffusion weighting in both
in vivo and ex vivo experiments.

Additionally, SSFP has been heavily utilized ex vivo.
In SSFP acquisitions, the signal is retained over mul-
tiple TRs, generating both spin echoes and stimulated
echoes simultaneously. This results in both high SNR in
the absence of diffusion gradients and in strong diffusion
weighting in their presence. The primary advantage of
SSFP is its highest SNR per unit time of all sequences, and
its primary disadvantage is increased sensitivity to motion,
limiting its use in vivo, but easily overcome ex vivo.'*>
However, unlike PGSE, the signal becomes a complicated
function of flip angle, TR, T, T, and the diffusion encod-
ing, requiring specialized modeling to quantify diffusion
coefficients.!3

Other encodings are also possible ex vivo and are
described in more detail in Part 1. Briefly, STEAM
sequences enable probing very long diffusion times with
the disadvantage of half the SNR compared to PGSE
(for equal TEs).%® Oscillating gradient spin echoes (OGSE)
uses periodic sinusoidal gradients to probe much shorter
times and length scales, which become particularly small
with reduced diffusivity ex vivo, with limitations associ-
ated with attaining higher b-values.'3”:13 Finally, diffusion
encoding can be applied along multiple spatial directions
in multi-dimensional diffusion encoding experiments,'*°
which offers potential contrasts related to compart-
mental kurtosis, compartmental exchange, microscopic
anisotropy, or heterogeneity of structural sizes/diameters.
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452 | Readout

For ex vivo imaging, readouts can be extremely diverse due
to lack of sample motion and long available scan time. Our
recommended starting protocol is a multi-shot (segmented)
3D EPI sequence. While this acquisition scheme comes at
the cost of increased scan time and possible artifacts due to
physiological motion in vivo, conveniently, ex vivo MRI is
not limited by scan time nor motion, hence the recommen-
dation. For these reasons, it is not uncommon to use 4-12
segments, or more. The number of segments should ideally
be chosen with the matrix size in mind so that segments of
equal size are acquired.

Here, two features have been changed from the typi-
cal in vivo protocol: from single to multi-shot, and from
2D multi-slice to a 3D sequence. The 3D EPI sequences
are capable of achieving substantially higher SNR than 2D
EPL.**1%0 This SNR gain is due to averaging effects from
Fourier encoding the entire tissue volume (i.e., collecting
signal from the entire 3D tissue volume). SNR increases as
the square root of the number of datapoints in the third
spatial dimension, also referred to as second phase-encode
direction, and which corresponds to the slice dimension
in 2D multi-slice experiments.'*! The rationale for going
from single to multi-shot is that a strong segmentation
of the 3D EPI read-out is necessary to prevent image
distortions and prohibitively long TEs, especially if high
spatial resolution is desired. 3D EPI also comes with the
advantage of enabling acquisitions with truly isotropic res-
olution. Indeed, very high spatial resolutions in the third
dimension may not be achievable in 2D multi-slice acqui-
sitions, as very thin slices may not be feasible depending
on the slice-selection gradient strength.

Despite the intrinsically higher SNR of 3D images,
they suffer from suboptimal temporal utilization of T,
relaxation. The TR with optimal SNR per unit time
depends on the T; value of the tissue and can be deter-
mined by means of Bloch simulations or using the
following relationship:  SNR;~M(1 — e~ TR/Tv)e~TE/T>,
This equation can be used to determine the optimal TR
in terms of SNRefficiency (SNR / \/(total imaging time)):
SNReficiency~(1/4/(TR)) (1 — e~ ™®/T1). Conveniently, ex
vivo imaging enables the addition of Gadolinium-based
contrast agents to the sample to shorten T;, and thus the
optimal TR, facilitating high SNR efficiency. Example
SNR efficiency curves are shown in Figure 8, where the
optimal TR is ~1.25 times the estimated T; (for examples
of optimizing TE, TR, and diffusion weighting see Other
considerations in Section 4.5.3 g-t coverage; for a discus-
sion of advantages and limitations of contrast agents, see
Sample preparation in Section 4.4). It should be noted,
however, that short TR’s may introduce T; weighting and
affect the relative contributions of different compartments

—T1=200ms
—T1=400ms ||
T1=800ms

SNR Efficiency (a.u)

0 500 1000 1500 2000

TR (ms)
FIGURE 8 Plots showing how SNR efficiency varies with T;.

Curves are based on the SNR-efficiency equation given in

Section 4.5.2 based on a spin echo sequence. The optimal TR is
~1.25 times the sample Ty, although there is a wide range of
near-maximum efficiency. Similar optimization can be performed
for TE, and diffusion weightings (see Other considerations in
Section 4.5.3 g-t coverage, for examples).

to the overall signal, in a similar manner to T,
weighting.

Alternative readouts are also possible ex vivo. This
includes the 2D EPI and spiral readouts as in vivo
(described in detail in Part 1!), and many ex vivo studies
have taken advantage of the multiple RF echo trains of
RARE/FSE, or GRASE, which often offers a good trade-off
between scan time and image quality with high SNR and
immunity to distortions. At the extreme end of acquisi-
tion is a line-scan readout, which traverses a single line of
k-space per excitation. While this offers excellent robust-
ness to susceptibility artifacts, it has a low SNR efficiency
and may require excessively long scan times, or a tradeoff
between spatial and angular resolutions. By drift may also
become problematic when the scan time is on the order
of several days and should be corrected for. Acquisitions
can for example be split into 2- to 3-h blocks, with the fre-
quency (and shim, potentially requiring a new BO map to
be acquired) readjusted before each block. This also allows
retrieving at least partial data in the event the scanner
crashes during the long acquisition.

4.53 | q-tcoverage
Before setting up diffusion parameters, it is important to
understand the theoretical requirements of the chosen
data analysis framework which will be used to process the
data; this might include requirements of short gradient
pulses, long/short diffusion times, certain b-value regimes,
or a number of unique sampling directions.

The primary differences between in vivo and ex vivo
data acquisition is the slower diffusion in fixed tissue,
which often requires high b-value and/or longer diffusion
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Changes in Ty, T,, and D reported in the literature due to fixation and washing in PBS.

TABLE 3
T, T, D
Fixation (% change 1 80% ADC
from in vivo to
fixed) | 64% Trace
1 55% MD
1 72% Trace
| 50% MD
| 62% MD
1 22% 1l 5% | 48% MD
| 40% 13%
1 63% 135%
1 69% 127%
Ex vivo fresh (% l 65-88%
change from in vivo MD, AD, RD
to ex vivo)
1 50% ADC
PBS washing (% 17% 1 30% 130% ADC
change from fixed
to washed)
1 7% 1 3% 1 11% MD
1 3% 1 72% 1 2% MD
Reported no
difference
Reported no 1  516%
difference (cortex)
| 14% 1 24%

Specimen

Macaque brain 2.5mm sections,
immersion fixed

Mouse brain perfusion fixed

Rat spinal cord perfused fixed
Mouse brain perfusion fixed
Squirrel monkey, perfusion fixed
Rat brain, perfusion fixed
Marmoset brain, immersion
Mouse brain perfusion fixed
Human immersion fixed
Human immersion fixed

Fresh pig brain

Fresh monkey brain

Macaque brain 2.5mm sections,
immersion fixed

Human immersion fixed
Rat brain, perfusion fixed

Cat spinal cord, immersion fixed

Rat cortical slices, immersion
fixed

Marmoset brain

Reference

D’Arceuil et al., 2007, NI

Sun et al., 2003 MRM

Madi et al., 2005, MRM

Sun et al., 2005, MRM

Schilling et al., 2017, MRI

Wang et al., Eur Radiol Exp, 2018
Haga et al., Magn Res Med Sci, 2019
Guilfoyle et al., 2003, NMR Biomed
Pfefferbaum et al., 2004, NI

Birkl et al., 2016, NMR Biomed
Walker et al., 2019, PLoS One

D’Arceuil et al., 2007, NI
D’Arceuil et al., 2007, NI

Leprince et al., 2015, Proc ISMRM
Barrett et al. n.d.

Pattany et al., 1997, AINR

Shepherd et al., 2009, MRM

Blezer et al., 2007, NMR Biomed

Note: Data are included from samples fixed with 10% formalin or 4% PFA, scanned at room temperature. Measurements from white matter only are included,

unless otherwise noted.

times to ensure adequate signal attenuation and spin
displacement: concretely, b-values should be adapted to
ensure ~constant bD product*+>° (we assume here that
the sample has been washed to restore T, values, other-
wise short T, is another consideration for fixed tissue).
Indeed, ex vivo diffusivities of fixed tissue remain lower
than in vivo even at 37°C, the degree depending on the
fixation method (perfusion-fixation or immersion) and
post-mortem interval 3414559142143 Moreover, scanning is
often performed at room temperature, resulting in fur-
ther reduction of diffusivity (change of —1-3% per°C).
Selected examples are given in Table 3, where consider-
able decreases in diffusivity are observed across species in
perfusion and immersion fixed brains, as well as in fresh
ex vivo tissue. Notably, for tissue that has been suitably
perfusion-fixed, the impact of fixation on the diffusivity is
relatively comparable across samples/subjects.

Thus, for both fresh ex vivo and fixed tissue, the
drop in diffusivity is typically on the order of approx-
imately two to five at room temperature, which corre-
sponds to increasing the b-value by a similar factor to
match the attenuation expected from an in vivo dMRI
protocol. For post-mortem human samples, however, due
to non-negligible post-mortem interval and an extended
duration of immersion fixation needed to preserve cell
and tissue components, the diffusivity is often on the
order of 85% lower than in vivo,'*!4> also in agreement
with animal studies with extended PMI.°® Consequently,
going beyond DTI protocols, including DKI and other
advanced dMRI methods is sometimes challenging on
post-mortem human tissue due to the prohibitively high
b-values required. For DTI, an adjusted b-value to about
4000 s/mm?2*! has been shown to result in similar sig-
nal attenuation as for an in vivo b=1000s/mm? scan,
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and provide the angular contrast needed to resolve cross-
ing fibers for tractography.*> It should, however, be noted
that the optimal b-value for post-mortem acquisitions is a
function of tissue fixation and scanning temperature and
should be evaluated for each experiment individually.

Because of changes in diffusivity, it is important to
consider spatial scales that are being probed. As dif-
fusivity drops, diffusion distances proportional to \/D_t
drop as well—unless the diffusion time is prolonged
accordingly—which results in different interactions
between water molecules and the microscopic features
they are able to probe. This may be beneficial when inter-
ested in probing geometry on small scales and also extends
the limit of the narrow pulse approximation validity.? This
is additionally important in MR microscopy, where the
resolutions start to approach the diffusion length scales, 46
and a significant amount of water may diffuse out of the
imaging voxels in the TE such that the spatial resolution
is no longer “real.”

Below, we provide guidelines for common applications
of ex vivo imaging: signal representations (DTI/DKI), trac-
tography, and biophysical signals models.

DTI: As in in vivo, recommendations include 20-30
non-collinear directions to mitigate noise, and b-value
chosen so that the product bD ~ 1 to maximize preci-
sion. Ex vivo, this results in a b-value of approximately
2500-5000 s/mm?, depending on the drop in diffusivity
values. For diffusion kurtosis imaging (DKI) the radius of
convergence of the cumulant expansion ex vivo translates
into the highest b-value roughly double the optimal one
for DTI'14147.148 ijth a recommended 20-30 directions
per shell.

For tractography: ex vivo guidelines again follow
closely those of both small animal (Part 1) and human
scans in vivo; our recommended protocol includes acquir-
ing 50-60 directions at a moderate-to-high b-value, where
a greater diffusion weighting (particularly for ex vivo)
leads to a higher angular contrast and ability to resolve
complex fiber architectures; for example, Dyrby et al.*
found a b-value of ~4000 s/mm? to lead to consistent fiber
reconstructions with a high angular contrast, although a
much larger range of b-values has also been utilized ex
vivo with high angular accuracy and subsequent accurate
tractography.®1:149-152

Regarding compartment modeling: it is critical to con-
sider the data requirements of the intended biophysical
model, specifically as it relates to diffusion times and
diffusion weightings. Similarly, if diffusion-relaxometry
experiments are intended, altered T; and T, depending on
fixation and subsequent washing must be considered.

Other practical considerations: A great benefit in ex vivo
imaging is the ability to conduct multiple experiments on
the same tissue. Because relaxation and diffusivity can

vary dramatically based on sample preparation (rehydra-
tion time, fixative, fixative concentration, contrast agent
concentration, etc.), we recommend informing acquisition
settings by acquiring scans prior to the start of a new
study and optimizing using methods described in the liter-
ature.*1% For example, It is particularly advantageous to
measure Ty, T, and diffusivity throughout the sample, and
SNR efficiency can be optimized and tuned for both 2D and
3D sequences through changes in TE, TR, and diffusion
weightings (Figure 9).

Other practical suggestions, as described in detail in
Part 1 and also apply to ex vivo scans are to: (1) use
an optimally distributed set of diffusion-encoding direc-
tions that cover the full sampling sphere; (2) randomize
ordering of acquisition of DWI images, especially across
b-values to reduce or enable correction of temporal biases,
reduce duty cycle, and allow analysis on partial acquisi-
tions; (3) intersperse several/many b =0 images through-
out the scan to enable controlling for temporal drifts*;
(4) use the effective b-matrix (i.e., the realized b-matrix
taking into account other sequence gradients, rather than
the nominal value entered into the scanner) which can
be measured and validated in phantoms'>3; and (5) per-
form high order shimming which may be critical for image
quality, particularly at high field strengths due to their
increased inhomogeneities.

454 |
duration

MR scanning, monitoring, scan

During long ex vivo scanning, it is important to minimize
artifacts using several acquisition strategies. First, it is rec-
ommended that each image or volume be collected within
as short a time period as possible, that is, inner-most loops
should cover k-space sampling while outer-most loops
should cover g-space sampling. Furthermore, if more than
a single acquisition is performed using averaging, it is
preferred to acquire each image separately split into rep-
etitions, while saving the complex-valued data. Averaging
repetitions in complex space rather than magnitude space
is beneficial for lowering the noise floor to its theoreti-
cal zero-value, as opposed to being affected by the Rician
noise floor; however, the advantage of initially saving these
volumes as individual repetitions gives the opportunity to
omit potentially corrupted individual images, if needed.
Phase corrections prior to averaging are mandatory and
may need to be implemented by the user if not addressed
well by the scanner reconstruction directly.!>*13

A stable temperature throughout the protocol is war-
ranted to limit undesired signal drift due to T;-weighting
and diffusivity variations. Potential sample temperature
changes over time should therefore be prevented for
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Approach to optimizing ex vivo diffusion protocols. Relaxometry (top) and diffusion (middle) can be measured as a

function of contrast concentration, or fixative solution, for both white and gray matter tissue types, and SNR efficiency can be optimized
(bottom) by manipulating sequence parameters and gadolinium contrast agent concentration. Images are adapted and modified from*! (top)

and!® (bottom).

example by ensuring an air flow around the tissue with
constant temperature, as it is not easy to compensate for
temperature drift in the post-processing pipeline. As a tem-
perature control, a water vial can be placed next to the
tissue and monitor its diffusivity over time, although it is
important to carefully consider where the vial will appear
within the FOV due to the addition of possible suscepti-

bility, ringing, or ghosting artifacts. Of note, a temperature
increase may also occur in vivo, though the effect may be
less pronounced thanks to active thermal regulation of the
animal.

Collectively, these strategies do not prevent the arti-
facts but make them more addressable with subsequent
post-processing.
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4.5.5 | Spatial resolution

For in vivo human or small animal imaging, spatial res-
olution should be as high as permissible for the tar-
geted SNR and available scan time. However, ex vivo
scans require different considerations when choosing
a spatial resolution, due to the substantially increased
scan time. While signal drift and temperature stability
issues may arise due to increased scan time, resolution
can be pushed quite extensively, with recent protocols
nearly pushing the boundaries where resolution limits
are set by the diffusion process itself, for example, below
10 micrometers.'>¢

In short, there is no single set of guidelines, or con-
sensus, on image resolution for specific species, nor for
specific experimental designs. Rather than providing spe-
cific recommendations for resolution, below we give typ-
ical volumes of brains, and compute what the equivalent
voxel size (i.e., the volume equivalent resolution) would be
given the ratio of volumes, and a 2-mm isotropic human
brain scan, typical of in vivo studies (Table 4). Further,
we give examples of ex vivo scans that are pushing the
boundaries of resolution; we note that these are not always
feasible at every imaging center and are not for any specific
tractographic or modeling purposes, but only to highlight
high resolution scans that have been performed.

TABLE 4 Summary of brain volumes of various species, matching spatial resolutions to the typical one for human dMRI, and ranges

of spatial resolutions reported in the literature, ex vivo.

Brain Matching spatial

Reported in

Species volume (mL) resolution (isotropic) literature (ex vivo)

Human 1200

Mouse 0.4

Rat 0.6

2mm

140 pm

160 pm

Squirrel monkey 35 600 pm
Mini-pig 64 750 pm
Macaque 80 800 pm
Macaque 35 600 pm

Note: The references provided are not comprehensive.

730-um isotropic (b=3000s/mm?, 64 directions, 4days, 3D-EPI)!#?
940-um isotropic (b~4500s/mm?, 54 directions, 1m15s per volume,
repeated 10 times, DW-SSFP)'*> 1000-um isotropic (b~ 5175-8550 s/mm?,
49-52 directions, DW-SSFP, 10-11min per volume)** 500-um isotropic
(b~ 1700-5000s/mm?, 120 directions, DW-SSFP, 45min per volume)'’
100-pm isotropic (hippocampus) (b=4000s/mm?, 12 directions, 63h.
acquisition)®® 200-um isotropic (brainstem+thalamus) (b=4000s/mm?,
120 directions, 208h. acquisition)®> 400-um isotropic (b~ 3000s/mm?,
2h23m/volume); 500-pm isotropic (b~ 2000/4000s/mm?, 53 m/volume);
1000-pm isotropic (b ~ 1000 s/mm?, 23 m/volume)—kT-dSTEAM®

25-pum isotropic (b=4000s/mm?, 61 directions, 95h scan, 3D-SE)!*® 43-pm
isotropic (b=4000s/mm?, 120 directions, 235h scan, 3D-SE)!** 100-pm
isotropic (b= 2000/5000 s/mm?, 60 directions, 12 h scan, 3D-SE)">°

50-um isotropic (b=3000s/mm?2,61 directions, 289h scan, 3D-SE)!®
150-pm isotropic (b=3000/6000s/mm?, 30/30 directions, 21h scan,
3D-DW-GRASE)!®! 88-um isotropic (b= 800s/mm?, 12 directions, 18 h scan,
3D-SE)® 78-um isotropic (b=1500s/mm?2, 6 directions)?’ (b=4000s/mm?,
30 directions)?’

300-pum isotropic (b= 3000/6000/9000/12000 s/mm?, 100 directions each,
48 h. scan, 3D-EPI)!°!

500-pm isotropic (b =4009 s/mm?), 61 directions, 28 hrs, 2D-SE)"?

390 % 540 x 520 pm (b=1000s/mm?, 8 directions, 45h. scan, 3D multiple
echo SE)*® 500-1000 um isotropic (b= 1477-9500 s/mm?, 20-180 directions,
up to 19days scan, 2D-SE)'*162163 600-um isotropic (b=4000s/mm?, 60
directions, 2D-SE single echo)'®* 200-pm isotropic (b=100-10000s/mm?,
3-36 directions, 93 h. scan, 3D-EPI)!*%164 200-um isotropic (b= 500, 1000,
4000,10 000 s/mm?, 8-16-32-64 directions respectively, 73 h. scan, 3D-EPI).!3!
300-pm isotropic (b=6000s/mm?2, 101 directions, 3D-EPI)!?® 250-pm
isotropic (b=4800s/mm?, 121 directions, 71h. scan, 3D-EPI)*® 600-pm
isotropic (b=4000s/mm?, 128 gradient directions, DW-SE multi-slice)'6
1000-pm isotropic (b=4000, 7000 and 10000s/mm?, 250-1000-1000
directions respectively + spherical tensor encoding, DW-SE multi-slice)'6

80-pm isotropic (b =2400s/mm?, 64 directions, 15 days 3D-EPI)’
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Volume equivalent resolutions and pushing the bound-
aries

MR microscopy is defined as MR imaging with a spa-
tial resolution in the micrometer range, which makes it
possible to even image individual cells. Indeed, with dedi-
cated setups that allow sufficiently high SNR, MRI with a
resolution of a few pm becomes feasible.3>166-16° By con-
vention, MRI transforms to MR microscopy (MRM) when
the voxel side lengths are less than 100 um.'”° A number of
effects and considerations are encountered in MR micro-
copy that must be considered with respect to hardware,
sequences, diffusion dispersion, and data processing. For
an introduction to MRM emphasizing practical aspects rel-
evant to high magnetic fields see Ref. 171, a review in Ref.
172, and details of microscale nuclear magnetic resonance
hardware in Ref. 173

4.6 | Storage

Ex vivo offers the advantage that repeated scans of fixed
brains can be performed, enabling longer scans, multiple
sessions, and optimization of the sequences and contrasts
over time. Here, if tissue storage is necessary, we recom-
mend storing the samples in either a PBS solution with
sodium azide to inhibit bacterial and fungal growth, or in
a weak fixative solution (1% formalin in PBS), at low tem-
perature (4-5°C). Long-term storage at room temperature
is also possible in 4% formaldehyde, although it is associ-
ated with an increase in formic acid and methanol which
may have a dehydrating effect, and a slow decline in T; and
T, relaxation times.!7#17> These effects can be mitigated by
regularly refreshing the formaldehyde solution and by suf-
ficient rehydration prior to scanning. Several studies have
investigated the effects of storage time on diffusion met-
rics, and concluded that with appropriate care, tissue can
be rescanned over several years with negligible variabil-
ity in results.*>17% Once fixed, the tissue quality should
be inspected periodically>** to ensure tissue integrity and
absence of bacterial or fungal growth.

5 | CONCLUSIONS

In this manuscript, we have provided an overview of best
practices for ex vivo diffusion MRI, focusing on experimen-
tal design, sample preparation, and MR scanning. These
steps are critical to ensure rigorous and reproducible data
collection, and pave the way for subsequent data process-
ing. As we move to the next part of this series, we will shift
our focus to pre-processing, model-fitting (processing),
tractography, and comparisons with microscopy. Together,

Magnetic Resonance in Medicine

these recommendations are given to facilitate high quality
studies and interpretation of ex vivo dMRI data.
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