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Abstract

The first phase of the Human Connectome Project pioneered advances in MRI technology for
mapping the macroscopic structural connections of the living human brain through the engineering
of a whole-body human MRI scanner equipped with maximum gradient strength of 300 mT/m, the
highest ever achieved for human imaging. While this instrument has made important contributions
to the understanding of macroscale connectional topology, it has also demonstrated the potential of
dedicated high-gradient performance scanners to provide unparalleled /n vivo assessment of neural
tissue microstructure. Building on the initial groundwork laid by the original Connectome scanner,
we have now embarked on an international, multi-site effort to build the next-generation human
3T Connectome scanner (Connectome 2.0) optimized for the study of neural tissue microstructure
and connectional anatomy across multiple length scales. In order to maximize the resolution

of this /n vivo microscope for studies of the living human brain, we will push the diffusion
resolution limit to unprecedented levels by (1) nearly doubling the current maximum gradient
strength from 300 mT/m to 500 mT/m and tripling the maximum slew rate from 200 T/m/s to 600
T/m/s through the design of a one-of-a-kind head gradient coil optimized to minimize peripheral
nerve stimulation; (2) developing high-sensitivity multi-channel radiofrequency receive coils for /n
vivoand ex vivo human brain imaging; (3) incorporating dynamic field monitoring to minimize
image distortions and artifacts; (4) developing new pulse sequences to integrate the strongest
diffusion encoding and highest spatial resolution ever achieved in the living human brain; and (5)
calibrating the measurements obtained from this next-generation instrument through systematic
validation of diffusion microstructural metrics in high-fidelity phantoms and ex vivo brain tissue
at progressively finer scales with accompanying diffusion simulations in histology-based micro-
geometries. We envision creating the ultimate diffusion MRI instrument capable of capturing the
complex multi-scale organization of the living human brain —from the microscopic scale needed
to probe cellular geometry, heterogeneity and plasticity, to the mesoscopic scale for quantifying
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the distinctions in cortical structure and connectivity that define cyto- and myeloarchitectonic
boundaries, to improvements in estimates of macroscopic connectivity.

Keywords

Connectome; Diffusion MRI; Head gradient; Peripheral nerve stimulation; Multi-scale modeling;
Tissue microstructure; Axon diameter; Gray matter; Validation

1. Introduction

Mapping structural connectivity in the living human brain is essential for understanding
and predicting the functional signals underlying human thought and behavior. A major
challenge in studying the structural basis of brain function is the vast range of spatial

scales spanned by brain networks, from synaptic circuits among individual neurons all

the way to whole-brain systems (Lichtman and Denk, 2011). A necessary foundation

and enormous challenge for human systems neuroscience is defining the connectome, the
complete matrix of structural connections between the nodes of the nervous system, on
multiple scales: the macro-connections across the entire brain at the level of centimeters

to millimeters, the meso-connections between and within brain areas at the millimeter

to micron scale, and the micro-connections between individual neurons at the micron to
nanometer resolution (Drobnjak and Alexander, 2011; Swanson and Lichtman, 2016). Tools
like magnetic resonance imaging (MRI) offer the spatial range and resolution to image a
whole human brain with ~1 mm3 voxels, whereas electron microscopy (EM) can render the
connections between individual neurons, axons, and dendrites with voxels of less than 100
nm3 — a range spanning four to five orders of magnitude in size.

Currently, no single imaging modality can cover this enormous range of length scales
across the /n vivo or even ex vivo human brain. Yet the paramount importance of
developing a human imaging tool to begin to explore these structural and connectional
motifs across scales has never been more apparent. Basic neuroscience is reaching a

stage where alterations in cellular architecture and connectional anatomy are observed in
animal models of disease and increasingly in human tissue, both locally and globally, in
neuropsychiatric diseases such as autism (Drobnjak et al., 2011; lanus et al., 2016; Peca

et al., 2011; Peca and Feng, 2012) and schizophrenia (Penzes et al., 2011), as well as in

the earliest stages of neurodegenerative diseases (Herms and Dorostkar, 2016), in which
gross structural alterations are invisible on conventional MRI. The ideal technology for
understanding the structural and functional organization of the human brain would integrate
across microscopic, mesoscopic, and macroscopic scales and allow for mapping of changes
across time (e.g., as a result of neural plasticity, development, and pathology) and between
individuals.

Toward this goal, the Connectome 2.0 project targets the development of the next-generation
human connectomics and microstructure MRI scanner, tailored for inferring cellular and
axonal size and morphology at unprecedented spatial and diffusion resolution throughout the
whole brain, while providing greater sensitivity and imaging speed for structural imaging at
multiple scales in living human subjects. This transformative advance in imaging the micro-,
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meso- and macroscopic structure of the living human brain builds on the experience of
engineering the first human MRI scanner equipped with 300 mT/m gradients, the strongest
gradients developed for a human scanner to date, which was installed at the Massachusetts
General Hospital (MGH) in 2011 as part of the Human Connectome Project (HCP)
(Setsompop et al., 2013) and has since been successfully disseminated to at least three
other sites worldwide (Jones et al., 2018), as discussed in greater extent in a separate review
article included in this special issue (Fan et al., 2021). The original Connectome scanner
leveraged such high gradient strengths to enable high-sensitivity, high -value diffusion
MRI (dMRI), with the express purpose of mapping the major white matter pathways in

the living human brain through diffusion tractography. An important and arguably more
impactful byproduct of the original Connectome scanner was the sensitization of /in vivo
dMRI measurements to tissue microstructure at the micron scale (McNab et al., 2013a).
The technological advances made by the original HCP have enabled the quantification of
the microstructural underpinnings of dMRI contrast in the living human brain, with gains
in sensitivity to cellular-level geometry that allow for exploring the biological variability
of microstructural parameters within and between individuals, while also relating such
parameters to macroscopic connectivity.

Therefore, while the original Connectome scanner has made important contributions to
understanding macroscale connectional topology (Fan et al., 2014; Fan et al., 2016), the
experience gained over the last decade has demonstrated that dedicated high-gradient
performance scanners can also acquire a rich array of dMRI measurements that allow
unparalleled /n vivo assessment of neural tissue microscale structure (Alexander et al., 2017;
Jelescu and Budde, 2017; Kiselev, 2017; Lampinen et al., 2019; Novikov et al., 2019;
Novikov et al., 2018), such as the relative size and packing density of cells and axons
using pulsed gradient and oscillating gradient spin echo sequences (Fan et al., 2020a; Huang
etal., 2015; Huang et al., 2020; McNab et al., 2013a; Tax et al., 2020; Veraart et al.,

2020; Xu, 2021; Xu et al., 2014) and microscopic anisotropy in gray matter using double
diffusion encoding (Jespersen et al., 2013; Shemesh and Cohen, 2011), double oscillating
diffusion encoding (lanus et al., 2017), and free gradient waveforms (Szczepankiewicz et
al., 2015), in addition to macro- and mesoscale connectional information. However, the
current Connectome instrument remains limited in its ability to resolve the full range of
length scales needed to probe the microscopic and mesoscopic structure of the brain, due
to basic design limitations, important technical elements, and biological interactions with
the large rapidly switching gradients. The experience with the first-generation Connectome
scanner and realization of its limitations has motivated an international collaborative multi-
site project focused on developing the next-generation human Connectome MRI scanner
(Connectome 2.0) to achieve sensitivity to a broader range of cellular and axonal size
scales, morphologies, and interconnections represented throughout the brain. Equipped
with the lessons on advanced gradient design learned from the initial HCP experience,

the Connectome 2.0 project is embarking on a complete redesign of the gradient system

to enable ultra-fast slew rate in addition to ultra-high gradient strength. This advance
represents a significant technical challenge that is necessary for implementing novel dMRI
techniques robustly /in vivo and gaining sensitivity to the actual range of cellular/axonal
sizes and morphologies in the human brain. As the diffusion microstructural metrics
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represent inferences of cellular/axonal size and morphology rather than directly imaged
quantities, validation of these metrics will be an essential part of this multi-faceted project of
technology development.

In this paper, we describe the strategy, planned design and current progress of the
Connectome 2.0 scanner and the associated development of advanced acquisition and
analysis methods optimized for studying neural tissue microstructure and circuits across
multiple length scales in the living human brain. The Connectome 2.0 project will push

the limits of sensitivity, resolution, and diffusion-encoding capabilities to unprecedented
levels by (1) nearly doubling the current maximum gradient strength (Gpay) from 300
mT/m to 500 mT/m and tripling the maximum slew rate from 200 T/m/s to 600

T/m/s; (2) designing high-channel count radiofrequency (RF) receive coils and gradient
characterization methods to enable maximum sensitivity with greatly reduced artifacts
using real-time eddy current corrected dMRI acquisitions; (3) developing new pulse
sequences to achieve the highest diffusion- and spatial-resolution ever shown /n vivo, and
(4) calibrating the measurements obtained from this next-generation instrument through
systematic validation of the diffusion microstructural metrics in high-fidelity phantoms and
ex vivo brain tissue at progressively finer scales, and subsequent numerical simulations of
diffusion in histology-based substrates. The newfound capabilities of the next-generation
Connectome scanner will link an understanding of segregated and distributed function with
structural changes in cortical, subcortical and white matter regions, across spatial scales and
relevant behaviors thought to modify brain structure and connectivity in health and disease.

2. Hardware advances for Connectome 2.0

The goal of the original Human Connectome Project was to map the long-range structural
connections in the living human brain as comprehensively as possible using diffusion
tractography, alongside comprehensive mapping of functional connectivity using functional
MRI. To achieve this goal, the first phase of the Human Connectome Project pioneered
important advances in MRI hardware and acquisition technology, including ultra-high
gradient fields, high-sensitivity receive arrays, and accelerated pulse sequences for achieving
whole-brain coverage within scan times feasible for /n vivo imaging. Many of these
technological advances have now made their way into commercially available scanners and
have led to dramatic improvements in the spatial, angular, and diffusion resolution that is
attainable in the living human brain.

The Connectome 2.0 project will push dMRI technology to the next level by designing

a new high-performance gradient package that builds on the success of the original
Connectome scanner and encompasses the latest engineering capabilities. To meet the spatial
and diffusion resolution goals, the maximal gradient amplitude will be nearly doubled to
500 mT/m, and the speed of the gradients will be accelerated by a factor of three to a
maximal slew rate of 600 T/m/s. The performance of the Connectome 2.0 gradient system,
as summarized by the product Gyax - maximum slew rate (Blasche, 2017; Szczepankiewicz
et al., 2021), will be at least five times that of the most modern MRI systems available
today, including the original Connectome MRI system equipped with Gax 0f 300 mT/m
and maximum slew rate of 200 T/m/s.
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2.1. Scanner design and choice of field strength

Building on the experience and successful construction of the original MGH Connectome
scanner, the Connectome 2.0 scanner is being manufactured in partnership with Siemens

on the latest 3T wide-bore scanner, the Vida platform, in keeping with the precedent
established at Siemens for embedding the latest gradient technology into state-of-the-art
wide bore systems. The choice of 3 Tesla over 7 Tesla for the field strength of the original
Connectome scanner was driven by the independence of diffusion contrast on By and the
gains in sensitivity from the longer T, relaxation times at 3T (Setsompop et al., 2013).
Other advantages of performing high-gradient diffusion MRI at 3T include better transmit
field homogeneity, decreased vibration and acoustic noise issues, and diminished SAR at 3T
compared to 7T.

2.2. Gradient coil design

The design specifications of the Connectome 2.0 gradient coil include a maximum gradient
strength of 500 mT/m and slew rate of 600 T/m/s along each gradient axis. To achieve these
specifications, an asymmetric head gradient coil design has been chosen. The small inner
diameter of the head gradient coil (compared to a conventional whole-body gradient coil)
makes for a fundamentally efficient design (Foo et al., 2018, 2020; Winkler et al., 2018),
enabling high maximum gradient strength per unit current. Additionally, the head gradient
coil has a substantially higher peripheral nerve stimulation (PNS) threshold compared to
the whole-body gradient coil used in the original Connectome scanner due to its smaller
diameter, which increases the PNS threshold (Lee et al., 2016a; Lee et al., 2016b; Zhang

et al., 2003). Furthermore, cardiac stimulation is less of a concern with a head gradient

coil compared to a whole-body gradient coil (Schmitt et al., 2012; Zhang et al., 2003)

due to the reduced B-field exposure in the torso, which also leads to ~3-fold lower PNS
thresholds compared to the whole-body gradient coil used in the original Connectome
scanner (Setsompop et al., 2013). The challenges of the head gradient coil design, including
cooling, torque/force balancing and effective shielding, are being addressed through a
number of advances in gradient coil design that have been made in the last decade since

the original Connectome gradient coil was installed.

The Connectome 2.0 head gradient coil design is based on the knowledge gained from

the Siemens 7T Impulse head gradient coil (Siemens Healthineers, Erlangen Germany)
capable of achieving a maximum gradient strength of 200 mT/m and slew rate of 900
T/m/s per axis when driven with state-of-the-art gradient amplifiers (Feinberg et al., 2021).
The small inner diameter of the Connectome 2.0 head gradient coil (44 cm) compared

to the whole-body gradient coil used in the original Connectome scanner (gradient coil
inner diameter of 61 cm, clear patient bore diameter of 56 cm) enables higher gradient
efficiency, i.e., gradient strength per unit current. The higher gradient efficiency of the
Connectome 2.0 head gradient coil allows for the use of fewer high-performance gradient
amplifiers compared to the original Connectome whole-body gradient coil. Specifically,
the Connectome 2.0 gradient system will be driven by six of the latest gradient amplifiers
developed by Siemens with a peak current of 1200 A and peak voltage of 2250 V per axis,
each of which produces 33% more power than the gradient amplifiers used to drive the
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original Connectome whole-body gradient coil (peak current 900 A and peak voltage 2000
V per axis).

The inner bore diameter of 44 cm is relatively large by head gradient coil standards and will
accommodate RF coils with many transmit/receive elements, thereby allowing for access to
the typical range of human subjects undergoing research scans. The overall geometry of the
Impulse head gradient has been adopted with wiring patterns organized in three concentric
layers arranged in a stepped fashion to accommodate subjects of varying sizes. The three-
layer geometry opens up additional degrees of freedom to minimize vibrations and acoustic
noise from Lorentz forces created from the current-carrying wires in the presence of the
static magnetic field. For the Connectome 2.0 project, the number and position of windings
on each layer have been modified to achieve the target maximum gradient strength of 500
mT/m and slew rate of 600 T/m/s. Direct cooling of the conductor will enable a high current
density to be achieved in order to boost gradient performance. Based on the performance

of the Impulse gradient, the maximum deviation from linearity of the Connectome 2.0 head
gradient is anticipated to be < 10% along each gradient axis. The target specifications of
Gmax = 500 mT/m and maximum slew rate of 600 T/m/s represent the technical limit of
what is achievable using the current asymmetric head gradient coil design with an inner
diameter of 44 cm.

2.3. Peripheral nerve stimulation

Peripheral nerve stimulation (PNS) is a significant limitation of the maximum usable
gradient amplitude and slew rate for the latest generation of high-performance gradient
coils. Although most prominent for whole-body gradient coils, PNS is also becoming a
significant concern for head gradients (Lee et al., 2016b), (Weiger et al., 2017) (Tan et al.,
2019). Therefore, an additional goal in the design phase of the Connectome 2.0 gradient is to
minimize PNS propensity.

To achieve this goal, we are leveraging recently developed simulation tools for the

accurate prediction of PNS thresholds using realistic whole-body human nerve models in
combination with electric field simulations (Davids et al., 2020a, b, 2017, 2019, 2021b). As
in the case of the Impulse head gradient (Davids et al., 2021a) (Fig. 1), these PNS modeling
methods are being incorporated in the design phase to evaluate different candidate coils and
identify design aspects with beneficial impact on PNS thresholds while satisfying the more
traditional design specifications. This includes aspects such as coil dimensions, size and
linearity of the field of view, as well as the level of coil asymmetry. As in the design phase of
the Impulse gradient, the third intermediate winding layer is crucial in providing additional
degrees of freedom that can be leveraged to reduce PNS.

After construction of the Connectome 2.0 gradient coil, we will perform an experimental
PNS study in healthy human subjects to validate further the PNS modeling tools and

assess their value in designing and optimizing high-performance gradient coils. Overall, the
PNS simulation tools and experiments offer valuable technology for optimizing the PNS
properties of high-performance gradient coils at the design stage.
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2.4. Radiofrequency coil design

As part of the Human Connectome Project, a custom 64-channel brain receive-array coil was
developed and validated on the original Connectome scanner, which enabled the highest
SNR and highest quality accelerated human brain imaging at 3T to date (Keil et al.,

2013). Building on the success of this 64-channel coil, a new 72-channel head coil with

an integrated field camera is being designed for the Connectome 2.0 scanner, which will
combine improved reception sensitivity and dynamic field monitoring to enable distortion-
reduced dMRI acquisitions. The 72-channel head coil will offer full coverage of the cerebral
hemispheres, cerebellum, and brainstem for optimal assessment of microscale, mesoscale
and macroscale connectivity spanning the supratentorial and infratentorial brain (Fig. 2).
The limited space inside the Connectome 2.0 scanner’s head gradient coil does not allow for
a built-in transmit coil, which poses additional challenges to the coil design. Therefore, each
receiver array will require its own dedicated local transmit coil to be placed on the patient
table.

The original Connectome scanner has demonstrated the potential of a high-gradient strength
human MRI scanner to serve as an exquisite platform for ex vivo diffusion imaging of
human whole brain or hemisphere specimens. In comparison, most preclinical MR imaging
systems do not possess the field of view required to image an entire human brain or even a
single hemisphere, and those that do provide neither stronger gradient sets nor the requisite
number of RF receive channels to use the advanced RF coil technology proposed here. The
original Connectome scanner had a 60-channel “panini press” brain slice array coil (Gruber
et al., 2014) designed and constructed for imaging of human brain slabs of up to 3 inches

in thickness with sufficient sensitivity for single-average high-angular resolution diffusion
imaging at 350 um isotropic resolution using 4-values of up to 30,000 s/mm? (Wieseotte et
al., 2015). The flat geometry of this coil was chosen to provide maximum SNR through a
slab of white matter without suffering from depth bias, at the expense of only being able

to image a relatively thin slab of the brain, which precludes high-resolution dMRI of the
whole brain. In order to map the connectomics of the whole human brain with high spatial
resolution, a close-fitting 48-channel ex vivo whole brain coil has recently been developed
for the original Connectome scanner (Scholz et al., 2021). This array coil enables ex vivo
whole brain specimens to be imaged at submillimeter spatial resolution with high SNR (see
section 111.6: Enabling high spatial resolution diffusion MRI readout for in vivo and ex vivo
whole brain microstructural imaging).

The ex vivoimaging capabilities of the Connectome 2.0 scanner will be expanded by
constructing a new 64-channel coil capable of holding an entire human brain specimen,
similar in construction to the 48-ch ex vivo whole brain coil built for the original
Connectome scanner (Fig. 3). Due to the comparatively long acquisition times for whole
brain ex vivotissue specimens (~34 hours for 550 um isotropic spatial resolution with 64
diffusion directions and 2 6 = 0 images, with each imaging volume taking approximately
31.2 minutes to acquire (Ramos-Llorden et al., 2021)), special care will be taken to ensure
signal stability over the timeframe of the acquisition. The diffusivity in the ex vivotissue
specimen strongly depends on the temperature of the specimen (Roebroeck et al., 2019). The
ex vivo coil will therefore be constructed to allow control over the specimen temperature
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by placing the entire coil setup into a sealed box with a controlled temperature air supply.
Temperature control has been shown to be essential for accuracy and reproducability via the
use of temperature stabilized diffusion phantoms (Reischauer et al., 2009) and has been used
in recent precision diffusion studies of ex vivotissue in preclinical MRI systems (Bastiani
etal., 2016; Teh et al., 2016). Our temperature controlled ex vivo coil will similarily ensure
the accuracy and reproducibility of dMRI measurements independent of environmental
temperature.

Field monitoring

Since the original design of the Connectome scanner over 10 years ago, magnetic field
cameras have become commercially available. Such field cameras enable the monitoring
and correction of eddy currents that arise due to interactions between the gradient coil and
any conducting structures within the scanner, including the magnet, the gradient coil itself,
and the radiofrequency coils. Eddy currents are the dominant cause of image artifacts in
dMRI, causing noticeable image distortions even at gradient strengths of 40 mT/m typical
for clinical MRI systems. The severity of the artifacts is proportional to the strength of

the diffusion-encoding gradient pulses, posing a significant challenge at very high gradient
strengths. Therefore, effective eddy current correction approaches will need to be developed
for the next-generation Connectome system. So-called gradient pre-emphasis techniques,
commonplace in modern MRI machines, significantly reduce the spatially linear eddy
current field patterns; however, eddy current fields of higher spatial order are well known
(Boesch et al., 1991; Van Vaals and Bergman, 1990) and can neither be compensated nor
easily corrected in post-processing. Higher-order eddy current fields with multiple time
constants add to the linear encoding gradients and create k-space shifts that vary in space
and time. This effect causes the image geometry and resolution to become spatially variable,
which is impractical to correct in the image domain.

The Connectome 2.0 scanner will make use of dynamic field monitoring and state-of-the-art
image reconstruction techniques that incorporate the monitored field data to maximize the
image quality and accuracy of diffusion MRI data measured in the new system (Wilm

et al., 2011). Integrated 16-channel clip-on field-cameras (Dietrich et al., 2016) will be
incorporated into the 72-channel extended field-of-view coil for /n vivo imaging and the
64-channel ex vivowhole brain coil to allow monitoring of the By and gradient fields
simultaneously with the acquisition of /n vivo and ex vivo human brain diffusion data (Wilm
et al., 2015). Image reconstruction techniques will be implemented that can model spatially
dependent k-space trajectories based on dynamic measurements of the magnetic fields
inside the field-of-view. When provided with field measurements of up to 3" order from

the integrated field-cameras embedded in the /n vivoand ex vivo coils, diffusion images
with significantly reduced artifacts will be reconstructed (Wilm et al., 2011, 2015). The
integration of simultaneous field-camera measurements to provide real-time eddy current
information is superior to non-simultaneous field-monitoring approaches as the presence of
higher-order, nonlinear eddy current fields combined with significant nonlinear concomitant
fields (Bernstein et al., 1998) at high gradient strengths prevent the effective encoding

fields from being modeled as a simple linear-time-invariant system. The rise in gradient

coil temperature with higher gradient amplitudes (Busch et al., 2014) also breaks the time
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invariance property, which further strengthens the need for simultaneous field monitoring.
With built-in field-camera monitoring, a new field characterization tailored to the acquisition
of each imaging protocol offers a practical and elegant solution and will provide superior
image quality to what is currently attainable on the original Connectome system.

The combination of the new high-performance gradient package, a suite of new RF coils for
in vivoand ex vivoimaging, and state-of-the-art field monitoring will result in a significant
advance in our ability to acquire diffusion MRI data in the living human brain. Pushing the
limits of technically feasible gradient coil engineering and associated hardware advances
will enable the exploration of new microstructure properties /n vivo that thus far could only
be measured in ex vivo specimens.

3. Advanced acquisition and analysis methods for inferring mesoscopic

structure and connectivity in the brain

Diffusion MRI is a unique tool among MR imaging contrasts in that it sheds light on a
multitude of microstructural parameters (e.g., cell size, shape and packing density) whose
cellular scale dimensions (~um) are orders of magnitude smaller than the imaged voxel size
(~mm). Advanced dMRI techniques hold the most promise among noninvasive methods for
probing cellular structure of any depth and location in the living human brain. However,
robust methods for /in vivo mapping of tissue microstructure by dMRI remain elusive due
to the demand for fast and strong diffusion-encoding gradients, which has largely limited
such studies to region-of-interest analyses in clinical/preclinical MRI systems or ex vivo
and animal studies on small-bore MRI systems (Alexander, 2008; Alexander et al., 2010;
Assaf and Basser, 2005; Assaf et al., 2008; 2004, Barazany et al., 2009; Ferizi et al., 2013;
Fieremans et al., 2016; Henriques et al., 2019, 2020; lanus et al., 2018; Jespersen et al., 2018
2019; Lampinen et al., 2017; Lee et al., 2018;, 2020c; d; Morozov et al., 2013, Nunes et al.,
2017, Olesen et al., 2021; Ong and Wehrli, 2010; Ong et al., 2008; Panagiotaki et al., 2012;
Stanisz et al., 1997; Szczepankiewicz et al., 2015; Tax et al., 2020; Topgaard, 2017; Veraart
et al., 2020; Westin et al., 2016; Zhang et al., 2011).

The availability of higher maximum gradient strength on human MRI scanners has enabled
the exploration of these methods within the /7 vivo human brain. Strong gradients of up

to 300 mT/m on the current Connectome scanner have enabled axon diameter mapping
experiments /in vivoto a diffusion resolution limit of 3-4 um (Huang et al., 2015; McNab
et al., 2013a; Veraart et al., 2020). The standard pulsed gradient spin echo (PGSE) diffusion
sequence has limited sensitivity to compartment size and morphology in heterogeneous
tissue microenvironments and is thus limited in capturing the structural diversity of cells in
the brain. To access the micron to sub-micron length scale with sufficient sensitivity in the
human brain, alternative and complementary approaches are needed, which require higher
slew rates as well as high Gyax to expand the range of gradient waveforms (Topgaard, 2017)
that can be played out for /7 vivo human microstructural imaging.

The Connectome 2.0 project will develop a suite of pulse sequences and analyses suited
to different types of diffusion encoding for inferring the size, orientation distribution,
and multi-scale organization of neurons, glial cells, dendrites and axons in the complex
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microenvironment of the human brain. To visualize tissue microstructure within cortical
layers to optimal effect, new diffusion acquisition strategies will be developed to enable high
spatial resolution whole-brain diffusion MRI readout. The acquisition parameters accessible
using the new gradient system will be systematically evaluated against the current range

of gradient strengths and diffusion times to achieve an optimal combination of high spatial
resolution and high diffusion sensitivity for pushing the envelope on defining mesoscopic
(e.g., cortico-cortical connections) and macroscopic connections in the brain.

Improvements in SNR, echo time and diffusion time

The major benefits of increasing Gpay to 500 mT/m and maximum slew rate to 600 T/m/s
for dMRI are: (1) decreasing the diffusion time A needed to achieve the same diffusion-
encoding gradient area, (2) shortening the diffusion gradient pulse duration & and diffusion
time A to enable probing of diffusion dynamics at shorter timescales and length scales,
depending on the context, and (3) shortening the echo time (TE), thereby reducing signal
losses from T, relaxation. Fig. 4 shows the minimum TE simulated for a standard PGSE
diffusion sequence as a function of &-value for different maximum gradient strengths. The
minimum TE is shown for a gradient strength of 80 mT/m, 300 mT/m, and 500 mT/m. The
largest reduction in TE and A occurs for high &-values. The SNR scales exponentially with
TE; therefore, the SNR improvement of the next generation Connectome scanner could be as
high as 50% greater than the current system at high #-values up to 40,000 s/mm?, depending
on the assumed T» relaxation time.

3.2. Shorter diffusion times and axonal beading

The effect of shortening the diffusion time is particularly advantageous for probing tissue
microstructure, as shorter diffusion times are expected to sharpen features in the spin
probability distribution function (PDF), the mesoscopic distribution of magnetization in
tissues, approximately estimated by the Fourier transform of diffusion signals over the
diffusion wave vector (Callaghan, 1991). The spin PDF at shorter times retains more
mesoscopic details in tissue features, whereas at long times the measured spin PDF is
coarse-grained by diffusion and gradually loses the information (Novikov et al., 2019).
Furthermore, the near-doubling of Gax to 500 mT/m will reduce the resolution limit (~1/
Gmax?) of cell size by ~23% (Nilsson et al., 2017) and also act synergistically with shorter
A to shorten the diffusion length ~(DA)Y2, subsequently increasing sensitivity to small
compartment sizes.

For example, shorter diffusion times may enable the detailed study of the theoretically
predicted (Novikov et al., 2014) and recently found (Fieremans et al., 2016; Lee et al.,
2020c) 1/4/t power-law tail in the along-axon diffusion coefficient Dy (2), originating from
structurally disordered axonal beading. This diffusivity time-dependence along axons has
been observed /n vivo in the major white matter tracts of the human brain (e.g., corpus
callosum), where the Dy (?) decreases by 3-5% with time #=20-100 ms (Lee et al., 2020c).
Based on the bead distance a~6 um along axons reported in the mouse brain (Lee et al.,
2020c), the characteristic timescale is roughly a/(2 Dy)~6 ms with the intrinsic diffusivity 0

~ 3 um&/ms. In particular, detecting the crossover between this scaling (> 20 ms) and the
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short-time limit (¢<< 6 ms) of Dy (¢) could robustly pinpoint the beading length scale, which
may be a marker for neurodegenerative diseases.

3.3. Effective axonal diameter

Initially, quantifying axon diameter and density was done through approaches such as
AxCaliber (Assaf et al., 2008), based on the conventional PGSE sequence applied transverse
to major axonal tracts. However, orientation dispersion and axonal undulations (Nilsson

et al., 2012), among other effects, confound axonal diameter mapping. Recently, it was
suggested that to factor out the axonal orientation dispersion, as well as axonal undulations
with wavelengths exceeding the diffusion length, one can employ directional averaging
(Jespersen et al., 2013; Kaden et al., 2016; Mollink et al., 2017). The directionally-averaged
diffusion signal S(») becomes independent of the orientation dispersion, and in the limit

of zero axonal radius, the diffusion MRI signal follows the asymptotic power-law scaling
S(b)~1/4/b at strong diffusion weighting # (McKinnon et al., 2017; Veraart et al., 2019).

The deviation from the 1/,/b scaling yields an estimate of intra-axonal radial diffusivity
and the subsequent effective radius 7 (Veraart et al., 2020). Fig. 5 demonstrates the

in vivo observation of the power-law scaling of S(b) in the brain white matter of

two healthy subjects (23-25 years old, female), who underwent imaging on the current
Connectome scanner using a custom-built 64-channel head coil. Diffusion measurements
using monopolar PGSE were performed with the parameters: diffusion time A = 27

ms, gradient pulse duration 6= 16 ms, = 1,000-30,000 s/mm?, 3 non-diffusion-
weighted images (hon-DWIs), 32 DWIs of different gradient directions per &-shell, and
an additional non-DWI of reversed phase-encoding polarity for correcting susceptibility-
induced distortions. The shot-to-shot phase variation in each complex-valued DWI was
removed (Eichner et al., 2015), and the real-valued DWIs were processed using the
DESIGNER pipeline (Ades-Aron et al., 2018).

Fig. 5 shows that in human brain white matter, the 1/,/» scaling can be clearly seen at
sufficiently high b-value, where the extra-axonal signal is practically suppressed, while the
deviation from this power-law scaling that manifests itself via the negative intercept in 6 —
oo limit, provides an estimate of effective radius reg ~ 3 um.

Unfortunately, the effective diameter detectable using PGSE even with Gpax = 300 mT/m
is only ~3 um (Burcaw et al., 2015; Dyrby et al., 2012; Nilsson et al., 2017; Veraart et al.,
2020), which is notably larger than the actual diameter of most axons in the brain (~1 gm
or less) (Waxman et al., 1995). The proposed gradient system with near-doubling of Gy«
to 500 mT/m and tripling of SLRyax to 600 T/m/s will increase the sensitivity of diffusion
MRI measurements to a greater proportion of small diameter axons present in the human
brain (Fig. 6). While the proposed Gyax represents the highest achieved to date in a human
MRI scanner, it is still lower than what can be achieved in small-bore MR scanners and may
thus not be sufficient to provide robust estimation of the smallest axon diameters < 1 pm

in the human brain. Nevertheless, we anticipate that the availability of such high gradient
strengths may alleviate the bias seen in axon diameter mapping studies performed to date in

Neuroimage. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 13

human MRI scanners, including the original Connectome MRI scanner, and we look forward
to further advances in gradient technology that may help to resolve such biases.

In reality, the orientation of cells and axons varies across the brain, and even the most
homogeneous areas of white matter, e.g., corpus callosum, still show some dispersion at

the voxel level. To achieve higher sensitivity to cellular and axonal size in the presence of
orientation dispersion, oscillating gradient spin echo (OGSE) sequences will be explored
for /n vivo human imaging. OGSE can achieve short effective diffusion times ~1 ms due

to the inverse relationship of diffusion time with gradient oscillation frequency (Does et al.,
2003; Gore et al., 2010; Xu, 2021; Xu et al., 2014). This is in contradistinction to PGSE,
where the diffusion time is limited to > 10 ms by the duration of the 180° refocusing

pulse. OGSE has thus far been largely limited to small-bore systems due to the large
maximum gradient strength needed to maximize the diffusion-encoding gradient area. Fig. 6
(bottom panel) shows that in the case of dispersed fibers, OGSE may have greater sensitivity
for small diameter axons than PGSE under certain conditions. Specifically, low-frequency
OGSE is advantageous in cases of unknown fiber direction and/or dispersion because it

can achieve high sensitivity to axon diameter at a modest 4-value, which avoids excessive
signal attenuation due to freely diffusing water along the fiber direction (Drobnjak et al.,
2016). This is particularly advantageous for systems with high performance gradients, as
the area under the diffusion-encoding gradient for OGSE increases with high slew rate. Our
redesigned gradient system with stronger G« and increased SLRyax Will enable OGSE

to achieve higher sensitivity to small-diameter cells/axons compared to the current system.
Specifically, the simulations in Fig. 6 show that for dispersed fibers, the resolution limit

of relatively low-frequency OGSE experiments with 2 to 4 oscillations can be improved
from an effective diameter of ~3 to 3.2um using the current Connectome scanner to ~2.2 to
2.4um using the target specifications of the Connectome 2.0 scanner. The capability of the
Connectome 2.0 scanner to achieve even relatively low oscillation frequencies with stronger
gradient amplitudes emphasizes the importance of minimizing PNS for such experiments.

3.4. Gray matter imaging and microscopic anisotropy

Cytoarchitectonic mapping of the human cerebral cortex by dMRI has gained considerable
interest in the last few years due to the increased availability and feasibility of performing
advanced diffusion-encoding and modeling to map the microanatomical domains of the
brain (Fischl and Sereno, 2018; Palombo et al., 2020). Exploring the cellular organization,
packing density and orientation of cellular processes within the cortex by dMRI poses
several challenges, including the diminished anisotropy observed in cortical gray matter
compared to white matter and partial volume effects related to large voxel sizes.
Microscopic diffusion anisotropy can be probed using double diffusion encoding (DDE)
(Benjamini and Basser, 2014; Benjamini et al., 2020; Cory and Garroway, 1990; Henriques
et al., 2021; Komlosh et al., 2007; Lawrenz and Finsterbusch, 2011; Mitra, 1995; Ozarslan,
2009; Shemesh and Cohen, 2011; Shemesh et al., 20103, b; Yang et al., 2018), double
oscillating diffusion encoding (DODE) (lanus et al., 2017), and &-tensor encoding schemes
(Afzali et al., 2020; Eriksson et al., 2013; Szczepankiewicz et al., 2015; Topgaard,

2017; Westin et al., 2016) and may enable the distinction of microanatomical domains
characterized by randomly oriented compartments of variable size and shape. Previous work
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has demonstrated evidence of microscopic anisotropy in human cortical gray matter /n
vivo (Jespersen et al., 2013; Lawrenz and Finsterbusch, 2019; Shemesh and Cohen, 2011;
Szczepankiewicz et al., 2015). The ultra-high Gpax 0n the Connectome 2.0 system will
enable double- and multiple diffusion-encoding periods to be implemented /7 vivo with
better SNR than the current Connectome system, providing sensitivity to microscopically
oriented domains in gray matter, which have begun to be uncovered with diffusion tensor
imaging (McNab et al., 2013b) but remain incompletely characterized with single pulsed
field gradient diffusion encoding.

As an initial demonstration of the benefits of high Gy, for DDE experiments in the living
human brain, a fully balanced twice-refocused DDE sequence was designed and optimized
for whole brain microscopic anisotropy measurements on the original Connectome scanner.
Fig. 7 shows the mean diffusion-weighted images obtained in the whole brain of a healthy
volunteer using this DDE sequence. The images were acquired at 2 mm isotropic resolution
with each diffusion block having an equal magnitude of g (6=6 ms, A=13 ms, G=226 mT/m,
g=0.0395 m™1, #=800 s/mm?), separated by a mixing time of 15 ms, with TR/TE=9200/83
ms. A total of 60 directions were acquired following the dPFG-5 scheme (Jespersen et al.,
2013) (12 axes of an icosahedron sampled with 5 perpendicular directions for a total of

60 perpendicular encodings) to achieve orientationally invariant estimates of microscopic
anisotropy.

As expected, the microscopic anisotropy maps showed relatively uniform values of
microscopic anisotropy throughout the white matter regardless of crossing structures.

The DDE results also revealed intriguing contrast with higher mean signal intensities in
the cerebellum, which is thought to reflect a higher degree of restriction in the tissue
microstructural environment. The high degree of restriction observed in the cerebellum
corroborates findings obtained with spherical tensor encoding at high &-values (Tax et al.,
2020) and may reflect the presence of densely-packed, small granule cells. If corroborated
in more individuals, the relevant metrics derived from these experiments could serve as a
sensitive probe of cortical architecture by distinguishing areas with different microscopic
anisotropy (e.g., randomly arranged ellipsoids representative of cell bodies).

3.5. Other analytic frameworks for multi-scale estimation of brain tissue microstructure

New analytic frameworks are being developed for multi-scale estimation of salient
microstructural tissue features, primarily with single and double diffusion encoding
paradigms, which are suitable for in vivo scanning in humans. These measurements take
advantage of the high gradient strengths and slew rates available on the current Connectome
scanner and will serve as the foundation for further measurements on the Connectome 2.0
system. The analytic frameworks are being tested and vetted using biomimetic phantoms
and ex vivotissue specimens on small-bore scanners at NIH, then migrated to the current
Connectome system at MGH for further validation. The analytic approaches encompass
both parametric and non-parametric methods, including estimation of the effective axon
diameter from mean apparent propagator (MAP) MRI-derived parameters and quantifying
microstructural heterogeneity with diffusion tensor distribution (DTD) dMRI. Fig. 8 shows
the diffusion time dependence of MAP-MRI and temporal scaling parameters in the human
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brain derived from /n vivo data acquired with the current Connectome scanner (Avram et al.,
2021).

The question of whether brain tissue has a self-similar structure that can be represented by
fractal exponents remains an open topic of debate, with other work showing short-range
disorder implying finite correlation lengths in white matter (Burcaw et al., 2015; Lee et

al., 2020c; Novikov et al., 2018). The temporal scaling parameters estimated from the
Connectome data include only two diffusion times and are therefore preliminary and should
be checked against measurements with a wider range of diffusion times. In general, different
microstructure modeling approaches relying on variable assumptions are still very much

in need of careful validation, which the Connectome 2.0 is poised to help resolve through
comparison of /n vivo dMRI measurements with those performed in ex vivo brain tissue and
simulations using realistic tissue substrates derived from electron microscopy (see section 1V
below).

To capture the complex microstructural organization of brain tissue, the DTD framework
has been developed to extract information regarding diffusion anisotropy within the imaging
voxel (Magdoom et al., 2021; Westin et al., 2016) by considering a parametrized normal
tensor-variate distribution of diffusion tensors. Fig. 9 shows an example of the types of
different microstructural “motifs” that can be derived from the covariance of the sub-voxel
diffusion tensor distribution obtained from A-tensor or DDE measurements. In general, &
tensor imaging provides efficient ways of resolving micro-anisotropy and other parameters.
DDE, though relatively less efficient, offers measurements of micro-anisotropy in a well-
defined diffusion time scale. The DTD analytic framework has been applied to &-tensor
imaging in the human brain on a clinical scanner (Westin et al., 2016) and is also being
applied to DDE measurements on the living human brain using data acquired on the
Connectome scanner.

3.6. Enabling high spatial resolution diffusion MRI readout for in vivo and ex vivo whole
brain microstructural imaging

To map brain tissue microstructure within gray matter structures and across cortical layers
in the living human brain, new diffusion acquisition strategies will be leveraged to enable
high spatial resolution whole-brain dMRI readout. The current spatial resolution of dMRI
remains low due to inherently low SNR. Indeed, even the highest performing systems
used in the Human Connectome Project were only able to achieve 1.25-1.5 mm isotropic
resolution with parallel imaging and simultaneous multislice (SMS)/multi-band techniques
(Setsompop et al., 2013; Ugurbil et al., 2013). Achieving sub-millimeter resolution with
sufficient SNR is critical for capturing the microstructure of different layers within cortex,
which is relatively thin (~2—3 mm). gSlider-SMS is a simultaneous multi-slab method that
combines a novel “slice dithered” RF slab encoding scheme (Setsompop et al., 2017) with
blipped controlled aliasing in parallel imaging (CAIPI) (Setsompop et al., 2012) to enable
SNR-efficient whole brain diffusion imaging at voxel sizes as small as 600 pm isotropic.
This approach acquires data from 10-15 imaging slices across 2—3 thin slabs to achieve
efficient volumetric encoding. Fig. 10 shows how gSlider-SMS acquisition/reconstruction
can achieve high SNR efficiency for dMRI of the entire living human brain at 760 pm
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isotropic resolution with simultaneous acquisition of 10 slices (Setsompop et al., 2017).
This data was acquired on the current Connectome scanner using a custom-built 64-channel
head coil and personalized motion-robust stabilizer over a total acquisition time of 15
hours and is being shared as a benchmark dataset exemplifying the unparalleled quality of
sub-millimeter resolution dMRI data achievable for /n vivo acquisitions (Wang et al., 2020,
2021). To achieve distortion-free sub-millimeter diffusion imaging, gSlider-SMS has also
been combined with blip-up/down acquisition (BUDA) for multi-shot EPI and dynamic Bg
shimming with a 32-channel AC/DC coil (Liao et al., 2021).

The Connectome 2.0 project will push the limit of slice encoding and simultaneously enable
reconstruction methods that enforce smoothness constraints in A and g-space to allow
subsampled RF and g-space encoding (Ramos-Llorden et al., 2020). These advanced readout
and image reconstruction methods will accelerate the acquisition by approximately five to
seven times while reducing geometric distortion and blurring and will be integrated with the
diffusion-encoding methods described in the previous sections.

Tailored acquisition protocols are also being developed for high spatial resolution imaging
of ex vivowhole human brain specimens that leverage the unique capabilities of the
Connectome scanner hardware and advanced A-space reconstruction methods. Fig. 11 shows
an example of sub-millimeter spatial resolution, high 4-value dMRI data acquired in a whole
postmortem human brain specimen using the dedicated 48-ch whole brain coil (Scholz et al.,
2019) described in section 11.3. A 3D diffusion-weighted spin-echo multi-shot/segmented
EPI sequence (Miller et al., 2011) was played out to achieve a reduced readout duration,
enabling reduced distortions and high SNR despite the characteristically short T, relaxation
time of postmortem brain tissue (Roebroeck et al., 2019). Diffusion-weighted images (730
um isotropic resolution) encoded with £-values of 4000 s/mm? and 10 000 s/mm?2 were
acquired using the following parameters: TR = 500 ms, TE = 65 ms, echo spacing: 1.22 ms,
matrix size = 160 x 268 x 208, field of view 118 x 196 x 152 mm3, bandwidth = 1244

Hz px~1, 16 shots, EPI factor = 10, no partial Fourier. The phase-encoding direction was
anterior-posterior when considering the conventional sagittal plane. Multi-shell diffusion-
weighted images were acquired with the following diffusion imaging parameters: 6 = 4,000
s/mm? acquired with 18 non-collinear diffusion-encoding directions and 4= 10,000 s/mm?
acquired with 36 non-collinear diffusion-encoding directions. Images were corrected for
eddy current distortions using the eddy tool from the FMRIB Software Library v6.0.

The high spatial resolution afforded by the high sensitivity 48ch whole brain coil and high
SNR dMRI acquisition on the Connectome scanner permit imaging of fine-scale structures
that remain challenging to visualize with conventional /7 vivo dMRI acquisitions (Fig. 11).
The high spatial resolution enables visualization of the gray matter bridges spanning the
internal capsule, which shows strong diffusion anisotropy on the colorized FA maps (Fig.
11a). There is clear contrast between the putamen, claustrum, thalamus, globus pallidus, and
caudate nucleus in the magnified mean kurtosis map (Fig. 11b). The primary eigenvectors
of the diffusion tensor reveal tangential diffusivity in primary somatosensory cortex (S1),

in contrast to the adjacent primary motor cortex (M1), in which radial fibers are more
prominent (Fig. 11c). The high SNR of the 3D diffusion-weighted acquisition on the current
Connectome scanner suggests that even higher spatial resolution may be achieved at high
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b-values using the next-generation Connectome scanner and the multi-channel array coils
currently under development to enable fitting of more advanced diffusion microstructural
models within both superficial and deep white and gray matter regions.

4. Multi-scale validation of microstructural measures in biomimetic
phantoms and ex vivo human brain tissue

In order to ensure the widespread use and robust interpretation of the data acquired on

this next generation instrument, the diffusion microstructural estimates of tissue properties
obtained from dMRI will be calibrated against data obtained from other imaging modalities
that have the spatial resolution capable of directly measuring cellular/axonal size, shape

and orientation. The Connectome 2.0 project is undertaking a multi-pronged calibration
process in which the validity of the biophysical models will be assessed through experiments
on custom-made biomimetic tissue phantoms. The microstructural metrics inferred from
dMRI measurements performed /n vivoand on ex vivo human brain tissue will also

be systematically validated against measurements and numerical simulations taken at
progressively higher spatial resolution using micro-CT and EM.

4.1. Validation in biomimetic phantoms

Estimates of axonal size and packing density from dMRI have been debated due to the

lack of a gold standard for validation and quality control. To complement the acquisition of
never-before accessed /n vivo diffusion microstructural metrics, we are testing the validity
of the biophysical models for inferring cellular and axonal size and orientation against
biomimetic tissue phantoms that are custom-made to mimic gray and white matter. A novel
taxon (textile water filled tubes) anisotropic diffusion phantom has been constructed to
provide “ground truth” verification of the current limits of diffusion imaging and allows

for parametric control of diameters, density, and angle dispersion. A recent iteration of

the phantom was designed to contain 0.8, 2 and 5 um inner diameter (ID) tubes with a
packing density of 0.5 x 108 per mm?, scaled to match the range of sizes spanned by
myelinated axons in the human brain (Innocenti et al., 2014) and achieving an order of
magnitude in reduction of diameter from previous textile-based phantoms (Guise et al.,
2016) used for validation of dMRI microstructural measures (Fan et al., 2018). The phantom
was scanned on a variety of small- and large-bore systems at three Connectome 2.0 project
sites, including the University of Pittsburgh, National Institutes of Health, and Massachusetts
General Hospital.

Fig. 12 shows the micro-phantoms and a head-sized 140-mm phantom that contained two
test patterns to evaluate variable packing density and crossing angles for comprehensive
assessment of fiber geometry and structure on a clinical scanner. Fig. 13 shows the pore
diameter distributions estimated from DDE measurements (Benjamini et al., 2014) using
the NIH Bruker 7T equipped with a Micro2.5 microimaging probe (Gmax = 1495 mT/m).
Nonparametric fiber diameter distributions of the micro phantoms were estimated from
the DDE data based on a previously published analysis pipeline (Benjamini et al., 2016).
Peaks were observed in the distributions at 2 and 5 um ID, in agreement with the expected
nominal diameters of the taxon fibers contained within the micro-phantoms. A second
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peak in the distribution at 11 pm was thought to reflect the interstitial fluid compartment
surrounding the taxons (Komlosh et al., 2018). The results demonstrate the benefits of
synthetic, biomimetic phantoms in gaining parametric control over taxon diameters, packing
density and orientation, which will be leveraged for systematic multi-scale validation of
diffusion microstructural metrics obtained on the next-generation Connectome system.

4.2. Calibration of ex vivo diffusion MRl measurements with micro-CT and EM

The metrics inferred from dMRI measurements in the living human brain will require
systematic validation against “gold-standard” measurements taken at progressively finer
scales in order to lend confidence to the noninvasive measures of brain tissue microstructure
obtained from /n vivo dMRI. It is important to recognize that a systematic calibration of this
scope and level of detail has never been attempted for /n vivo dMRI measurements, much
less on a high-performance system of this caliber. Therefore, we consider the calibration

of dMRI measurements obtained on the Connectome 2.0 system to be a necessary and
important process that is inextricable from the actual development of the next generation
scanner. We expect these efforts to provide a comprehensive set of i vivoand ex vivo dMRI
data obtained in the whole brain and in smaller tissue blocks, with strong correlative data
obtained from micro-CT and EM that can be used to test and refine any number of dMRI
approaches.

As an initial demonstration of the validation pipeline and insights into brain tissue
microstructure provided by such a systematic approach, the Connectome 2.0 project is
undertaking a top-down, bottom-up approach to calibrating dMRI measures of axonal
microstructure against ex vivo dMRI, micro-CT and EM data. In particular, advances in
microscopy techniques and accompanying cell segmentation pipelines, along with increases
in computational power, have enabled one to perform numerical simulations of diffusion in
realistic tissue substrates (Fig. 14), facilitating the validation and optimization of biophysical
modeling of dMRI (Andersson et al., 2020; Chin et al., 2002; Lee et al., 2020c, e; Nguyen
et al., 2018; Palombo et al., 2019; Xu et al., 2018). For example, previous work has
quantitatively analyzed the microstructure in white matter axons, such as the axon diameter
distribution, along-axon caliber variation, and orientation dispersion in the mouse corpus
callosum using three-dimensional EM (Abdollahzadeh et al., 2019; Lee et al., 2019) and

in the macaque brain using synchrotron X-ray nano-holotomography (Andersson et al.,
2020). Furthermore, /n silico diffusion studies in realistic axonal shapes of mouse brain

EM have demonstrated that the diffusivity time-dependence along axons is mainly due to
caliber variations (Lee et al., 2020c), and that axon size estimation can be confounded

by the presence of axonal undulations at the diffusion times achievable on clinical and
preclinical systems (Lee et al., 2020b). We have developed an open-source software of
diffusion simulations in realistic cell geometries from microscopy data (Fieremans and Lee,
2018; Lee et al., 2020a), providing a universal platform of model validation and protocol
optimization for microstructural imaging using dMRI. It is important to keep in mind that ex
vivo diffusion MRI faces its own challenges in such validation efforts, including the changes
in MRI-relevant tissue properties and cell shrinkage incurred by tissue fixation (Roebroeck
etal., 2019). Several approaches have been proposed to preserve excised nervous tissue in

a viable physiological state that preserves the structural complexity of the tissue (Kakkar et
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al., 2018; Richardson et al., 2013) and may be adopted to ensure that the diffusion properties
of excised tissue emulate those observed /7 vivo as closely as possible.

With the development of multibeam serial EM (Eberle and Zeidler, 2018), high-resolution
images of human white matter now can be acquired at nanometer resolution over

volumes of tissue comparable to the MRI voxel size (~mm). The availability of EM

data over millimeter-sized volumes would help to obtain representative tissue snapshots

of the underlying diffusion MRI physics and to achieve faithful ensemble averaging over
all representative microenvironments, as well as providing the capability of studying
mesoscopic fluctuations (Burcaw et al., 2015) and biological variability over such length
scales. We have estimated histology-based axonal characteristics based on EM images from
a sample of human brain tissue obtained from the left temporal lobe in a patient undergoing
surgery for removal of an epileptogenic focus in the left hippocampus. Immediately
following excision, the tissue sample was placed in glutaraldehyde/paraformaldehyde
fixative, stained with reduced osmium tetroxide and embedded in Epon resin (Tapia et

al., 2012). The cured block containing full-thickness cerebral cortex and subcortical white
matter was trimmed to a 2 x 3 mm? rectangle and a depth of 200 um and imaged 8

x 8 x 30 nm3 using serial-section scanning EM (Sigma, Carl Zeiss) with a custom-built
automated tape-collecting ultramicrotome (Baena et al., 2019). The subset of images within
subcortical white matter (volume of 131 x 147 x 39 um?3) was extracted from the entire
dataset, and the myelinated axons were segmented using supervised deep learning with

3D convolutional neural networks (CNNs) and transfer learning (Tian et al., 2020). Our
diffusion simulations in the segmented subcortical white matter axons have demonstrated the
predominant contribution of axonal caliber variations to diffusion time-dependence along the
length of human axons (Lee et al., 2020e). The established segmentation, characterization
and segmentation pipeline will be applied to the entire human white matter EM dataset and
new EM and micro-CT datasets with dMRI data acquired on similar tissue samples.

4.3. Validation of macroscale connectional anatomy

The technologies developed as part of the original Connectome project have achieved
much higher resolution and SNR than had been previously feasible for /n vivo dMRI

and have laid the groundwork for mapping white matter circuitry with much finer detail.
An example of such an advance that has been enabled by Connectome technologies is
mapping the topographic organization of small axon bundles within the large pathways of
the living human brain. Such topographies had previously been demonstrated by invasive
tracer injection studies in non-human primates (Heilbronner and Haber, 2014; Lehman

et al., 2011). The /n vivo human dMRI scans that were widely available prior to the
development of the original Connectome scanner, while sufficient for mapping the large
highways of the brain, are not suitable for replicating the topographic organization of
small axon bundles within these highways. However, the MGH-USC Human Connectome
Project datasets (Fan et al., 2016) have been shown to be capable of replicating these
detailed topographies (Safadi et al., 2018), thanks to their high spatial resolution and SNR.
Furthermore, comparisons of ground truth axonal orientations from optical imaging to
diffusion orientations from data collected on ex vivo human brain samples in a preclinical
9.4T system suggest that high spatial resolution (1 mm isotropic voxel size or smaller)
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has an even greater impact than high angular resolution in resolving complex fiber
configurations (Jones et al., 2020). Thus, we anticipate that the next-generation Connectome
scanner, which will allow us to achieve sub-mm spatial resolution in the entire living human
brain while enhancing contrast-to-noise ratio, will increase the accuracy of mapping the fine
topographical organization of white matter pathways /n vivo.

The principles of topographic fidelity and microstructural specificity point the way toward
refining our view of macroscale connectivity in the human brain, by bringing together all of
the tools for mapping of micro-, meso- and macroscale connectional anatomy developed as
part of the Connectome 2.0 project. For more information on the validation of information
on connectional anatomy obtained from dMRI, and to ensure that these new technologies
are enhancing its accuracy, we refer the reader to the detailed review article included in this
special issue (Yendiki, 2021).

5. Conclusion

Our goal here is to translate our initial experience with the original Connectome scanner
into building a one-of-a-kind high-slew rate, ultra-high-gradient strength MRI scanner that is
optimized for the study of gray and white matter microstructure and connectional anatomy
across multiple length scales. By greatly enhancing the slew rate, we will achieve shorter
effective diffusion times needed to probe micron-sized structures within the imaging voxel.
By increasing the maximum gradient strength and overall SNR, we push the diffusion
connectional resolution and sensitivity to the level needed to map regional cortico-cortical
connectivity. Calibration of our diffusion measurements of neuronal and axonal structure in
living human beings against ex vivo measurements obtained with appropriately scaled gold
standard measurements will be essential to delivering a tool that is robust to interpretation
and can be readily applied to study variations within and between individuals. Through this
multi-faceted project of technology development and validation, we envision creating the
next generation diffusion MRI scanner capable of imaging the complex architecture and
structural basis of brain function across multiple scales.
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Fig. 1.
Peripheral nerve stimulation (PNS) characteristics of the Siemens Impulse head gradient

obtained in experiments and simulations using realistic body models. Left column:
Experimental PNS thresholds (blue) and simulated thresholds (red, for the female and
male model and their average) in terms of the smallest stimulating gradient amplitude as
a function of trapezoidal rise time for the Siemens Impulse head gradient (Gpax = 200
mT/m, maximum slew rate of 900 T/m/s), the geometry of which is being adopted for the
Connectome 2.0 head gradient with modified windings to achieve the target Gyax = 500
mT/m and maximum slew rate of 600 T/m/s. The gray shaded area denotes the accessible
performance region determined by Gnax and maximum slew rate. Center column: Sites
of perceived sensation reported by the subjects during the stimulation experiments. Right
column: Predicted sites of activation in the male body model. The color and size of each
sphere correspond to the reciprocal PNS threshold (which we refer to as the PNS oracle).
Figure adapted from Davids et al. (2021a).
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Fig. 2.

64g-channel and 72-channel /n vivo head array coil configurations (top row) with simulated
SNR maps (bottom row). Both head coil designs show similar SNR performance at the
center of the phantom. In the periphery of the brain, the 72-channel head coil shows a 13%
improvement in the simulated SNR. The latter will be advantageous for studies of cortical
microstructure.
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Fig. 3.

4Bg-channel and 64-channel ex vivo whole brain array coil configurations (top row) with
simulated SNR maps (bottom row). The dedicated 64-channel ex vivo brain array enables
approximately 17% higher SNR in the corresponding cortical regions of the phantom, while
achieving nearly identical SNR in the central region.
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Fig. 4.
Minimum TE obtained for the pulsed gradient spin echo diffusion sequence as a function of

b-value for different maximum gradient strengths.
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Fig. 5.
In brain white matter of two human subjects, the directionally averaged diffusion signal S(»)

scales as ~1/4/b at strong diffusion weighting 6. At high b-value, the extra-axonal signal
decays exponentially fast, and the “stick”-like intra-axonal signal dominates. The deviation
of the signal power-law scaling (solid line), manifested by the negative intercept in b — oo
limit (dotted line), offers an estimate for the effective axonal radius s ~ 3 um.
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Simulation results showing the resolution limit of PGSE (blue) and OGSE (other colors) for
the next-generation ultra-high G ax/slew rate of 500 mT/m / 600T/m/s (solid lines) versus
the current Guax/slew rate of 300mT/m / 200 T/m/s (dashed lines). Simulation results for
(TOP) parallel cylinders and (BOTTOM) dispersed cylinders mimicking axons (inset: OCT
images of axons in the human temporal lobe). The shorter effective TE achievable with the
next-generation Connectome scanner will enable a nearly 2x increase in SNR, which sets the
resolution limit (horizontal bars), resulting in a minimum axonal size of 1.4-1.6 um vs. 2.5—
3 um (Connectome 2.0 vs 1.0) in the case of parallel axons, and 1.6 um vs. 3 um in the case
of dispersed axons for relatively low-frequency OGSE. The different OGSE curves (denoted
by cyan, green, yellow and orange) correspond to different OGSE frequencies. The dotted
lines at the bottom of each figure correspond to a Gp;x and slew rate of 80 mT/m and 200
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T/m/s, respectively, representing the resolution limit attainable with the latest commercially
available clinical gradient systems. Simulations were performed using the Microstructure
Imaging Sequence Simulation ToolBox (MISST) (Drobnjak et al., 2010; Drobnjak et al.,
2011; lanus et al., 2013).
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Fig. 7.

Dguble diffusion-encoding (DDE) sequence (top) and maps of mean diffusion-weighted
imaging volumes using parallel and perpendicular diffusion encoding directions (bottom).
The microscopy anisotropy (LFA) maps derived from the difference of the parallel and
perpendicular signals is shown on the bottom panel. Figure adapted from Fan et al. (2020b).
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A.g The diffusion time (A) dependence of MAP-MRI scalar parameters (Avram et al.,
2016; Ozarslan et al., 2013) in a healthy volunteer (Avram et al., 2021): Propagator
Anisotropy (PA); Non-Gaussianity (NG); Return-to-axis probability (RTAP); and Return-
to-origin-probability (RTOP). B. The corresponding temporal scaling MRI parameters
(Ozarslan et al., 2012) by representing brain tissue as fractal-like media: d,y, — statistical
fractal dimension; dg — spectral dimension; ds — fractal dimension. Figure adapted from
Avram et al. (2021).
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Fig. 9.

Different microstructural “motifs” derived from the covariance of the subvoxel diffusion
tensor distribution (Magdoom et al., 2021). ODF - Orientation distribution function, /ODF
— micro-ODF. Figure adapted from Magdoom et al. (2021).
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Fig. 10.
High-quality dMRI reference dataset acquired at 760 pm isotropic resolution with 1260

g-space samplings across 9 two-hour sessions on a single healthy participant. The creation
of this benchmark dataset was made possible through the use of the current Connectome
scanner, a custom-built 64-channel phased-array head coil, and a recently developed SNR-
efficient gSlider acquisition. The color-coded FA maps of the 0.76-mm dataset are presented
in three orthogonal views. By using high spatial resolution, improved visualization of
detailed structures is provided (top panel), and more sharping-turning fibers such as those
connecting cortical regions between adjacent gyri can be observed (red arrows, bottom
panel). Figure adapted from Wang et al. (2021).
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Fig. 11.
Axial post-mortem whole human brain images obtained with multi-shell diffusion MRI

at 0.73 mm isotropic resolution using b-values of 4,000 s/mm? and 10,000 s/mm? (a)
Colorized FA maps obtained from DTI analysis of the b = 4,000 s/mm? data depict the

fine gray-matter bridges spanning the internal capsule. (b) Mean kurtosis maps obtained
from diffusion kurtosis analysis of the b-values of 4,000 ss/mm?2 and 10,000 s/mm? delineate
the external capsule, putamen, and subcortical nuclei with exquisite detail. There is also
high mean kurtosis corresponding to the corticospinal tracts coursing through the cerebral
peduncles. (c) Mean diffusion-weighted image at b = 10,000 s/mm? (left) and primary
eigenvectors derived from DTI analysis of the b = 4,000 s/mm? data show primarily radial
fibers (orange arrow) in the hand knob of the precentral gyrus (primary motor cortex) and a
thin layer of tangential fibers (white arrow) in the postcentral gyrus (primary somatosensory
cortex) on the opposite side of the central sulcus. Figure panels (a) and (b) adapted from
Scholz et al. (2021).
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Fig. 12.
Multi-scale taxon phantoms designed for imaging on preclinical and human MRI systems.

(a) Micro-phantom manufactured to fit in a 5-mm NMR tube containing fibers of 5 um

and 2 pm inner diameter (ID). (b) Filaments packed into a 1 mm3 cube for fibers of three
diameters (5 pm, 2 um and 0.8 um). Each filament contains 3476 taxon tubes. (c) 3T
phantom with crossing fibers (green areas) and variable packing density cubes of different
size (1, 2, 4, and 6 mm on a side) and density (0.125, 0.25, 0.50, and 1.0). The phantom was
sized to fit in a standard 20-cm head coil. Figure adapted from Pathak et al. (2020).
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Fig. 13.
Ground-truth diffusion phantom shared across labs demonstrate discrimination of fibers of

2 and 5 um in diameter. (a) NMR tube phantom containing 2 and 5 um ID taxons. The

2 and 5 um peaks are distinguishable based on a DDE acquisition with analysis using the
non-parametric multiple correlation functions framework. (b) Scanning electron microscope
image of the taxons. (c) Phantom was scanned on: the Connectome scanner at MGH, Bruker
7T at NIH, and Skyra 3T and 7T Bruker systems at UPMC. Figure adapted from Pathak et
al. (2020).
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Fig. 14.

The progression of diffusion simulations in realistic tissue microstructure. Starting

from diffusion simulations in 2-dimensional rodent light microscopy (LM) and electron
microscopy (EM) data, the advance of microscopy techniques and cell segmentation pipeline
have pushed forward the research of diffusion simulations in 3-dimensional tissue micro-
geometry, such as sequential slice EM and synchrotron X-ray nano-holotomography (XNH)
in primate brain white matter. The figure is adapted from Andersson et al. (2020), Chin et

al. (2002), Lee et al. (2020c), Lee et al. (2020e), Nguyen et al. (2018), Palombo et al. (2019)
and Xu et al. (2018) with permission from Wiley, Elsevier, and Springer Nature.
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