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Abstract

To understand how information flows and is used in
the human brain, we must map neural structures at all
levels, providing visualizations similar to those of
Google Earth for continents, countries, cities, and
streets. Unfortunately, the imaging and processing
techniques currently used in connectomics projects
cannot achieve complete mapping for the brains of
large animals within the timespan of a typical research
career. However, feasible improvements in x-ray
imaging would change this situation. This Q&A
discusses synchrotron x-ray tomography, an exciting
new approach for in situ mapping of whole-brain
wiring diagrams at multiple levels of spatial resolution.
nique of choice for whole-body connectome mapping.
In a Presidential Lecture at the 2016 Annual
Meeting of Society for Neuroscience, you presented
the use of synchrotron x-ray tomography for
mapping whole body connectomes in Drosophila.
Why do we need x-ray imaging for connectomics?
Recent advances in imaging technologies open the door to
mapping a complete wiring diagram of the human brain, a
long-standing goal in neuroscience. However, each of the
imaging techniques being currently deployed provides dif-
ferent levels of visualization and can give only a partial
picture: medical-type imaging reveals connectivity
between brain regions; visible light microscopy detects
neuronal circuits at the cellular level; and electron micros-
copy (EM) identifies synapses and intracellular structures.
In theory, a complete connectome for a whole brain,
including all cells and their synaptic connections, could be
achieved by a three-dimensional reconstruction of EM
images. But in practice the time required limits this
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approach to mapping a small part of the human connec-
tome at least for the foreseeable future.
We sought an alternative to these techniques on

deciding that we wanted to map the whole body connec-
tome of Drosophila in order to understand the neural
basis of its behavior. X-ray microscopy offered advantages
in speed and resolution made more apparent and exploit-
able since its development using modern synchrotron
facilities [1, 2]. To meet the challenge of connectome
mapping, however, certain performance improvements
were required, notably to handle large specimens—the
entire animal brain and body—with sufficient image con-
trast and tunable resolution to detect the fine connections.
Overcoming these obstacles took more than a decade, but
as a result x-ray imaging is now, in our view, the tech-

Many of the advanced x-ray imaging techniques of
today are based on synchrotron sources. Synchrotron
x-rays offer high brightness with deep-penetration for
in situ visualization at a high speed of internal struc-
tures within a large tissue—similar to medical computer
tomography, but with much better spatial resolution for
obtaining multi-level views, ranging from a large brain
region to a single synapse. Importantly, the in situ
structures mapped by x-rays can be accurately aligned
with respect to in situ functional data taken with con-
focal and two-photon microscopies. Combining x-ray
and optical microscopy in situ data will allow the com-
bination of knowledge derived from different laborator-
ies for a full understanding of how the brain neurons
respond to a sensory input and control the body to
implement the corresponding behavior.
As a proof of concept, we have imaged with synchrotron

x-ray tomography not only the whole Drosophila brain
and body (Fig. 1) but also the whole mouse brain. Based
on the imaging results of more than 500 Drosophila and
tens of mouse brains, we believe that synchrotron x-ray
tomography is an ideal tool for achieving a three-
dimensional (3D) reconstruction of the whole human
brain in the not-too-distant future.
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Fig. 1. Tomographic 3D reconstruction of the whole-body Drosophila. a Surface (top) and volume (bottom) rendering of the whole body. Without fix-
ation and staining, enhanced phase contrast can clearly reveal the skeleton but not the brain. b, c The head of a Drosophila treated by Golgi-staining.
The top half of the skull in c is made transparent to show the brain and the neurons inside. Scale bar 200 μm
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How does x-ray imaging work and what are its
advantages for connectome mapping?
X-ray imaging was the very first use of x-rays, inaugurated
by Roentgen a few hours after his discovery. The technol-
ogy transfer to medical radiology was one of the most rapid
ever and x-ray imaging remains today, by far, the main field
of medical imaging activity. The working principle of the x-
ray imaging we use for brain imaging is no different from
that used in common medical radiology. An x-ray source il-
luminates the object and an imaging device detects the x-
rays passing through, forming shadow images revealing the
inside structure of the object. X-ray imaging emerges as the
top candidate for brain mapping because of its excellent
performance and unique characteristics:

1. High penetration: in most of the x-ray wavelength
range, the absorption by materials is very weak, so
the radiation reaches deeply into the specimens as
required for 3D imaging, in turn essential for con-
nectome mapping.

2. 3D imaging: this is realized with powerful specialized
approaches for tomographic
reconstruction—invented for medical use but now
expanding into many other applications.

3. Spectroscopy: the interactions of x-rays with materials
are mostly linked to electron core levels, whose
energies are determined by the elements in the speci-
men and by their chemical status. Many x-ray spec-
troscopy techniques—such as x-ray
fluorescence—exploit this fact to reveal the chemical
composition and properties. In many cases, these
techniques can be implemented with high spatial
resolution, becoming “spectromicroscopies”. This
capability could contribute in the future to the
connectome mapping projects by adding microscopic
chemical information to the structural information.

4. Short wavelengths: an advantage since the
resolution is often determined by the “diffraction
limit”, which causes a linear relationship between
resolution and wavelength to the advantage of
short-wavelength (≤ 1 Å) x-rays.

Resolution: what level do we need for whole-brain
imaging to map the connectome?
An imaging technique for this task must provide sufficient
spatial resolution to reliably detect individual neurons and
their major connections. Considering the size of dendritic
connections and synapses, this means a nanoscale reso-
lution (<100 nm). Such a high resolution increases the
image-taking time, making the mapping of the entire brain
unrealistically long. A sound connectome mapping strat-
egy must then combine different imaging techniques with
different resolution levels, using very high resolution only
when strictly needed.
Since the neural network densely occupies the whole
brain, the required resolution must be achieved in all
directions. The level of resolution could be different in
different directions (for example, in two-dimensional
(2D) electron microscopies)—but isotropic resolution is
preferable for 3D imaging because of the straightforward
analysis of the data.
For a whole-brain mapping strategy, besides resolution

one must consider the field of view (FOV). A small FOV
would jeopardize the advantages of high resolution by
increasing the number of images to be taken and the
total time for whole-brain mapping. The FOV-to-
resolution ratio must thus be as large as possible.
X-ray imaging satisfies all of the above requirements [3–

5]. Our new methodology, Accelerated X-ray Observation
of Neurons (AXON), combining synchrotron x-ray micro-
tomography and optimized staining, was specifically de-
signed with performances suitable for mapping individual
neurons in the whole brains of animals used as model or-
ganisms. By projecting x-rays through a sample onto a scin-
tillator and then capturing the visible light images with a
high resolution optical microscope, AXON microtomogra-
phy (micro-AXON) allows us to image the interior of a
whole fly head at < 0.5 μm resolution. With similar proce-
dures, the AXON nanotomography (nano-AXON) pro-
duces ~ 20 nm resolution, by magnifying the projected
image with a Fresnel zone plate, and enhancing the contrast
with a Zernike type phase ring as previously described [6].
To overcome the limitation of the field of view, we com-
bined multiple projection images for neuron fibers extend-
ing over a large volume. This technique, however, works
best by zooming in the region of interest, identified by
micro-AXON. Imaging was performed in one facility, as
shown in Fig. 2, at two resolution levels: micro-AXON at <
0.5 μm resolution for single neurons and their major con-
nections within large brain volumes, and nano-AXON at ~
15 nm resolution for sub-cellular structures and fine con-
nections. In this flexible strategy, using the same photon
source for different resolution levels is very advantageous.
The 3D information carried by the 2D images can be

extracted by tomographic processing [7]. This typically
requires large sets of 2D images for different specimen-
detector geometries, obtained by rotating the sample or
the detector. Specialized computer programs convert
such images into 3D volumetric data without deteriorat-
ing the resolution.

Contrast: does x-ray imaging of the brain produce
enough contrast to image neurons and their
connections for connectome mapping?
The answer is negative for unprocessed brain specimens,
but becomes positive after adequate staining. X-rays are
characterized by a weak absorption that, as we saw, al-
lows high penetration. But low absorption also means



Fig. 2. The AXON system with two types of beamlines used in this study. On the left, a nanoresolution transmission x-ray microscopy beamline,
such as the NSRRC (National Synchrotron Radiation Research Center, Taiwan) TLS 1B and PLS-II (Pohang Light Source, Korea) 7C facilities, which
achieve < 20 nm resolution [1] and, on the right, a microtomography beamline, such as the NSRRC TLS 1A and TPS U23, and the PLS-II 6C facilities.
The inset (lower left) illustrates the edge enhancement effect due to phase contrast from a boundary between two regions of different
refractive index
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low contrast. This must be corrected with suitable stain-
ing/labeling techniques, increasing the x-ray absorption
of relevant features including neurons and connections.
Unfortunately, common labeling agents for biomedical

imaging—such as the fluorescent fluorophores—do not
work for x-rays. One needs instead staining agents that
are strong x-ray absorbers, such as those containing
heavy metals.
An alternative to staining is offered by x-ray imaging

contrast based on the changes in the wave phase rather
than on absorption [8]. The phase of a wave propagating
through a specimen can be modulated differently by the
refractive index in different regions. One notable example
is the refraction observed for visible light at a water–air
interface. In the case of x-rays, with an adequate position-
ing of the detector and the specimen, phase contrast can
produce fringes that dramatically enhance the visibility of
boundaries between different parts of the specimen (inset
of Fig. 2). Phase contrast offers multiple advantages over
absorption contrast. In fact, x-ray absorption decreases
with the atomic number and exhibits only small differ-
ences between most materials in bio-systems. The differ-
ences are larger for refractive index, which determines
phase contrast. In practical tests, phase contrast has en-
abled x-rays to image isolated cells [1].
Could this mechanism solve the contrast problem in
whole-brain connectome mapping? Unfortunately, no.
Phase contrast tomography works very well for many
internal body structures, such as endoskeleton and
muscles [9]. But the phase differences between neurons
and the extracellular matrix are minimal, so phase
contrast is not very useful for directly mapping neural
connections. However, it is quite important for connec-
tome mapping by producing high contrast for all the
different parts of the animal heads. These clear 3D
features, such as the clearly visible components of the
muscle and exoskeleton in Fig. 1, can be used for
aligning 3D brain images from different specimens.

Speed: why is it that only x-ray imaging offers the
overall performance required for whole-brain
mapping?
A key issue in planning a whole-brain mapping strategy
is the total time required. The total time for mapping is
determined by the number of required raw images and
the time to take and to computer-process each image.
The specimen volume covered by each single image with
the required resolution determines the number of image
pixels and consequently the number of needed projec-
tion images. Due to the high penetration of x-rays, this
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specimen volume is only influenced by the spatial
resolution level and by the FOV.
The ratio of the FOV to the image pixel is determined

by the technical characteristics of the image detector
and can be tuned by the magnification factor (achieved,
for example, with x-ray lenses). Working at 1 μm3 reso-
lution, a synchrotron provides the x-ray flux sufficient to
collect a projection-image set for tomography of a
109 μm3 volume within a second [10]. Roughly speaking,
this corresponds to a total image-taking time of ~ 5 ×
102 s for a whole mouse brain and of ~ 106 s (~12 days)
for the human brain. These times are, however, unrealis-
tic and achievable only by fully optimizing all the
involved techniques. More realistic projected perform-
ance falls below these extreme levels. Even so, the evalu-
ated total image-taking time of months or years would
be acceptable. And no other imaging technique gets
even close to this performance, their image-taking times
being longer by orders-of-magnitude.
In essence, the 3D nature of x-ray imaging makes it

ideal for complex 3D structures, and therefore superior
to any other imaging technique in terms of speed, the
crucial obstacle along the path to whole-brain connec-
tome mapping.

Synchrotrons: why use them? Does their
coherence matter?
Synchrotrons are truly superior x-ray sources for
imaging applications [2]. In order to fully appreciate
their role, one should consider several characteristics:
flux, brightness and coherence.

1. The high emitted flux F of a synchrotron source
increases the signal-to-noise ratio, shortening the
image-taking time. This is certainly important, but
does not give a complete picture.

2. Brightness: focusing x-rays—as required for many
microimaging techniques—is facilitated if the source
is small and with a narrow angular range. In fact, the
product of the beam transverse section and of its two-
dimensional angular spread is conserved along an
optical system. In practice, strong focusing requires
large optical devices that are technically challenging
and expensive—unless the source size Σ and
(two-dimensional) angular spread Ω are small. The
brightness (or brilliance) B = constant ×Φ/(ΣΩ)
combines these properties: a good source has a high
brightness.

3. Coherence is the property that enables the emitted
radiation to produce wave-like phenomena like
interference and diffraction, and also phase contrast.
There are two types of coherence: “spatial” (or
“lateral”) and “time” (or “longitudinal”). Time
coherence, related to the emitted wavelength
bandwidth Δλ, is measured by the “coherence
length” Lc = λ2/Δλ. Spatial coherence is measured by
the “coherent power”, a parameter proportional to
Δλ2/(ΣΩ). Synchrotron x-ray sources produce high
coherence for phase contrast imaging.

These parameters can be understood by considering,
for example, diffraction by a pinhole. A source with
small size Σ and an infinitely narrow bandwidth Δλ
always produces a detectable diffraction pattern. But
if Δλ becomes large, different wavelengths produce
different diffraction patterns, whose superposition
may no longer exhibit diffraction-revealing fringes.
Likewise, different points in a large-size source pro-
duce different patterns whose superposition may not
exhibit fringes.
The above values characterize x-ray sources in terms

of imaging performance, such as contrast and spatial
resolution. Synchrotron x-rays reach better values than
any other x-ray source by orders of magnitude. For ex-
ample, the spatial resolution we achieved with synchro-
tron microtomography (<0.5 μm) is difficult to obtain
with other xray sources, due to insufficient flux, brightness
or coherence. Thus, in our view, synchrotron x-rays re-
main the ideal choice for superior image performances.

Staining: sparse or complete? Advantages and
limitations of different strategies
As mentioned earlier, for connectome mapping the low
x-ray contrast must be compensated for by staining the
neurons with high x-ray-contrast materials. Specifically,
small particles—typically metallic—delineate the relevant
microstructures if they “decorate” them: structure-
specific staining is essential.
Staining methods can be imported from other imaging

techniques but must be optimized for connectome
mapping. We want to image as many neurons as
possible: could we simply stain all neurons? Unfortu-
nately, no: complete staining does not work for the
brain, whose volume is mostly filled by neurons and
connections; tomographic processing cannot be
performed if the x-ray transmission is excessively
blocked—unless a nanometer 3D resolution is used to
separate all connected cells. Nanotomography offers this
resolution, but image taking is very long.
We solved this problem by going back to the original

approach by Golgi and Cajal to sparsely stain neurons
with heavy metals, a popular neuroimaging method for
2D visible-light microscopy. For a century, the Golgi
method, with its characteristic “random” staining,
enabled many generations of neurobiologist to capture
the complete structure of individual neurons in
extremely packed brains. As we recently demonstrated
(Fig. 1), this method works even better for x-rays,
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revealing with sub-micron resolution individual neurons
delineated by the metal stain [6].
The Golgi method stains a neuron either completely

or not at all, depending on a process that is not
completely understood, by which the heavy metal ions
diffuse inside of the cell body and are reduced and
nucleated. The number of stained neurons is low, typic-
ally 1–5% [11, 12] in mouse brains. This allows us to use
a plan based on sparse staining and on a statistical
approach (similar to that used for human genome
mapping), morphing and fusing many different partial
3D images to cover all neurons and connections. With
an estimated 1–5% Golgi staining coverage of Drosophila
brains, this will require partial images of > 100 whole
brains. We have already acquired that many images for
Drosophila, and we are completing the same strategy for
mouse brains.
The staining coverage can be increased by increasing

the staining time, or by other modifications of the
procedure. From our Drosophila and mouse tests, we
estimate that the Golgi-staining coverage could be
expanded by > 30% before resolving the connected struc-
tures becomes problematic. This increase would reduce
the number of brains required for complete connectome
mapping—something very beneficial for mouse and
human brains due to the limited specimen availability.

Specimen preparation: how to guarantee the
required isotropic 3D resolution? Can x-rays
perform live imaging with no specimen
preparation?
Besides staining, other aspects of specimen preparation
are critical in high-resolution x-ray tomography. The
reconstruction from raw images often yields poor reso-
lution or fails completely due to specimen instability,
specifically local distortion due to heating, dehydration
or other types of radiation damage. Indeed, the standard
“filtered back projection (FBP)” reconstruction, an
efficient way to convert 2D images taken at different
viewing angles with respect to the x-ray beam into 3D
volume data [13], does not tolerate any of the specimen
parts corresponding to the minimum reconstruction
volume (voxel) to deviate from its ideal circular trajec-
tory by significantly more than its own size.
This imposes a stringent condition to specimen stabil-

ity: radiation damage and other causes of distortion must
be minimized. Note that several iterative reconstruction
algorithms are designed to correct minor distortions but
they also prolong the reconstruction time and thus slow
down the entire process.
It is thus very important to prepare the specimens so

that they are sufficiently stable under the effects of
radiation, heating or other factors during image acquisi-
tion. In our experiments, we extensively tested standard
fixation methods and successfully used the fixation
method described in [6] to meet the requirements of
connectome mapping.
As to the possibility of x-ray imaging of live speci-

mens, this is of course routinely achieved by medical
radiology. And x-ray microtomography has demon-
strated excellent live-imaging capabilities in a study of
vasculature caused by tumor microangiogensis in mice
[14]. In this case 3D imaging of even the smallest
capillaries was achieved with the aid of contrast agents
administered through the vessels. One cannot, however,
apply contrast or labeling agents to similarly delineate
neurons in live brains, so live-specimen imaging is not
an option for connectome mapping.

Reconstruction: what algorithms can be used and
what is their level of performance?
In essence, tomography reconstruction first converts a
series of 2D images into quantitative values of the absorp-
tion coefficient for each specimen voxel, which are then
used to produce 3D maps by a procedure called volume
rendering [15]. With the most effective FBP method [13],
a typical reconstruction can be completed within a few
minutes on a standard computer workstation.
There is certainly room for improving the reconstruction

performance further to accelerate connectome mapping
and several new methods have been proposed to exploit in-
creasing computer power. A common strategy is to obtain
an accurate 3D structure by iteratively correcting at each
step the results of the previous step with fits of 2D images.
This approach, when it converges, can reduce the number
of required 2D images and/or their angular range [16].
Artificial intelligence is likely to play a key role in the

reconstruction process [17]. We specifically envision
using the a priori knowledge of individual neuron shapes
and of the connection distribution and characteristics to
develop more effective reconstruction algorithms. This
could notably accelerate the convergence of iterative
reconstruction and achieve the best compromise
between final image quality and overall speed.

Image processing: how are the raw images
transformed into structural data?
A successful tomography reconstruction should preserve
all the details of the network structures down to the
targeted 3D resolution, producing accurate “bit map” voxel-
by-voxel volumetric data. The “bit map” information is then
converted to a vector representation of the network. In
connectome mapping, the critical information for each
voxel is if it belongs or not to the neuron network.
Therefore, the conversion can be limited to “black-and-
white” maps.
This is achieved with the “segmentation” process. When

visually inspecting the final tomographically reconstructed



Fig. 3. The tomographic reconstruction procedure for constructing
a database from x-ray micro-radiography images
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slices, one can recognize if a voxel is stained or not by
judging the grey scale value of the voxels. If the value, the
local x-ray absorption coefficient, is higher than a well-
selected threshold corresponding to the unstained tissue
absorption, this indicates that the voxel includes absorbing
components other than the tissue. One can thus conclude
that it is affected by the heavy-metal Golgi staining and
must, therefore, be part of the neural network. The final
steps of image processing must connect all the voxels that
are related to one specific neuron and provide a picture of
the complete structure.
This procedure is not trivial. Noise interferes with it, in

particular when the signal is weak: one needs special algo-
rithms [18] to handle the weak contrast of very fine struc-
tures. But the process was optimized and is now fast
enough to be part of the image processing procedure
without causing excessive delays.
The segmentation and neuron tracing steps

produce a vector representation of the network that
does not occupy too much memory space—and can
be easily used for further structural analysis without
accessing the original images. Figure 3 shows the
standard procedures for the image processing
described above.

How do you obtain a complete connectome from
different brains with structural variations?
Brains are inherently plastic. In Drosophila, an adult
brain is subdivided into ~ 50 small regions, called local
processing units [19]. Most units are well separated from
each other with distinct boundaries as a result of clus-
tered neurites from its intrinsic local interneurons mixed
with axons/dendrites from extrinsic input/output
neurons. At the mesoscopic level, information from each
sensory modality is relayed by stereotyped projection
neurons and processed by specific sets of local
processing units [20]. Thus, regardless of local synaptic
plasticity, a neuron hardly changes its pre- and post-
synaptic partners in a well-developed brain.
Our high-speed microscale x-ray mapping gives us an

opportunity to address neuron-to-neuron connectivity in
the whole Drosophila brain by a statistical approach.
With a large number of datasets, > 500 brains of
Drosophila adult females, we first extract the 3D struc-
tures of all labeled neurons (1–5% of total population)
for each individual brain. We then merge many partial
representations by a non-linear spatial transformation
into a model brain with an average size and shape. By
oversampling more than five-fold of the total brain neu-
rons, the model brain contains most if not all neuron
types and all connections between local processing units.
This will be an open resource, allowing the inclusion

of additional data from other laboratories. Note that in
this process no assumption is made that the structure
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and the connections of neurons in each brain are identi-
cal after morphing, but only that when a sufficient
number of specimens is reached, each neuron-to-neuron
connection can be assigned a likelihood index. One can
then focus on a small region of interest to validate the
connection by nanoscale x-ray tomography or serial-
section electron microscopy at the synapse resolution.
Thus, the proposed connectome map will include all
possible variations between different Drosophila brains
and the deduced wiring diagram will guild us for further
functional studies. The problem of variability between
individual connectomes will be more challenging in the
large brains in mice and humans.
How can information obtained by other imaging
techniques be combined with the connectome
maps from x-ray imaging?
The connectome map extracted from a collection of x-ray
imaging results can be improved by additional experimental
data. Such data could be obtained not only with x-ray
imaging but also with other techniques. As mentioned,
phase contrast tomography effectively reveals certain bio-
logical structures, such as muscles and bones, without stain-
ing. Combining results from multiple techniques should not
be a problem if they also preserve the in situ spatial relation
between the nervous systems and the surrounding tissues.
For combining structures within the brain, using well-
identifiable structure landmarks and the same morph-and-
fuse strategy described above, all the 3D information yielded
by imaging techniques other than x-ray imaging can be
registered to the corresponding correct location.
Can laboratory-based x-ray sources provide an
alternative to synchrotrons?
Modern synchrotron facilities provide unmatched per-
formance particularly suitable for microtomography and
nanotomography. However, they are large-size instru-
ments with high operation costs; thus, their accessibility
is a concern. Sources that are much smaller and have
not-too-reduced performance are a key objective of x-
ray technology. Miniature synchrotrons have given ra-
ther disappointing results, but other devices emitting
high-brightness x-rays are becoming quite promising for
high-resolution imaging.
However, their demonstrated performance—particu-

larly the resolution—is not yet sufficient for connectome
mapping. This limitation is primarily a consequence of
the large source size, and could in principle be overcome
with image magnification, for example, by using x-ray
optics [21–23] or other solutions [24].
Even so, there remains the problem of image acquisi-

tion speed—the characteristic that makes x-ray imaging
the best candidate for connectome mapping of large
animal brains. This problem could be solved at least in
part with the parallel use of multiple laboratory-size
sources and detectors. This would also relax the require-
ments for specimen preparation. A parallel acquisition
strategy could thus become an important part of the
ultimate strategy for mapping the human connectome.
Outlooks: what improvements are needed to
eventually map human brains?
Speed and throughput still are the key concerns: every
steps of the mapping process must be optimized to
improve them.

- Better staining could enhance the throughput.
However, this may be problematic for the whole
human brain: no Golgi staining was reported for it
with the quality reached on smaller scales. The
solution may be a compromise between staining,
sectioning, and tomography performance.

- For image acquisition, brighter x-rays from laboratory
sources, synchrotrons, or even x-ray-free electron
lasers would increase the throughput.

- Improvement of the detector efficiency, currently
affected by technological limitations, is critical for the
human-brain connectome mapping.

- Other detection improvements could boost the
throughput. A projection microscopy system using an
x-ray point source could scale the magnification to
match the detector pixel size and get the desired
resolution. This could eliminate the inefficient
conversion of x-rays to visible light by scintillation,
replacing the visible-light detectors with directly
coupled x-ray detectors.

- A large number of small-size pixels can increase the
detection area and reduce the time to slice and cut
the specimens. Ideally, a detector covering the entire
human brain, ~ 20 × 30 cm2 with a pixel size of
0.5 μm2, equivalent to a 60 K × 40 K camera, would
allow microtomography without sectioning. This
device is not yet commercially available, but feasible
with the current manufacturing technologies. This,
however, would imply massive computation for
reconstruction, requiring a supercomputer.

- New methods for 3D x-ray imaging, including
algorithms for tomography reconstruction from a
small number of projection images, could lead to
orders-of-magnitude improvements of the mapping
throughput.

- The speed of standard computers is not optimal for
tomography reconstruction, segmentation, and
tracing. Supercomputers could strongly improve the
throughput. Managing the resulting database will also
require supercomputers linked by a very fast network.
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Should an international network for connectome
mapping be created?
With the increasing rate of technological breakthroughs,
a comprehensive x-ray mapping of the human connec-
tome should become feasible in the not-too-distant
future. The scale of this enterprise, however, will pose
formidable challenges requiring a broad international
effort. This collaboration must be structured into parallel
operations, similar to the strategy implemented for the
Human Genome Project.
There are more than 30 synchrotron facilities

worldwide—each with tens of beamlines—suitable for
microtomography and nanotomography. And the
possible use of laboratory-based sources would result in
an even broader network. This, by itself, speaks in favor
of international cooperation.
Thus, the planning of the connectome mapping strat-

egy must include the effective management of a large
international consortium. Its individual nodes must be
organized to perform their cooperative tasks in parallel
first, and afterwards to focus on specific applications,
taking advantage of the combined knowledge generated
by the entire collaboration. The Human Brain Project
[25] or Graphene [26] of Future and Emerging Technology
Flagship Initiatives in Europe provides relevant experiences
about the strong points but also about problems: they
should constitute the references for the envisioned X-ray
Connectome Consortium.
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