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A B S T R A C T

Mapping the large neural networks of animal and human brains is a fundamental but so far
elusive task, because of the massive amount of data and the consequent prohibitively long image
taking and processing times. We developed an effective strategy called “AXON” (Accelerated X-
ray Observation of Neurons) to solve this problem. AXON can achieve comprehensive whole-
brain mapping within a reasonable time by combining fast image taking and processing, plus two
other critical performances: three-dimensional (3D) imaging with high and isotropic spatial re-
solution, and multi-scale resolution. We successfully tested this strategy with coordinated ex-
periments at four synchrotron facilities in Japan, Taiwan, Singapore and Korea on two animal
models, Drosophila and mouse. Its performances notably allowed full 3D mapping of the
Drosophila brain in a few days. With reasonable improvements, AXON can deliver full mapping of
large animal and human brains on a realistic time scale of a few years.
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1. Introduction

Mapping individual cells and their connections in whole animal brains is, arguably, a “holy grail” in biomedical imaging [1–12].
The most critical problem is the long total time to obtain comprehensive maps. So far, the hypothetic estimates reached several
decades or centuries for large animals or humans [11–13]. We developed the new imaging strategy, the AXON (Accelerated X-ray
Observation of Neurons) [14], to reduce this time to reasonable levels, with performances in resolution substantially better than other
x-ray imaging strategies [15–20]. AXON exploits, in particular, the high brightness of synchrotron facilities commissioned in recent
years

In a first series of practical tests, we fully mapped the Drosophila brain in a few days. And, for mouse brain specimens, we
demonstrated a speed that can deliver comprehensive mapping within a few years. Such performances are not the absolute limits of
the strategy and can be improved with reasonable steps, notably including parallel image taking at multiple synchrotron facilities.
This will allow in a non-distant future to fully map the brains of large animals or even humans within times of the order of years.

The key feature of the AXON strategy is high speed, as required for whole-brain connectome imaging within reasonable times.
Note that the emphasis on speed constitutes a significant change in priority for synchrotron microscopy. In fact, the recent devel-
opments of advanced x-ray radiology for physics and materials science primarily targeted spatial resolution – reaching levels of the
order of 10 nm [21–23]. However, the requirements for comprehensive brain mapping are not limited to resolution and are much
more challenging, in particular as far as fast data taking and processing are concerned.

Resolution is not neglected and remains a priority: comprehensive mapping requires detecting fine cell details and in particular
neuron connections [24–29]. Furthermore, for regions with high density of neurons individual cells and cell connections must be
reliably distinguished from each other. The key additional requirement besides resolution is high speed, including two aspects: fast
image taking and fast image processing. Without them, the total time for mapping large brains is totally unmanageable.

In practical terms, the overall strategy must adopt an optimized compromise between resolution and speed. Our tests demon-
strated that a resolution of 0.3 µm is adequate for general mapping of the major neuronal connections. This level corresponds to
projection images of ∼30 megabyte each for a volume of ∼(0.5)3 mm3, largely sufficient to contain a single Drosophila brain. With
the AXON image acquisition speed - faster by orders of magnitude than all alternative 3D imaging methods - each projection image of
this size, ∼0.5×0.5 mm2, is taken in a fraction of a second. A typical set for tomography reconstruction includes 103 raw projection
images and can thus be acquired within a few minutes for a single Drosophila brain.

The time required for tomography imaging of a given volume can be used as a figure of merit to estimate the total time required to
fully map other animal brains. This parameter currently ranges from 10min/mm3 to 50min/mm3 for different synchrotron facilities.
Using a specialized higher flux monochromator with multilayer mirrors, the imaging speed performance can be boosted to 1min/
mm3 without degrading the resolution.

Scaling up from Drosophila to animal brains with larger volumes, such as a mouse brain (450mm3), the acquisition time of a set of
projection images with an average imaging speed becomes of the order of ten days (∼3–15 days). This, however, is not a complete
picture for the total mapping time. In fact, this estimate assumes complete automation of the data acquisition, which is only partially
achieved in the AXON facilities. Furthermore, an effective overall strategy requires the time for image processing to be comparable to
that for raw image acquisition, or shorter. The processing must yield high-quality tomography reconstructions, specifically preserving
the resolution of the raw projection images. Thus, one must adopt high-performance and fast reconstruction algorithms and, in
general, an effective computer processing strategy.

Another important issue in the AXON strategy is that reliable and comprehensive mapping requires data from many brain spe-
cimens. This is a consequence of our staining strategy, which in turn is required by the high neuron density in brains [30, 31] makes
the task of distinguishing adjacent neurons and their connections is unmanageable without effective countermeasures. Our solution is
sparse metal staining, i.e., the standard method by Golgi [32] and Ramón y Cajal [33]. Metal staining guarantees a suitable x-ray
imaging contrast to detect neurons and connections. Sparse staining limits the metal decoration to a small subset, typically 3–5%
[34–36], of the cell population. This alleviates the problem of distinguishing adjacent features [14].

With sparse staining, each specimen produces only a partial picture of the neurons and of their connections. Complete mapping
thus requires imaging hundreds of specimens [14]. The corresponding total time for Drosophila becomes, with the current AXON
performances and considering all factors, a few days. For mice, it reaches a few years. Hypothetically, one single human brain
(1.2× 106mm3) could be treated within tens of years (22–110 years), but a comprehensive mapping based on many specimens
would take tens of centuries, up to several millennia.

Obviously, this time is unrealistic. How could it be shortened? One way is to work in parallel on many specimens at multiple
synchrotron facilities. However, for a realistic strategy one should take into account other factors. For example, taking all images at
any resolution better than 0.3–0.5 µm - as we used in our tests — would dramatically and needlessly increases the data acquisition
time. And high resolution would require thin sections with reduced depth of focus that further complicated the data acquisition and
processing. Excessive resolution must thus be avoided. Overall, we estimate that 0.3 µm is not just a sufficient level but in fact an
optimized compromise between resolution and speed.

One should note that AXON has a wide margin for technical and strategic improvements that can decrease the overall mapping
time. The above estimates are based on the average of the performances of the AXON facilities, all of which can be improved. The
imaging speed can be accelerated by 1–2 orders of magnitude with limited investments on beamlines and instrumentation. Such
improvements can be easily implemented at all participating facilities, present and forthcoming.

More sophisticated advances of synchrotron technologies - such as those allowed by the increasing brightness - and more efficient
image detection can lead to higher X-ray imaging throughput. Furthermore, the overall mapping time can be shortened by more
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efficient tomography reconstructions [37] using smaller numbers of projection images.
The above analysis clearly identifies the main requirements of a comprehensive large-brain mapping strategy. First, the resolution

must be high enough to detect sub-cellular neuron features and in particular the major connections. Second, the image-taking must be
fast. Third, the data processing speed must be high enough to be comparable with the acquisition time. Fourth, sparse staining must
be used to alleviate the problems caused by high neuron density. All these requirements are met by the AXON strategy, but they are
not, by themselves, sufficient for effective and comprehensive mapping.

There exists, in fact, another crucial challenge. The “compromise” resolution level of 0.3 µm is adequate for general mapping, but
in special cases it is necessary to visualize very fine features like dendritic spines [38]. Therefore, one must have the option of
analyzing special areas of interest with extreme resolution. AXON meets this challenge by combining microtomography at 0.3 µm
resolution to nanotomography at the 20 nm level for such special regions.

This essential multi-scale resolution performance is achieved with the same imaging mechanism. Therefore, the areas of interest
identified by microtomography can be directly connected to their zoomed-in images delivered by nanotomography. This is another
unique feature of x-ray imaging, whereas approaches based on other imaging techniques would require undesirable measures like
sectioning or other specimen preparations.

In summary, the four pillars of the AXON strategy are high and broadly tunable resolution for image taking, fast image taking, fast
data processing and sparse staining. The first tests, such as those presented below, practically demonstrate the feasibility and
soundness of this approach.

2. Experimental procedures

2.1. Synchrotron X-ray tomography

To provide a first practical example of parallel imaging acquisition, we implemented the AXON strategy in parallel at four
synchrotron facilities: NSRRC (National Synchrotron Radiation Research Center) in Hsinchu, Taiwan (including the Taiwan Light
Source (TLS) and the Taiwan Photon Source (TPS) storage rings), SPring-8 in Hyogo, Japan, the Singapore Synchrotron Light Source
(SSLS), and the Pohang Light Source (PLS-II) in Korea. These facilities operate microtomography and/or nanotomography systems
suitable for the task. Specifically, we used the 6C [39] and 7C beamlines [40] of PLS-II, the 1A and 1B beamlines of TLS [41], the
Brain Imaging beamline of TPS, the 29XU beamline of SPring-8 [42] and the PCIT (Phase Contrast Imaging and Tomography)
beamline [43] of SSLS. Among these, the PLS-II 7C, TLS 1B and SPring-8 29XU beamlines are nanoresolution microscopy facilities.

The general schemes of the two kinds of beamlines are shown in Fig. 1(a). The sources are: undulators for the PLS-II 7C and
SPring-8 29XU beamlines, a multiple wiggler for the PLS-II 6C beamline, a superconducting wavelength shifter for the TLS 1A and 1B
beamlines, and bending magnets for the TPS Brain Imaging and SSLS PCIT beamlines. All beamlines except the SSLS PCIT include
double-crystal monochromators. The photon energy is in all cases 12–15 keV.

The layout of the PSL-II 6C instrumentation, similar to that of the other microtomography beamlines, includes notably: a thin
scintillator (2–6 μm thick, ESRF), a 40X, 0.95 NA lens (UPLSAPO 40×2, Olympus) coupled with a sCMOS (Zyla 5.5, Andor
Technology Ltd.) camera, producing 416×351 µm2 projection images, taken at equal angular spacing within 180°. The specimen is
supported by an air-bearing rotation stage (Aerotech Inc.).

The sample-to-scintillator distance is ∼2mm. The image-taking time for each projection is <500ms. The reconstructed volumes
are combined into a single set, with the same 3D resolution. The overall resolution level can be measured with test patterns consisting
of Au structures on thin SiN3 membrane, as shown in Fig 1(b). For microtomography, the modulation transfer function (Fig. 1c)
consistently demonstrates a resolution <0.3 µm. Note that this corresponds to the diffraction resolution limit at these wavelengths.

For nanotomography, the beamlines are equipped with X-ray lenses, Au-over-SiN3 zone plates with outermost zone width of
20 nm and 80 µm diameter [44], which magnify the image by ∼100×. The detection system is similar to that for microtomography.
A capillary condenser and a set of beam-stops and pinholes are arranged to optimize the x-ray illumination of the sample.

The measured resolution for such nanotomography instrument exceeds 20 nm [45], a level sufficient to detect very fine sub-
cellular details. Note, however, that using nanotomography for the entire mapping process is not feasible. In fact, the additional
focusing optics reduces the x-ray flux and therefore increases the image acquisition time. The minimum is ∼(50)3 µm3 per minute
[46] – totally insufficient to map whole animal brains within a reasonable time.

The contrast mechanism is in all cases a combination of absorption and phase effects. Specifically, for the portion of the neurons
labeled by the Golgi–Cox staining in each specimen, absorption contrast dominates. Instead, other features like the Drosophila skull
are primarily revealed by phase contrast. This difference facilitates the reliable identification of stained neurons and other neuron-
related structures.

Phase-contrast imaging in microtomography is achieved by an in-line setup, with the sample-detector distance optimized for the
best edge enhancement caused by the small x-ray refractive index differences between the various features [47]. In nanotomography,
a Zernike phase ring, fabricated with a similar procedure as the zone plates and placed at the back-focal plane of the zone-plate lens,
is used to modulate the phase of the transmitted X-rays.

2.2. Tomography reconstruction, neuron segmentation and validation

The projection image sets are computer-processed to implement filtered-back projection tomography reconstruction using the
Octopus software (Inside Matters NV, Belgium). The reconstructed volumes are visualized in 3D using the Avizo 9.0 software
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(Thermo Fisher Scientific, Hillsboro, USA). The reconstruction is completed within a time similar to that of the image acquisition,
5–10 min, making parallel processing feasible with limited turnaround periods. The reconstructed microtomography volumes are
found to preserve the 0.3 µm resolution of the projection radiographs.

Converting 3D voxel data into a neuron network map requires segmentation of filamentous features and tracing them to produce
wire diagrams. Our high image contrast allows accurate segmentation of the voxels corresponding to metal-stained features by simply
applying a gray-scale threshold to the tomographically reconstructed images. Tracing (i.e., skeletonization) of the network con-
nections is obtained with the FAST software [48] developed for the FlyCircuit database.

For Drosophila, we used the tomographically reconstructed images of 250 different partially stained brains to construct a
“standard brain” using the same procedure that was adopted for the FlyCircuit database [48]. The morphologies of individual
neurons delivered by AXON was validated by comparing them with the corresponding confocal micrographs from FlyCircuit.

Due to the lower image taking speed of nanotomography and the flat-slab geometry of the specimens that does not allow 180°
rotation, the tomography reconstruction is performed with fewer projection images than microtomography, typically 140 over a 140°
rotation range. This could in principle degrade the resolution, but in practice no such problem is observed.

2.3. Drosophila specimen preparation

Fly stocks (Canton-S) are maintained on standard cornmeal/yeast/agar medium at 25 ± 1 C and 70% relative humidity on a
12h:12 h light:dark cycle. Golgi-Cox impregnation is applied to specimens from approximately 10-day-old adults.

The procedure is modified from the description of FD Rapid GolgiStain kit (PK401, FD NeuroTechnologies). Briefly, after re-
moving the proboscis, the flies are fixed in 25% glutaraldehyde in a phosphate-buffered saline (PBS) with vigorous stirring for 90 s
and then kept in the same solution at 25 °C for 1–5 days. After rinsing with double distilled (dd) water, the flies are incubated in the
Golgi-Cox impregnation solution containing potassium dichromate, potassium chromate and mercury chloride, at 25 C in the dark for
5–14 days. Finally, the samples are gradually dehydrated through a 50%, 75%, 95% and 100% ethanol series and embedded in
EMbed-812 resin (EMS, Hartfield).

Fig. 1. AXON instrumentation and spatial resolution. (a) Schematic picture of the two types of synchrotron beamlines used for AXON: on the left, a
nanoresolution transmission x-ray microscopy facility, and, on the right, a microtomography facility. Bottom: images of test patterns whose smallest
features are 20 nm (b) and 0.3 µm wide (c), showing that the spatial resolution of the microtomography (nanotomography) beamlines is sufficient to
detect submicron (nanometer) features.
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2.4. Mouse specimen preparation

BALB/c mice were purchased from the National Laboratory Animal Center, Taiwan. All procedures were approved by the
Academia Sinica Institutional Animal Care and Utilization Committee (AS IACUC).

The mice were sacrificed by an overdose of Zoletil 50 (50mg/kg; Virbac Taiwan, Taipei) and xylazine (0.1 mg/kg; Bayer, Taipei)
administered by intraperitoneal injection (weight∼20–25 g). For x-ray imaging, the freshly isolated mouse brains are fixed overnight
with acrolein. After washing three times with distilled water, the brain samples are incubated in a freshly prepared Golgi-Cox solution
for a total of 14 days, with the first 7 days at room temperature and the remaining 7 days at 37 C; the solution is replaced on day 2
and day 7. Next, the brain is immersed in a tissue protectant solution (300 g sucrose, 10 g polyvinylpyrrolidone and 300ml ethylene
glycol in 500ml PBS (pH 7.2, adjusted to 1000ml by adding dd-H2O)) for 4 days, and then embedded in 4% agarose gel for vibratome
(VT 1200 S, Leica Microsystems, Wetzlar) sectioning. The tissues are then sliced; the thickness was 200 μm for microtomography and
100 µm for nanotomography. After dehydration in ethanol, the brain slices are embedded in EMbed-812 resin.

3. Experimental results

We present in this section a selection of results representative of the many ones delivered by our tests. Figs. 2(a) and 2(b) (and the
Supplementary Movie 1, Movie 2 and Movie 3) illustrate two examples of our results. In Fig. 2(a), a tomographically reconstructed
image of a Drosophila head shows the nervous systems and other features. Fig. 2(b) presents a tomographic image for a mouse brain.
These examples illustrate the excellent resolution achieved by AXON, coupled with fast image taking.

Fig. 2. High resolution tomographically reconstructed images of neurons of Drosophila and mouse brains. (a) Drosophila head showing the nervous
systems (green), muscles (orange), cuticles (gray), and ommatidia. The dorsal-half capsule was made transparent to show the internal structures.
The reconstruction was performed from 600 projection images taken at equal intervals within 180°. Inset:A projection image of the whole Drosophila
fly head with its Golgi–Cox stained nervous system. Scale bar: 100 µm. (b) Tomographically reconstructed image of a portion of mouse brain, also
from 600 projection images. The different colors correspond to different neuron clusters, each formed by interconnected cells. Scale bar: 40 µm.
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Fig. 3 (together with supplementary Movies 1 and 2) illustrates two key performances of AXON: the high resolution in spite of the
very fast image taking, and the capability to start from a large sample volume and then zoom to local regions.

Note that the resolution is not only high but also isotropic, as required for the analysis of large samples. This is the result of the
tomographic reconstruction. Furthermore, for microtomography we use no x-ray focusing optics, avoiding the corresponding limited
focusing depth.

In detail, Fig. 3(a) shows a projection image for microtomography of a whole mouse brain, at 0.3 µm resolution. Fig. 3(b) shows a
tomographically reconstructed image of a portion of the brain. The individual neurons are readily visible, and one can appreciate
their density even though only a fraction is imaged because of sparse staining.

After zooming, still at 0.3 µm resolution, one obtains by tomography images like Fig. 3(c), in which connections become visible.
As illustrated by the image of Fig. 3(d), by increasing the resolution with nanotomography, very small cell details such as nucleus and
dendrites, become visible. Finally, Fig. 3(e) shows a detailed nanotomography reconstructed image.

Fig. 4 (and the Supplementary Movie 4) illustrates the need of 0.3 µm resolution in microtomography to map neuron connections
on a large scale. Specifically, Fig. 4(b) shows a portion of the tomographically reconstructed image of Fig. 3(c), taken with 0.3 µm
resolution (lens magnification 40x); for comparison, Fig. 4(a) shows the same image at a relaxed resolution level, 0.5 µm (lens
magnification 20x). One might have the impression that the same connections are visible in both images. But this conclusion is
misleading. Indeed, the two plots of Fig. 4(c) show the distributions of connection segment lengths extracted with the two resolutions:
clear differences are seen for small segment lengths. This is reasonable, since without sufficient resolution short (and probably
thinner) connections are difficult to detect. Quantitatively, a total of >1.6×106 branches were extracted from the
∼0.4×0.4× 0.3mm3vol reconstructed from the 40x data, whereas only ∼3.4× 105 branches were extracted from the 20x data.

Finally, Figs. 4(d) and 4(e) (and supplementary Movie 5) illustrate another aspect of the need for high resolution: solving pro-
blems caused by the high density of neurons even with sparse staining. Fig. 4(d) is a tomographically reconstructed image from a
mouse specimen at ∼1 µm resolution, which could be interpreted as a branch splitting into three lines. However, with 0.3 µm
resolution (Fig. 4e) one sees instead two non-crossing branches.

These and many other results clearly show the importance of the resolution levels achieved by AXON. However, one should stress
again that such levels would not be useful without the exceptionally high image taking speed, which allows at the same time

Fig. 3. Neural network structures of the mouse brain for different fields of view and resolution levels. (a) Projection image a full-brain view of the
Golgi-stained neural network. Scale bar = 2mm. (b) and (c): reconstructed views of the neural networks of a thick, ∼2mm, mouse brain specimen.
Scale bars= 100 μm (b) and 40 μm (c). (d) Nanoresolution projection image of a 200 μm thick mouse brain specimen. Scale bar: 25 μm. (e)
Nanoresolution tomographically reconstructed image of a specimen similar to that of (d). Scale bar = 5 μm.
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comprehensive analysis of large brains and special zoomed-in studies of selected features.

4. Conclusions and perspectives

In summary, the extensive tests of AXON prove all the performances required for mapping whole-brain neural networks of the two
analyzed animal models. Comprehensive mapping was in fact fully achieved for Drosophila, and partially for mouse. The demon-
strated performances specifically included: (i) fast image acquisition for large volumes; (ii) multi-scale resolution; (iii) isotropic
resolution; (iv) labeling a large number of well-separated neurons; (v) visualizing multiple types of internal tissues; (vi) validating the
morphology identification by comparison with confocal microscopy data (the open FlyCircuit data base), and (vii) the extraction of
quantitative morphology parameters for the whole brain, and statistical analysis of the results.

These proven performances leave ample margins for further improvements. For example, decreases in the image acquisition and
processing time are currently pursued by improving the x-ray optics and detection systems and by implementing fully automated
tracing algorithms of the post-acquisition segmentation. Furthermore, we performed the first successful tests of parallel and co-
ordinated image taking and processing at multiple synchrotron facilities. We are also open to the addition of other synchrotron
facilities to this coordinated project.

The combined effects of these and other improvements will certainly increase the overall speed by at least one order of magnitude,
and potentially by three or more. Thus, we are confident that the comprehensive mapping time for the mouse brain will decrease to a
couple of months, and efforts in that direction are already underway.

Fig. 4. Results illustrating the need for the resolution levels delivered by AXON. (a) and (b) Reconstructed tomography images of the same portion
of a mouse brain, with different resolution levels. (b) is a portion of Fig. 3(c) and was taken with a 40x objective, reaching a resolution of 0.3 µm; (a)
was taken at 20x magnification, resolution >0.5 µm. Differences between the two images are not evident, whereas they are clear in (c), showing the
segment length distributions extracted from entire sets of 20× and 40× images. (d) Tomographically reconstructed image (field of view 40 µm)
from a mouse specimen at >1 µm resolution, which could be interpreted as a branch splitting into three lines. However, (e), obtained at 0.3 µm
resolution, shows that this is not true and there are instead two non-crossing branches.

A.-L. Chin, et al. Chinese Journal of Physics 65 (2020) 24–32

30



In perspective, we project the mapping time for a single human brain to decrease to a few years. The time for comprehensive
mapping involving many specimens would still remain prohibitively long (several centuries), but reasonable improvements are likely
to bring it down to manageable levels.

X-ray tomography thus emerges as a unique technique to meet this historical challenge, with a reasonable chance for success
supported by the recent AXON tests. Indeed, their results, such as those presented here, provide a factual foundation for our opti-
mistic conclusions.
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