Unveiling 3D Biological Structures by X-ray Microtomography
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In this paper, we provide an introduction to the microtomographic analysis of three-dimensional (3D) biological structures
such as neuronal circuits, which are built up by neurons as a 3D network. Unveiling the 3D biological structures is the first
step to understanding the mechanism of biological functions. A practical basis for spatial resolution, viewing field, and
exposure time are outlined. Contrast enhancement with high-Z probe elements is described and the observation
wavelength is considered. Structural analyses of human and mouse brain networks are presented as examples of
application to 3D biological structure visualization. A methodology for building skeletonized wire models in 3D
coefficient maps is illustrated by analogy to a method used in macromolecular crystallography. Our results indicate that x-
ray microtomography is a potential method of unveiling 3D microstructures relevant to biological functions, like x-ray
crystallography in molecular biology.
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1. Why microtomography?

How can we determine three-dimensional (3D) biological structures? Some people might say that we can visualize 3D
objects by using electron microscopy. An example of such a micrograph is shown in Figure 1a. We can see micrometer-
sized rectangular wells carved on an aluminum wire, as if we had visualized the 3D structure. However, this is only a
two-dimensional (2D) picture. We cannot see how deep the wells are or what the sample’s inner structures are.
Information about the 3D structure is not included in this micrograph because this picture only represents the
appearance of the sample surface owing to the low permeability of the electron or ion beam used in this method.
Therefore, 3D visualization of a sample with a biologically relevant thickness is difficult.

Others might say that we usually visualize 3D structures of biological samples by using light microscopy. Indeed,
biological structures specifically labeled with fluorescent probes can be visualized with fluorescence confocal
microscopy [1]. A 3D image can be created by stacking 2D micrographs. However, the absorptive and refractile nature
of biological tissue for ultraviolet, visible, and infrared light makes it difficult to visualize 3D microstructures existing
deep in block samples. This actually results in anisotropy among the image dimensions. While the number of pixels in
the micrograph plane is over 1000 x 1000, the number along the direction perpendicular to the micrograph plane is
typically 100 at most.

In contrast, the transmissive and less refractile nature of x-rays with respect to biological tissue enables radiographic
observation of inner structures. X-ray computed tomography (CT) is one such radiographic technique and it is used for
visualizing 3D structures. Because the wavelength of hard x-rays is several thousand times shorter than that of the
visible light used in light microscopy, the diffraction-limited resolution of x-ray microscopy is much higher than that of
light microscopy. The application of x-ray microscopic approaches to CT analysis [2-4] has led to the visualization of
3D microstructures. The example of microtomographic analysis in Figure 1b reveals the 3D microstructures of the
rectangular well patterns. This figure clearly indicates that x-ray microtomography (micro-CT) can visualize not only
the surface appearance but the 3D density distribution.

Fig. 1 Visualization of rectangular
wells carved on an aluminum surface. (a)
Secondary electron image of 2.0-um pitch
wells taken with a focused ion-beam
apparatus. Only the surface was
visualized. Scale bar: 1 um. This figure is
' reprinted from ref. 13 with permission
from Elsevier. (b) Microtomographic 3D
q image of similar patterns with pitches of
2.0 pm, 1.6 um and 1.2 pm taken using
zone plate optics. The right side end of
the sample was cut off to reveal the cross
section. The pattern profiles along with

b) internal structures were visualized.




2. Microtomography in practice

2.1 Sample preparation

Microtomographic analysis is performed by recording 2D radiographs of a sample by rotating the sample itself. The
acquired images are then subjected to the tomographic reconstruction calculation, giving the 3D distribution of
structural constituents (Fig. 2a). In this data acquisition process, we assume that the sample structure is stable and
exhibits little change. Although time-resolved microtomographic analysis has been achieved by acquiring a dataset
within a few seconds [5], most microtomographs are designed to acquire a dataset by taking from a few minutes to
several tens of minutes. Sample drift or deformation faster than the data acquisition process causes reconstruction
artifacts in the resultant microtomogram. Therefore, all the constituents in the sample should be structurally fixed for
the duration of the data acquisition. Because biological samples are mostly composed of soft tissues, they are usually
embedded in epoxy resin [6] to fix their structures. We have already reported detailed protocols for preparing such
microtomographic samples [7]. As a rule of thumb, resin embedding is essential for the visualization of 3D structures at
a resolution of a few micrometers or finer.

2.2 Spatial resolution

In many microtomographic analysis cases, the pixel width of the 2D radiograph is set to around half the x-ray optics
resolution to minimize the amount of raw data, which typically reaches over 1 Gbyte. This Nyquist criterion has also
been applied to image sampling in clinical CTs [8,9]. However, the spatial resolution is the most important concern in
microtomographic analysis. From the sampling theorem, a 2D image should be taken with a pixel width of less than

1/ 2x/§ times the spatial resolution [10]. This can be generalized by stating that an N-dimensional image should be

digitized with a pixel width of less than 1/ 2\/N times the spatial resolution. Therefore, radiograph sampling at half the
spatial resolution is sufficient for microtomographic data acquisition but insufficient for reconstruction calculation. The
3D microtomographic image should be digitized with a pixel width of l/ Zx/g times the spatial resolution. This pixel

width can be achieved by taking radiographs with a finer pixel width or by interpolating the radiographs with zoom
reconstruction [11], which gives a pixel width of 1/2 or 1/4 of the acquired radiographs (Fig. 2b). We have implemented
this zoom reconstruction method in the program RecView (available from http://www.el.u-tokai.ac.jp/ryuta/).
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Fig. 2 (a) 2D radiographs are taken by rotating the sample. The horizontal pixel strip extracted from the 2D radiograph was
subjected to Fourier transformation, application of a filter function, and inverse Fourier transformation. Back-projection calculations
were then performed to obtain the microtomogram. (b) Radiographs taken with a pixel width w were back-projected with a
broadened projection width of about 1.4w when the filtered strip was projected from an angle of 45°. The broadening can be avoided
by applying zoom interpolation prior to the tomographic reconstruction.

The spatial resolution of the reconstructed microtomogram can be examined by using 3D micro test objects [11-13].
Spatial resolution in real space is usually estimated from the modulation transfer function (MTF) that describes the
dependence of intensity reproducibility with respect to the structure’s fineness. The microtomographic MTF is actually
determined from the intensity profile of periodic patterns [11,12] or sample edges [13]. Although periodic patterns
should be prepared by carving rectangular wells on the test object’s surface, as seen in Figure 1, flat surfaces of crystals
or edge structures found in the sample itself can be used for in situ MTF estimation. It is also necessary to note that the
in-plane resolution within the tomographic slice is affected by the reconstruction calculation, while the through-plane
resolution along the rotation axis is mainly independent of the tomographic reconstruction. Therefore, both the in-plane



and through-plane resolutions should be estimated separately. Examples of spatial resolutions of microtomographs
available at the synchrotron radiation facility SPring-8 (Hyogo, Japan) are given in Table 1.

Table 1  Spatial resolutions of simple projection microtomographs at SPring-8.

Beamline BL20B2 BL20XU, BL47XU
Number of projections per 180° 1800 1800
Pixel size (um) 2.75 0.5
2D resolution (pm) ~8 1°
In-plane tomographic resolution® (um)

Square wave pattern 8.5¢ 0.8¢

Edge response - 0.9°
Through-plane resolution (um)

Square wave pattern 8.0° 0.8¢

a) Tomographic resolutions were estimated at 5% MTF using the zoom reconstruction.
b) Resolution reported in ref. 14; ¢) in ref. 11; d) in ref. 12; e) in ref. 13.

There has been discussion that the resolution of simple projection optics in the synchrotron radiation
microtomographs depends on the thickness of the fluorescence screen of the imaging detector [15]. Higher
microtomographic resolution achieved with zone plate optics depends on the x-ray optics setup. Most laboratory
microtomographs are equipped with microfocus x-ray generators whose focal size determines the spatial resolution.

2.3 Viewing field

Viewing field sizes are another important concern in tomographic visualization. The dimensions of the tomographic
slice plane are determined by the pixel width and number of pixels along the direction perpendicular to the sample
rotation axis. If we choose the rotation axis to be along the vertical direction in a parallel-beam geometry, then a
radiograph with 2000 horizontal pixels with an effective pixel size of 0.5 pum is reconstructed into a 2000 x 2000 pixel
tomogram corresponding to a tomographic viewing field of 1.0 mm in diameter. Naturally, the sample should be
illuminated with x-rays all over the detector area. The dimension perpendicular to the tomographic slice is determined
by the number of pixels along the rotation axis. In the above example, the 3D viewing field reconstructed from a
radiograph with 2000 horizontal and 1000 vertical pixels covers 1.0 mm in diameter x 0.5 mm in height.

In tomographic analysis, we assume that the sample cross-section is accommodated in the tomographic viewing field
in the slice plane. If the sample leaves this viewing field, image intensities around the viewing field boundaries are
disturbed in the reconstruction calculation, though the image shape is not severely deteriorated. Therefore, even when
the outside dimension of the sample cannot be fitted within the tomographic viewing field, the structure of the region of
interest can be visualized by microtomography if the local shape of the region of interest rather than the image intensity
should be determined.

As described in the following section, 2D radiographs in the range from 0° to 180° should be acquired for
tomographic reconstruction. The obtained dataset contains all the possible projection images of the sample rotated
around the defined axis. This data acquisition is usually performed by placing the rotation axis at the center of the
detector viewing field. Another strategy for acquiring a dataset is to take radiographs by placing the axis near the left or
right end of the viewing field. For example, if the rotation axis is placed near the right end, the left half of the sample
image is taken at 0° and the right half at 180°. Therefore, the whole dataset can be taken by rotating the sample from 0°
to 360°. This data acquisition method is known as offset CT; it is used to double the width of the viewing field.

In contrast to the viewing field width, there is no need to arrange the sample to be accommodated within the viewing
field height along the rotation axis. This height dimension of the viewing field can be extended by scanning the sample
along the rotation axis and stacking the obtained microtomograms [16].

2.4 Data acquisition

Once the required spatial resolution and viewing field have been defined, data acquisition parameters can be configured.
The important parameters for the tomographic data acquisition are rotation angle and exposure time per radiograph
frame.

2D radiographs from every direction should be taken in order to reconstruct the 3D image. This is accomplished by
taking radiographs while rotating the sample from 0° to 180° in the normal CT setup or from 0° to 360° in the offset CT
setup. Because the tomographic reconstruction is usually performed by the back-projection method (Fig. 2a), each
radiograph should be taken with a fine step of RAO in the circumferential direction, where R denotes the distance from
the rotation axis and A@ the rotation angle per frame. For example, if the detector width is 2000 pixels and the rotation
axis is placed at the center, the maximum distance R from the axis is 1000 pixels. Each pixel in the reconstructed
tomogram can be resolved by taking an RA# step of less than 1. Therefore, the rotation angle per frame A6 should be



less than 0.001 radians or 0.0572° to resolve the outer circumferential pixels in the tomogram. If A# is set to 0.05°, a
total of 3600 frames from 0° to 180° should be acquired to determine one 3D image. Because long data acquisition
increases the possibility of sample drift, leading to reconstruction artifacts in tomograms, the A step is sometimes set to
0.10°, corresponding to 1800 frames from 0° to 180°.

In the tomographic reconstruction calculation, it is assumed that the incident x-rays are not completely absorbed by
the sample. Therefore, the exposure time should be long enough to detect the transmitted x-rays. However, individual
pixels in the detector should not be overloaded beyond their dynamic range. The exposure time is determined from
these criteria, i.e.,, the pixel values should be sufficiently larger than dark current and smaller than the detection
maximum. In the most typical setup in our experiment, we took radiographs for 200—-1000 ms per frame with a 12-bit
dynamic range detector using monochromated synchrotron radiation.

The signal observed over N times is built up to an N-fold intensity, whereas the normally distributed noise is x/_ -

fold. The resultant signal-to-noise ratio is given by N, / VN =+/N . This indicates that a longer exposure will improve

the image quality of tomograms. However, as discussed above, the pixel intensity should be within the detector
dynamic range and should not be overloaded. In order to improve the signal-to-noise ratio, besides the exposure time
per frame, the number of frames should be increased by taking a finer Aé step to increase the total exposure. In the
example shown in Figure 3, 1800 frames with a 0.1° step and 350-ms exposure gave an exposure time of 630 s, while
4500 frames with a 0.04° step and 1000-ms exposure gave an exposure time of 4500 s, corresponding to an
approximately 2.7-fold improvement in the signal-to-noise ratio.

a) )

Fig. 3 Microtomographic images of a test object reconstructed from radiographs where the total exposure was 630 s (a) or 4500 s (b).
Although the object’s surface looks noisy in panel (a), the same surface exhibits a rather precise profile with a longer exposure (b).

3. X-ray visualization of biological structures

Biological tissues are mainly composed of light elements, which produce little contrast in x-ray images. One of the
methods of visualizing structures with poor absorption contrast is phase contrast imaging. The phases of x-ray waves
that pass through any material are affected by the electron density distribution in the material. The microstructure of
lung alveoli has been visualized with refraction enhancement imaging [17], which is the same in principle as phase
contrast imaging. In this case, we can interpret structures with high electron density as alveolar walls and those with low
density as air. However, it is not always true that biological structures can be interpreted from the electron density
distribution. The electron densities of most biological constituents have no inherent relationship with their biological
functions.

In clinical diagnosis, the luminal structures of a living body are visualized by using x-ray contrast media. These
contrast media contain high-Z elements, such as iodine or barium, those absorb hard x-rays efficiently. Therefore, x-ray
visualization of the microstructures of soft tissues can be performed by specifically contrasting each biological
constituent with a high-Z element probe, which corresponds to the fluorescent label in light microscopy. Probe elements
that have been reported for contrasting biological microstructures include gold [6,18-20], platinum [19,20], silver [16],
osmium [7, 21-24], and iodine [25,26]. Most of these elements are in the fifth or sixth row of the periodic table because
the high-Z elements exhibit high electron densities that can give sufficient x-ray contrast.

Each element has specific x-ray absorption edges corresponding to the energy levels of electron orbitals. The x-ray
absorption spectra of the metals platinum and gold are shown in Figure 4a. The horizontal axis represents x-ray energy
E, which is the reciprocal of the x-ray wavelength A, where E (keV) = 12.398/L (A). For synchrotron radiation
microtomographs, radiation from the storage ring is usually monochromated to obtain x-rays with a certain energy. The
available energy and brilliance of the monochromated beam depend on the radiation source, monochromator, and other
beamline components. The radiation from bending magnets or insertion devices at third-generation synchrotron
radiation facilities ranges from infrared light to hard x-rays, though we use x-rays of 8 keV to 15 keV for imaging
biological samples because soft tissue is almost transparent in this range and stained structures are clearly visualized
with appropriate contrast. To maximize the image contrast, the x-ray energy at the top of the absorption edge of the
probe element should be used. For example, x-ray energy of 12 keV corresponding to the top of the Au Ly; edge should



be chosen to visualize structures stained with gold. The tomographic reconstruction is performed by taking into account
the monochromatic x-ray transmittance at each pixel in the 2D radiograph and the voxel size of the resultant 3D image.
Therefore, the voxel values of the obtained tomograms are calculated as a linear absorption coefficient at the observed
x-ray energy. These observed absorption coefficients can be calibrated with standard materials. Element-specific
visualization can be performed by subtracting the x-ray intensities at the bottom of the absorption edge from those at the
edge top. The distributions of multiple high-Z probes can be individually visualized by using the x-ray absorption edge
of each probe element [19], as shown in Figure 4b.
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Fig. 4 (a) X-ray absorption spectrum of platinum is represented by the thin line and that of gold by the bold line. Ly; edges are
indicated with edge energies. (b) Adult Drosophila fruit fly structures analyzed at Au Ly (left) and Pt Ly; absorption edges (right)
[19]. The gold image indicates that every constituent was visualized, whereas the platinum image gives a specific distribution of the
platinum compound administrated as a feed ingredient. The gold image was produced by subtracting the 3D distribution of linear
absorption coefficients at 11.910 keV from that at 11.930 keV. The platinum image was produced by subtracting the 11.550-keV
image from the 11.570-keV image. The abdominal region was severed to reveal the visceral structure in the 3D images. CT densities
are rendered at difference linear absorption coefficients of +1.2 cm™'. Scale bar: 200 pm.

For laboratory microtomographs, the operating voltage and target material of the microfocus x-ray generator
determine the x-ray spectrum. Because the microfocus generators are usually used without a monochromator, the
spectrum of incident x-rays is regarded as superposition of white x-rays with a broad profile and characteristic x-rays
with sharp peaks. The x-ray energy of the characteristic x-rays depends on the target material (e.g., CuKa radiation of
8.041 keV for a copper target), while that of white x-rays depends on the operating voltage. A sample image taken with
the laboratory microtomograph is, therefore, given as an overall transmittance of the white and characteristic x-rays.
The high-energy component of the x-ray spectrum can readily pass through sample, while the low-energy x-rays are
effectively absorbed by the sample. This truncation in the energy profile of the transmitted x-rays is known as beam
hardening and should be considered when microtomograms are taken using a generator source. For this reason, the
voxel density of 3D images visualized using the laboratory microtomographs does not represent the x-ray absorption
coefficient.

We have reported a radiographic visualization of neural tissue at 160-nm resolution [6] by using x-ray optics with a
Fresnel zone plate. The application of zone plate optics to microtomographic analysis enables the visualization of
nanometer-scale structures such as synapses and membrane rafts. The nanometer-scale image should be digitized with
an effective pixel size of the nanometer order. Although x-ray condenser optics can be used to increase the number of
incident photons, the nanometer-scale analysis results in fewer x-ray photons per detector pixel. Therefore, phase
contrast imaging should facilitate the visualization of nanometer-scale structures even when the structure contrast is
enhanced by high-Z element staining.

4. Interpretation of biological microstructures

Although microtomographic analysis has entered general usage with recent progress in x-ray optics and x-ray
microscopy, the scientific understanding of 3D microtomographic images is still advancing. This is mainly due to the
complexity of the 3D structures visualized by microtomography. If a methodology for handling the 3D distribution of x-
ray absorption coefficients is established, information embedded in the 3D structure can be analytically elicited.

We have recently reported microtomographic visualization of 3D neuronal structures of human cerebral cortex [27].
Neuronal circuits are built up by neurons as 3D networks. Therefore, unveiling the 3D neuronal structures is the first
step in understanding the mechanism of brain functions. However, the 3D structure of brain tissue is much too



complicated to enable analytical resolution of the neuronal circuits. The 3D rendering of mouse brain tissue in Figure 5
indicates that cell layers and the accompanying network structures were visualized, but their neuronal circuits cannot be
resolved by just visualizing the 3D structure.

Fig. 5 3D rendering of microtomographic structure of mouse brain
tissue. Neural cell layers and neuropil networks were visualized as 3D
distribution of linear absorption coefficients. Densities were rendered
from the coefficient of 23.5 cm™ (black) to 51.5 cm™ (white) by the
scatter HQ algorithm using the program VG Studio MAX (Volume
Graphics, Germany).

Similar complicated 3D structures of biological macromolecules of proteins and nucleic acids have been determined
by crystallographic analysis. In macromolecular x-ray crystallography, the 3D distribution of electron density is traced
to build an atomic model of the target molecule (Fig. 6a). The model is composed of a large number of 3D Cartesian
coordinates of the atoms. Although it is practically impossible to comprehend the electron density map itself, the
skeletonized atomic model built in the electron density map allows us to understand and discuss the biological functions
of the target molecule on the basis of the structure.

We have applied this method to model building for 3D coefficient maps of human cerebral cortex visualized by
microtomography [27]. The structure determination scheme is illustrated in Figure 6b by analogy to the method used in
crystallography. First, the neuronal networks and capillary vessel architectures in the cerebral cortex tissue were
visualized as a 3D distribution of x-ray absorption coefficients. Skeletonized wire models of the structural constituents
were built by placing and connecting nodes in the 3D coefficient map. The model-building procedures were similar to
those reported for crystallographic analyses of macromolecular structures, while neuronal networks were automatically
traced by using a 3D Sobel filter. The cell types of the models were determined from the morphology of somata and
dendrites. The 3D structure of the obtained models clarified the network structures embedded in the brain tissue. The
neuronal circuits were then analytically resolved from the skeletonized models. This analytical approach based on the
3D structure of the neuronal networks allows discussion of the operating mechanism of the neuronal circuits in the
human brain [27].

Simplification of the 3D density distribution by building skeletonized models in absorption coefficient maps
facilitates understanding of the 3D structures of biological objects. The models built in the brain tissue can be used to
unveil the functional mechanism of the brain. Any fibrous network structures can be traced and analyzed by using a
similar method. Aggregated structures could be modeled by dividing them into small elements, which could be used for
computational simulation. We suggest that x-ray microtomography along with model building in the 3D coefficient map
is a potential method for understanding 3D microstructures relevant to biological functions, like x-ray crystallography
in molecular biology.
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Fig. 6 (a) In crystallographic structure determination, observed diffraction amplitudes along with separately estimated diffraction
phases are subjected to Fourier transformation, giving electron density maps. Atomic coordinates are then determined by placing
atoms of the target molecule on the map. The resultant model can be used for discussing the chemical mechanisms or molecular
interaction of the target. These figures are given as examples from the crystallographic analysis of a DNA endonuclease [28]. (b) In
microtomographic structure determination, observed x-ray images are subjected to the tomographic reconstruction calculation, giving
3D maps of x-ray absorption coefficient or electron density. Cellular and subcellular structures are modeled by placing and
connecting nodes on the map. The resultant model can be used to resolve the functional principle of the target, such as brain circuits
composed of neurons. These figures are taken from the microtomographic analysis of human cerebral cortex [27].
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