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Abstract
In this work we demonstrate the feasibility of applying small-angle x-ray scattering computed tomography (SAXS-CT) for non-invasive molecular imaging
of myelin sheaths in a rat brain. Our results show that the approach yields information on several quantities, including the relative myelin concentration,
its periodicity, the total thickness of the myelin sheaths, and the relative concentration of cytoskeletal neurofilaments. For example the periodicity of the
myelin sheaths varied in the range from 17.0 to 18.2 nm around an average of
17.6 (±0.3) nm. We believe that imaging, i.e., spatially resolved measuring
these quantities could provide general means for understanding the relation
to a number of neurodegenerative diseases.
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1. Introduction
Myelin sheaths are lamellar membranes that wrap around neuronal axons. The sheaths are important for the central nervous system as they ensure
rapid and non-interrupted communication of signals along axons. Structural changes of the myelin sheaths have been associated with a number of
widespread neurodegenerative diseases such as cerebral malaria (Janota and
Doshi, 1979), multiple sclerosis (Prineas, 1985; Peterson et al., 2001; Trapp
et al., 1998) and Alzheimer’s disease (Bartzokis et al., 2004). The origin and
evolution mechanisms of the diseases are still largely not understood, but it
is hypothesized that it is correlated with changes in the myelin formation
and structure. A better understanding of the changes in the myelin sheath
structure and its correlation to the pathologies is important for the development of methods for prevention or treatment of the diseases.
The changes in the myelin sheaths have been studied with a number of methods such as light (Trapp et al., 1998) and electron microscopy (Karlsson,
1966; Sjöstrand, 1953), magnetic resonance imaging (Hui et al., 2010) and
x-ray diffraction (De Felici et al., 2008). All of these methods provide insight into the concentration and molecular structure of the myelin. While
myelin sheaths from different types of nerves and in several different animal
models have been extensively studied (Karlsson, 1966; Marta et al., 2003),
no mapping of the variations of the molecular structure of myelin sheaths in
a complete brain has been achieved. In this paper we introduce a method
to visualize molecular variations of the myelin structure in a rat brain. Our
approach is based on the fusion of two well-established biomedical investigation methods: Small-angle x-ray scattering (SAXS) and computed tomography (CT). Combined with a specially developed data processing schemes,
our approach delivers non-invasive volume-resolved studies of the molecular
variations of the myelin sheaths in a whole rat brain.
SAXS-CT has been demonstrated previously in a few cases with soft matter
and biological samples (Harding et al., 1985, 1987, 1989; Kleuker et al., 1998;
Schroer et al., 2006; Stock et al., 2008). However the combination of SAXS
and CT requires the acquisition of vast amounts of data. Previous studies
have as a consequence been limited to a comparatively low resolution. The
development of fast and essentially noise-free detectors, bright sources and
automated analysis schemes have facilitated the efficient acquisition and processing of the hundreds of thousands of SAXS patterns needed for the high
resolution SAXS-CT studies necessary for molecular imaging.
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Figure 1: Experimental set-up and principle of SAXS-CT. (a) Using a pencilbeam(1st generation CT geometry), scattering patterns are collected by translating the
sample through the beam, s, at different orientations, ω. (b) The scattering patterns
are azimuthally averaged and for each value of qr sinograms are generated. (c) These
sinograms are used to reconstruct the differential scattering cross section for the associated
value of qr . (d) When the reconstructions are made it is then possible to extract complete
scattering curves for all voxels in the sample, by combining the information from the slices
reconstructed for each value of qr . The curves shown here correspond to the points marked
in (c). Bragg peak series from myelin sheaths (blue) and cytoskeletal neurofilaments (red)
are marked in (d).

Scanning based 2D SAXS mapping of bone and tissues have also been performed (Fratzl et al., 1997; Rinnerthaler et al., 1999; Paris et al., 2000; Fernandez et al., 2005; Gourrier et al., 2007; Bunk et al., 2009; Müller et al.,
2010). These experiments provide 2D structural information, but often require destructive sample preparation and provide no depth-resolved information about the sample.
2. Materials and methods
2.1. SAXS-CT methodology and data processing
Figure 1 shows the experimental set-up and principle of SAXS-CT. 2D
SAXS patterns are recorded using a pencil beam. This is repeated for each
horizontal sample translation, s, and rotation, ω, such that 2D SAXS patterns are collected point by point (Fig. 1a). In this way a full tomographic
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data set is collected point by point using a 1st generation tomography approach. The 2D SAXS patterns are azimuthally averaged and sinograms are
generated for each value of qr (Fig. 1b). qr refers to the radial part of the
momentum transfer. Each sinogram is used to reconstruct the differential
scattering cross section for the associated value of qr (Fig. 1c). Once the
reconstructions have been made for all values of qr it is possible to tomographically extract full scattering curves in a non-destructive manner for all
voxels in the sample (Fig 1d).
Using the scattering curves we obtain information about the brain at the
nano-scale. The momentum transfers of the scattering curves correspond to
real space distances of 3-60 nm. With SAXS-CT we are thus probing length
scales that are smaller than the voxel size.
2.2. Data collection
The SAXS-CT measurements were performed at the cSAXS beamline
(Bunk et al., 2009) of the Swiss Light Source. The following parameters were
used for the data acquisition: X-ray energy 18.58 keV, with ∆E/E ≈ 2·10−4 ,
intensity of 1011 photons/second, focus spot size 25×25 µm2 , sample to detector distance 7117 mm. The scattering was recorded using a single photon
counting PILATUS 2M detector (Henrich et al., 2009). The PILATUS 2M
detector has 1475×1679 pixels of 172×172 µm2 resulting in an active area
of 253.7×288.8 mm. The PILATUS 2M detector is essentially noise free and
yields excellent statistics, with useful azimuthally averaged photon counts as
low as 0.1 photons/pixel. The sample was imaged from 541 equidistant angles
over 360 degrees. 720 scattering patterns were collected for each angle using
a step size of 25 µm. The exposure time was 150 ms for scattering measurements and 10 ms for absorption measurements. The total acquisition
time for the scattering and absorption measurements for one tomographic
slice approximately 24 hours. A total of 390’061 scattering patterns were
collected per slice. No beam damage was observed in any of our samples.
2.3. Data processing
The 2D scattering patterns were azimuthally averaged using a customized
in-house developed code written in Matlab. After correcting for absorption
reconstructions were made for 1152 different values of momentum transfer
using a standard filtered backprojection algorithm (Kak and Slaney, 1988).
The momentum transfers were calculated from the geometry of the setup
and the energy of the x-rays (Als-Nielsen and McMorrow, 2001). Since all
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scattering occurs at small angles, the samples are limited in size and the absorption varies smoothly, the scattered photons can be assumed to exit the
sample along the same path as the transmitted photons. It is thus possible
to separate the absorption and scattering terms, and thus appropriate to use
standard backprojection algorithms for the reconstructions.
In our reconstruction algorithm we assume that the local differential scattering cross section is independent of the sample orientation. It is known that
the myelin sheaths are aligned along the fiber directions in the brain. We
however sample relatively large volumes (25×25×25 µm3 ), and assume that
the scattering is locally isotropic. We have not seen any artifacts related to
preferential orientation of the myelin sheaths. Preferential orientation of the
myelin sheaths may influence the determined concentration of myelin.
2.4. Sample preparation
The rat brain used for this study, was a tumor inoculated brain (for
another study). However the rat was euthanized on day 7, so we would
expect only a very small tumor. No tumor was imaged, and the tumor type
does not to our knowledge interfere with the myelin sheaths. The preparation
of the brain took place as follows. Immediately following euthanization the
brain was sampled and fixed in 10% formalin. The fixation duration was
minimum 10 days prior to any experiment. All operative procedures related
to animal care strictly conformed to the Guidelines of the French Government
with licenses 380825 and B3818510002 and they were reviewed by the Internal
Evaluation Committee for Animal Welfare and Rights of the ESRF.
3. Results
3.1. Mapping the myelin sheath concentration
To demonstrate the potential of the method, particularly for biomedical applications, a formalin-fixed rat brain was investigated using SAXS-CT.
Figure 1c shows an example of a reconstruction of such a brain with a few
associated reconstructed scattering patterns displayed in Figure 1d. In the
scattering patterns we note several distinct Bragg peaks. One of the series
of Bragg peaks is associated with the quasi periodical arrangement of the
lamellar structure of the myelin sheaths (De Felici et al., 2008; Tartari et al.,
2009; Kirschner et al., 2010).
The peaks provide information about the molecular organization of the myelin.
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In point 1 (Fig. 1c,d) a second Bragg peak series is present. This second series is probably associated with the cytoskeleton neurofilaments (De Felici et
al., 2008; Tartari et al., 2009). In the following we will further analyze the
two Bragg series. Two different coronal slices from the brain are presented
in Fig. 2. In the first row maps of the integrated scattering cross section for
qr = [0.05-1.4] nm−1 are shown. The scattering cross section is a term used
in x-ray scattering which describes the samples ability to scatter x-rays in a
specific direction. The panels clearly show the overall anatomy of the imaged
brain slices and are displayed to provide anatomical references to which we
can relate the myelin maps.
Knowing the full scattering curve in each voxel, we fitted the intensity, position and width of the second-order Bragg peak associated with the myelin
series. The peak was fitted with a gaussian profile with a linear background.
The intensity of the peak is proportional to the amount of myelin in each
voxel, which represents a volume of 25×25×25 µm3 (Als-Nielsen and McMorrow, 2001; Kirschner et al., 2010). The middle row of Fig. 2 displays the
myelin concentration as calculated from the peak intensity. Note that the
accuracy map of the myelin concentration is only accurate if the scattering is
locally isotropic. In Fig. 2c the myelin is mainly associated with the corpus
callosum(cc), external capsule(ec), the anterior commisure(ac), as well as the
fornix(f). A somewhat lower concentration of myelin is associated with the
striatum(st) and the optic chiasm(ox). In Fig. 2d we again note the myelin
associated with the corpus callosum and the external capsule. The myelin
in the internal capsule(ic), as well as some of the connections between the
internal and external capsule are also visible. Finally we note the myelin in
the fimbria(fi) of the hippocampus as well as in the habenula(Hb) and the
optical tract(opt). These maps of the myelin concentration correlate well
with the location and concentration of myelin known from anatomy and histology (Mikula et al., 2007).
The method of SAXS-CT is highly selective. The myelin sheaths are the only
tissue in the brain with a well-defined repetition unit of ∼ 17.6 nm and has
therefore been used in previous, not spatially resolved studies byas well De
Felici et al. (2008). Other methods such as e.g. histology can also selectively
image myelin. With histology it is possibly to stain for and image specific
molecules, such as myelin basic protein (MBP). It is however associated with
great difficulty to quantify the concentration of these proteins. X-ray CT
using osmium tetroxide staining has also been used for imaging the spatial
location of myelin sheaths (Lareida et al., 2009). The method however pro6

Anatomical map, [arb. unit]

Anatomical map, [arb. unit]

(a)

60

(b)

60

50
50
40
40
30
30

Myelin concentration, [arb. unit]

Myelin concentration, [arb. unit]
1

1

(c)

(d)
0.8
ec
f

fi

0.6

St

ic

0.4

0.2

ox

0.6

Hb

0.4

ac

0.8

cc

ec

cc

0.2

opt

0

0

Single layer thickness, [nm]

Single layer thickness, [nm]
18.2

(e)

0

18.2

(f)

18

2

4

6

8
[mm]

10

12

14

18

17.8

17.8

17.6

17.6

17.4

17.4

17.2

17.2

17

0

2

4

6

8
[mm]

10

12

14

17

Figure 2: Myelin mapping. Two different brain slices are shown here. (a,b) The
integrated scattering cross section for qr = [0.05-1.4] nm−1 provides anatomical maps of
the brain slices to which we can relate the myelin maps. (c,d) Maps of the concentration
of myelin in each voxel determined from the intensity of the 2nd-order Bragg peaks. (e,f )
Maps of the periodicity of the lamellar structure of the myelin sheaths determined from
the Bragg peaks positions. The blue color refers to areas with no or very low myelin
content. A selection of structural labels are shown in column 2.
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vides no information about the molecular parameters of the myelin sheaths.
Demyelination and hence the concentration of myelin is important for several of the diseases mentioned above. With SAXS-CT it may be possible
to quantify exactly what the concentration of myelin is in a specific volume
and thus use it to study partial demyelination. Further studies are needed
to investigate the quantification of the determined concentrations.
3.2. Mapping the myelin sheath period
The local concentration of myelin is not the only information we obtain
from the fits. We also determine the positions of the Bragg peaks, which
are given by the period of the myelin sheaths. Assuming the gap between
the membranes does not change, the period is equivalent to the thickness of
the myelin layers. Differences in period can occur both naturally and as a
result of disease or treatment (Karlsson, 1966; Marta et al., 2003). In Fig.
2e,f the variations of the period is mapped. This molecular parameters can
be used to distinguish different forms of myelin in the brain. In row 1 we
note that the myelin in the optic chiasms in the bottom has a period that
is significantly larger than the myelin in the corpus callosum and external
capsule. In row 2 we see the difference corpus callosum and the optical tract.
The periodicity of the myelin sheaths can also be measured using electron
microscopy (Karlsson, 1966; Marta et al., 2003). Due to the necessary high
resolution of the images in electron microscopy, where each nerve fiber is
imaged individually, only very limited areas can be studied at a time. The
method is thus poorly suited for maps of molecular parameters over larger
areas.
3.3. Mapping the thickness of the myelin sheath
As we determine the position of the peak we also determine the width of
the peak. The width is mainly controlled by the total thickness of the myelin
sheaths (finite size effect) and the periodicity variation within a single voxel
(peak position variation effect) (Als-Nielsen and McMorrow, 2001). If several peaks in a series are fitted it is possible to separate the two effects. The
3rd-order peak of myelin overlaps with a peak from the neurofilament series
and the 4th-order peak is in most cases not strong enough to extract useable
information from. With the present data a voxel by voxel deconvolution is
thus not possible. This is however not an intrinsic limitation of the method.
Since the total thickness and the periodicity variation both contribute positively to the width of the peak we can determine a lower limit to the total
8
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Figure 3: Thickness of myelin sheaths. (a,b) Maps of the lower boundary of the
thickness of the myelin sheaths as determined from the width of the Bragg peaks. The
actual thickness has in some cases been determined to be 30-50% greater than the lower
boundary. (a) and (b) corresponds to the two slices shown in Fig. 2c,d.

thickness of the myelin sheaths. These results are shown in Fig. 3a,b. From
three points chosen in the corpus callosum and external capsule where the
4th-order peak is significant we determined that the actual thickness is 3050% larger than the lower limit shown in the Fig. 3.
With the knowledge of the total thickness of the myelin sheaths it is possible
to combine this with the single layer thickness to make a map of the average
number myelin layers in a sheath.
The average number of layers in the myelin sheaths is very important when
trying to understand how demyelination takes place (Schröder , 2005). Maps
such as those shown in Fig. 3a,b would be able to tell whether demyelination
take place with a part of the axons loosing all of their myelin or all of the
axons loosing a part of their myelin. Deconvolution of the two signals would
also provide the periodicity variation which has also been linked to treatment
and diseases (Marta et al., 2003).
3.4. Complementary molecular information
All of the above results were deduced from the myelin Bragg peak series.
With SAXS-CT a range of complementary information is automatically included. One type of information is the information available from the second
series of Bragg peaks. The series probably arises from the cytoskeletal neurofilaments. The neurofilaments are a part of the axons that the myelin sheaths
9
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Figure 4: Density of cytoskeletal neurofilaments. (a,b) Maps of the density of
cytoskeletal neurofilaments determined from the first-order Bragg peak. (a) and (b) corresponds to the two slices shown in row 1 and 2 of Fig. 2. Note that the neurofilament
location is closely correlated to the location of myelin, though there are some uncorrelated
variations in density, when comparing to Fig. 2c,d.

are wrapped around. Correlation between neurofilament changes and neurodegenerative diseases has demonstrated (Liu et al., 2004). Shown in Fig.
4a,b are maps of the concentration of neurofilaments determined from the
intensity of the 1st-order peak. We note that the location of the neurofilaments is closely correlated to the location of the myelin, as expected. However
there seem to be uncorrelated variations in the concentration of the two when
comparing Fig. 2b,e and Fig. 4a,b. This is also seen in Fig. 1c,d where the
scattering curve from point 1 in the internal capsule shows a distinct Bragg
peak from the neurofilaments while the scattering curve from point 2 in the
corpus callosum shows no Bragg peak from the neurofilaments, while having
similar amounts of myelin. All of the analysis made on the Bragg peak series
of myelin presented above can also be made on the peaks of the neurofilaments. A full discussion of the correlations between variations of molecular
parameters and different pathologies are left for future studies.
This study was performed on a rat-brain. It may be of interest to extend
this method to use on human brain tissue. Due to the limitations in volume
of the sample, complete human brains will be extremely difficult to study in
tomographic mode. However smaller sections of a human brain could easily
be imaged using this method.
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4. Discussion
We have in this paper demonstrated how SAXS-CT non-invasively can
be used to map molecular information about the myelin sheaths in a rat
brain. Using SAXS-CT we mapped the concentration and periodicity of
the myelin sheaths. We also demonstrated how the method can be used
to determine the local average thickness of the myelin sheaths as well as the
local average periodicity variation. Finally we demonstrated that the method
also provides molecular information about the cytoskeletal neurofilaments of
the axons and how this information correlates with the myelin information.
SAXS-CT thus provides a new and valuable tool to study myelin and improve
the understanding of a number of neurodegenerative diseases.
In the future, we hope that SAXS-CT will contribute to an understanding
of widespread neurodegenerative diseases such as cerebral malaria, multiple
sclerosis and Alzheimer’s disease where molecular parameters of myelin are
important.
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