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Summary

This paper presents the first application of high-resolution
X-ray synchrotron tomography to the imaging of large micro-
vascular networks in biological tissue samples. This technique
offers the opportunity of analysing the full three-dimensional
vascular network from the micrometre to the millimetre scale.
This paper presents the specific sample preparation method
and the X-ray imaging procedure. Either barium or iron was
injected as contrast agent in the vascular network. The impact
of the composition and concentration of the injected solution
on the X-ray synchrotron tomography images has been studied.
Two imaging modes, attenuation and phase contrast, are com-
pared. Synchrotron high-resolution computed tomography
offers new prospects in the three-dimensional imaging of in
situ biological vascular networks.

Introduction

Micro-vascular structural organization is an important physio-
logical issue (Popel et al., 1998) for which quantitative struc-
tural analysis is a key step. Indeed, there is growing interest
in high-resolution imaging of vascular structures in different
pathological issues, as recently reviewed (Weissleder & Mahmood,
2001). Promising microscopy techniques, such as two-photon
microscopy, give the opportunity of screening localized in vivo
physiological signals. Although very promising in many respects
regarding functional in vivo signals, multiphoton laser micro-
scopy is nevertheless still limited to about 200 wm depth (Brown
etal.,2001) and a restricted field of view. Moreover, the actual
spatial resolution of in vivo measurements can be spoiled as a
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result of physiological fluctuations of the fluorescent markers.
Other classical methods, such as scanning electron microscopy
(Belisle & Sainte-marie, 1990; Reina-de la Torre et al., 1998;
Minnich et al., 1999) or optical confocal microscopy (Cassot
etal., 1999), have been used for a systematic in situ study of
vessel morphometry at the micrometre scale. Accurate as
these methods may be, they are restricted to the investigation of
tissue volume within a depth of a few hundreds of micrometres
because the illuminating radiation has a finite penetration
ability. Hence imaging larger volumes of tissue in any micro-
scope requires sectioning them to a manageable thickness
for the type of microscopy being used. Such sectioning can
obviously damage the biological material and is followed by a
non-obvious reconstruction step (Hanstede et al., 1983). Hence,
depending on the biological motivation, it is of interest to develop
an alternative sample preparation method associated with a
different imaging technique. New X-ray computed tomography
(CT) tools permit a resolution better than 0-1 mm and open new
perspectives for numerous structural studies (Elliot et al., 1994;
Momose et al., 1996; Sasov & Van Dyck, 1997). Thelatest synchro-
tron X-ray sources permitting micrometre spatial resolution are
the state-of-the-art tomography techniques and have already
been used for imaging human trabecular bone structure
(Peyrin et al., 2000). In the context of vascular imaging, in
vivo synchrotron tomography has allowed the measurement
of contrast agent concentration and local blood flow on the
whole brain of rats with the unprecedented spatial resolution
of 350 um (Elleaume et al., 2002). This resolution still remains
inadequate compared with the few micrometre scale of small
vessels. Because 50% of the vessel diameters in the cerebral
cortex lie between 3 and 10 pum, micrometre resolution is
necessary to obtain important information regarding the
vascular network at the scale of the small capillaries where the
exchanges with the surrounding tissue take place. Although
X-ray microtomography appears as a promising imaging



technique for microvascular structures, the sample neverthe-
less requires specific preparation. As recently discussed by
Loo et al. (2001) there is still much to be done in the domain
of biological tissue sample preparation in the X-ray domain
compared with visible light techniques. Depending on the
biological application, a specific preparation method is required.
When visualizing bone (Kenney et al., 1985; Peyrin et al., 2000)
or calcified tendons, one does not need to add any contrast
agent because calcium is a sufficiently absorbing element
for X-ray analysis. Nevertheless, X-ray absorption imaging of
vascular structures requires specific contrast agents in order to
enhance selectively the contrast between the capillaries and
the surrounding tissue. For example, in the context of micro-
focus X-ray angiography, Dawson et al. (1999) have injected
a bolus of iodinized molecules inside the pulmonary arterial
tree. This type of injection allows us to visualize a specific region
of interest (ROI) inside the whole network. The question of
sample preparation is even more stringent in the context of
high-resolution X-ray tomography.

The present paper describes, in its first part, a specific sam-
ple preparation method dedicated to analyse brain micro-
vascularization using X-ray microtomography. The acquisition
procedure of microtomography, both in absorption and in
phase contrast mode, is introduced. The images obtained are
finally discussed from a quantitative and qualitative point of
view.

Methods

Sample preparation

Vascular networks are generally composed of very heterogen-
eous vessel sizes, from arterial to capillary level. Because the
smallest capillary diameters are typically 3—4 pm in rat brains
(and 5-6 umin human brains), micrometre resolution isneeded
in order to image the smallest vessels of microvascular struc-
tures. When using micrometric resolution, the total accessible
volume within a given three-dimensional (3D) image is obvi-
ously limited. The next section describes how a volume of just
a few cubic millimetres can be accessible with our method.
The attenuation signal expected from normal biological
vascular tissue is nevertheless not sufficient to obtain satisfact-
orily contrasted images. One needs a specific sample prepara-
tion in order to improve the image contrast drastically. As usual
in CT-scan angiography, a contrast agent can be injected inside
the vascular network. Nevertheless, the contrast agent con-
centration needed for such small tissue volumes is much larger
than those of CT-scan angiography. Moreover, the microvas-
cular relative volume is generally quite small. In either human
orrat brain, it represents only 3—5% of the total tissue volume.
Hence, the effective vascular contribution to X-ray absorption
or phase contrast represents a cumulated thickness of a few
tens of micrometres only, along the few millimetres of the
total X-ray path inside the tissue. Hence, sample preparation

is a key step to obtain highly contrasted images suitable for
automatic image segmentation.

The tissue sample preparation protocol consists of the
following steps: surgery, injection, brain dissection and fixation,
tissue sampling, sample dehydration and finally resin inclusion.
Itrequires a few days to go from the living animal (adult rat) to
the encapsulation of cylindrical tissue samples. The intracar-
diac injection itself follows different steps. An isotonic sodium
chloride (0.9% NaCl) heparinized (0.1%) solution is first injected
so as to obtain complete exsanguination. The rat body temper-
ature is continuously maintained with an incubator lamp,
with the injected fluid temperature kept at around 40 °C. A
solution containing the contrast agent is then injected. Solu-
tions of various compositions have been tested (see below).

The injection time is chosen such that, at the given flow-rate,
the total brain vascular volume is perfused 20 times. After
stopping the injection, the rat brain is dissected in a cooled dish
(+4 °C) so that the gelatin in the injected solution thickens.
The brain is then incubated in a 10% formalin bath for 24 h
at 4 °C. After fixation, tissue samples are cut with a cylindrical
surgical biopsy punch, which has an internal diameter of 3 mm.
Each sample is then dehydrated into successive ethanol baths
(from 30% to absolute alcohol), and finally incubated in
propylene oxide. Samples are then impregnated into epoxy
resin (EPON) using classical electron microscopy sample pre-
paration. In order to facilitate tissue positioning during tomo-
graphy measurements, samples are moulded into cylindrical
resin casts. The external diameters of the cylindrical mould
is 6 mm. The cast is bored with a cylindrical metallic drill of
3 mm diameter. The brain sample (original diameter of 3
mm has been reduced to approximately 2.5 mm due to tissue
shrinkage occurring during dehydration) is inserted into a
resin cylinder. After this preparation the total sample volume
has been reduced by 20-30%.

Contrast agent solutions

The contrast agent consisted either of barium sulphate particles
(Micropaque®, Guerbet) or of solute iron dextran (Anaemex®).
Solid barium sulphate particles are micrometre sized and
the molecular weight of iron dextran molecules is 5-10 kDa.
These relatively large particles or molecular sizes prevent the
contrast agent diffusing through the blood brain barrier inside
the nervous tissue. Along with the contrast agent, a gelatin
polymer is added into the injected solution. The role of gelatin
is to prevent the contrast agent flowing outside the vessels
once the injection is over. Different gelatin and contrast agent
concentrations have been tested because there are contradict-
ory constraints associated with these concentrations. Higher
contrast agent concentration is better with regard to X-ray
imaging. However, from the point of view of sample prepara-
tion, technical constraints limit the contrast agent concentra-
tion. The fluid pressure during injection must not be much
higher than the physiological pressure and therefore the pump
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Fig. 1. (a) Viscosity of an iron dextran solution at 40 °C expressed as a
function of the shear rate. The continuous curve is reference data for
blood with 45% haematocrit extracted from Merrill (1969), circles and
squares are associated, respectively, with iron dextran concentrations of
50 and 100 mg mL™" with 2% gelatin. (b) Asin (a) for micropaque barium
sulphate viscosity with barium concentrations of 300 mg mL™" (circles)
and 600 mg mL™" (squares) with 3% gelatin.

flow rate has to be adapted to the rheology of the injected solu-
tion. Like blood, the injected solution is a non-Newtonian fluid
whose viscosity varies with shear rate. The viscosity decreases
as shear rate increases. In order to quantify the impact of the
solution composition on its rheology, we have measured the
viscosity for different contrast agent and gelatin concentrations.
We thus defined the concentration ranges of the different
components suitable for the injection. The results are shown
in Fig. 1(a,b) where the viscosity variation as a function of
shear rate is compared with reference data for blood associated
with a 45% haematocrit. In the range of investigated

shear rates, both the iron dextran and barium solutions have
quantitative rheological properties close to that of blood. This
is an important condition for pressure not to exceed physio-
logical values, and for injecting at a reasonable flow rate in an
attempt to mimic physiological pressure drop.

A supplementary constraint comes from the fact that, at
ambient temperature, the polymerization of gelatin is only
observed for concentrations above 1 mg mL™. Hence, increas-
ing contrast agent concentration while decreasing gelatin
concentration for rheological considerations can only be done
over a limited range. We have chosen iron dextran concentra-
tions of 50-100 mg mL™" and barium sulphate concentrations
of 300-600 mg mL™" with a gelatin concentration of 3—5%.

X-ray tomography

Third-generation synchrotron X-ray sources provide partially
coherent, homogeneous and very bright photon beams.
These beams are particularly interesting to investigate with
high-spatial-resolution poorly contrasted objects. This section
presents the basic principle of X-ray tomography, together with
specific technical aspects related to our measurements. In
general, the transmission of a wave through the sample is
described by the complex transmission function T(x,y) equal
to the ratio of the exit wave and the incident wave:

() = Aley) 7. M

The amplitude A(x,y) and the phase ¢(x,y) are related to the
projection of the optical refractive index n(x,y,z) of the sample,
which depends on the sample composition and the incident
wavelength A. Synchrotron X-ray sources deliver a large X-ray
energy spectrum. A wavelength adapted to the specimen under
investigation is selected with a monochromator. At the experi-
mental station ID19 of the European Synchrotron Radiation
Facility used for the experiments (Cloetens et al., 2002), the
monochromator is either a double perfect silicon crystal mono-
chromator (used at E =20 keV) or a multilayer monochro-
mator (used at photon energies E = 12 and 15 keV). We have
investigated different imaging modes: attenuation and phase
contrast. Attenuation contrast is related to the amplitude of
the transmitted wave. Decomposing the complex refractive
index n into its real and imaginary parts, it is usual to intro-
duce two optical quantities & and L such that

n:1—8+ilu, (2)
4m

where the refractive index decrement & is responsible for the
phase modulation of the wave, and the linear attenuation
coefficient p affects the amplitude of the wave. The transmit-
ted intensity I,(x,y) recorded immediately behind the sample
(distance D = 0) is then related to the integral of the linear
attenuation coefficient 1 along the X-ray path inside the sam-
ple and to the incident uniform intensity I, by the relation:



I(J(xvy) = IincA(x'y)Z = Iincexp[_Ju(xvy'Z)dz]' (3)

The quantity | u(x,y,z)dz is usually called the raysum and is

measured in tomography for a large number of angular posi-
tions of the sample between O and 180°. In order to obtain an
adequate dynamical range for the raysum, the transmitted
intensity has to be recorded with a comparable dynamic
range. A high-resolution X-ray detector system using a high-
quality Peltier-cooled CCD (ESRF FreLoN camera) with 14-bit
dynamic range and 2048 x 2048 pixels is used for that pur-
pose. The X-ray signal is converted into visible light by a
YAG:Ce converter screen. The spatial extent of the CCD pixels
is 14 um. Nevertheless, the spatial resolution can be much
smaller by using a microscope objective coupling the con-
verter screen to the CCD. The optics have been chosen such
that the effective pixel size is 1.4 um and the field of view
2.8 mm. The resin sample exterior diameter is 6 mm, and the
biological cylindrical tissue diameter is close to 2.5 mm. The
biological specimen itself is therefore always contained within
the field of view and the part of the sample exceeding the field
of view contains only homogenousresin. The local value of the
linear attenuation coefficient | inside the sample is related to
the local atomic composition and density. The epoxy-resin X-
ray attenuation is very close to water, and hence close to the
average absorption of brain tissue. The linear attenuation
coefficient of the injected solution trapped inside vascular ves-
sels is mainly due to the absorption by the contrast agent and
by water. It is interesting to compute this physical parameter
so as to compare its value with that measured with X-rays and
to choose the most adapted X-ray energy. The linear attenua-
tion coefficient depends on the scattering cross-section G of
the absorbing atoms and their number per unit volume
(Henke et al., 1993). Tt can be expressed as a sum of the contri-
bution of the different components of a mixture:

Mol = Ceq - (%) + (psol - Cca)(%]
ca . w (4)
B b
PJea Peca P

where (u/p) is the mass attenuation coefficient and the
indexes sol, ca and w refer, respectively, to the solution, the
contrast agent and the water. The second equality in Eq. (4)
assumes that the different components of the solution are
immiscible. The ratio of the contrast agent concentration and
its density c.,/p., is a small linear correction due to the volumic
steric contribution of the contrast agent. The mass attenua-
tion coefficient of a pure element with atomic weight A can be
expressed as 6 - N,/A where N, is Avogadro’s number. From the
tabulated values of the scattering cross-section, one obtains
the variation of the linear attenuation coefficient with the
radiation energy as represented in Fig. 2(a) for two concentra-
tions of barium solutions: 300 and 600 mg mL™. One can

compute the local contrast from the relative difference
(Mgt — L)/, between the linear attenuation coefficient of the
injected solution and water with respect to the one of water,
which will give an indication of the contrast quality of the
reconstructed images. Figure 2(b) shows that both concentra-
tions give good local contrast in the energy range of interest.
More precisely, at the chosen energy of 20 keV, the local con-
trast between the barium solution and water is, respectively,
equal to 12 and 22.2 for barium concentrations of 300 and
600 mg mL™". Another criterion for choosing the beam
energy isrelated to the total transmission through the sample.
It can be computed from knowledge of the vascular relative
volume. The absorption inside the sample is due to the cumu-
lative contribution of the epoxy-resin around and inside the
biological sample and the injected solution inside the vascular
network. The CCD detectors are optimally used when typically
80% of the incident intensity is absorbed, but they provide
sufficient signal when being used at lower absorbed intensity.
Figure 2(c) shows that the energy range between 15 and 20 keV
provides absorption between 43 and 20% with the chosen
sample diameter of 6 mm and with a vascular density of 3%,
for both barium concentrations. This theoretical absorption
calculation matches within 10% with the experimental meas-
urements at E = 20 keV.

Phase contrast measurements are also possible with syn-
chrotron radiation X-ray beams because they are partially
coherent. As shown in Eq. (2) the real part of the refractive
index is modified in the material by a small amount & (~107°).
This refractive index decrement is, far from absorption edges,
proportional to the electron density and inversely proportional
to the square of the photon energy. It is an alternative, and in
general much more sensitive, source of contrast compared with
the attenuation. The resulting contribution on the transmitted
complex amplitude defined in Eq. (1) is the phase integrated
along the X-ray path with respect to the same path in vacuum:

o (xy)= —2% J d(xy.z)dz. (5)

This phase modulation produces contrast due to Fresnel dif-
fraction if the measurement, instead of being performed at the
closest distance to the sample, is made at a finite distance D with
respect to the sample. Assuming a relatively small distance,
such that the radius of the first Fresnel zone V(AD) is small
compared with the object features and the spatial resolution,
the intensity I,,(x,y) recorded at distance D is approximately

Ip(ey) = Io(xvy)|: —DA,\-_,,(P (x,y)} (6)

1-—

21
with A, the 2D Laplacian (Cloetens et al., 1997). The absorp-
tion image I,)(x,y) recorded for a large number of angular posi-
tions allows us to determine the distribution of the linear
attenuation coefficient p through tomographic reconstruc-
tion. It can be shown (Cloetens et al., 1997) that the same
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reconstruction algorithm applied to the images I,)(x,y) results
in the sum of two contributions: the usual attenuation coef-
ficient p and a second term equal to —D - A,,.8(x,y,z). The
phase contrast contribution will therefore be strong in the
tomographic reconstructions near regions where the density
changes suddenly. A more quantitative approach consists in
retrieving the phase @(x,y) from the defocused images I,,(x,y)
and using the result as input for the tomographic reconstruc-
tion. This combined approach, called holotomography, can be
applied on biological tissues without contrast agent. However,
it requires recording tomographic scans at different distances
(typically four) and the resulting reconstruction would show
all density changes, not selectively those related to the vascular
network. For each tomographic scan 1200 projection images
with the sample were recorded together with reference images
without the sample. The tomographic reconstruction was
performed using the usual filtered back-projection algorithm.
Because the resin mould exceeds the field of view of the detec-
tor, the linear attenuation coefficient is reconstructed up to
a constant equal to the coefficient of the resin, and will be
denoted Ap =, —U,. The reconstructions have been per-
formed on regions of interest tightly enclosed to the biological
tissue and contain typically 1700° voxels.

Results and discussion

This section compares the results of computed tomography for
different measurement modes (absorption and phase con-
trast) and for two different contrast agents (iron and barium
solutions). We first present a quantitative analysis of the 3D
images obtained and then discuss their quality and relevance.

The graphs shown in Fig. 3 have been obtained from the 3D
attenuation maps of barium-injected samples for an X-ray
energy of 20 keV and a sample—detector distance D = 13 mm.
These histograms show two well-separated peaks. The first
peak is associated with the epoxy, whereas the second corres-
ponds to the contrast agent absorption in microvascular ves-
sels. For each histogram, the second peak has a relative linear
attenuation coefficient mode equal to AL =y, — 1, = 21.5%
0.19 cm™. The corresponding theoretical value represented
in Fig. 2(a) given by Eq. (4) is Au=17.4cm™ at E = 20 keV.
The agreement is reasonable, the relative error being 19%,
between this rough theoretical estimate and the measurements.
The observed variability on the second peak localization between
samples extracted from the same injected rat brain is only of
the order of a few per cent. This suggests that the observed

Fig. 2. (a)Linear attenuation coefficient as given by Eq. (4) and data from
Henke et al. (1993). Continuous line is for pure water, whereas the dotted
line and long dashed line are for barium sulphate solutions with barium
concentrations, respectively, equal to 300 mg mL ™ and 600 mg mL™".
(b) Local contrast of the linear attenuation coefficient with same con-
vention as in (a). (c) Total absorbed intensity evaluated from Eq. (3) with
same convention asin (a) and (b).
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Fig. 3. (a) Probability distributions p(Ap) of the relative linear attenuation
coefficient Ap =y, — 1, measured in absorption mode for five different
cortical samples extracted from the same rat, for an injected barium
concentration of 600 mg mL™. These histograms have been obtained by
aggregating about 10° voxels. (b) Comparison of the histograms p(Ap) of
the relative linear attenuation coefficient Ap =, — 1, measured for a
single barium-injected sample, in absorption (dotted line) and phase
(continuous line) contrast mode.

difference between the injected barium concentration and
the measured difference could be attributed to concentra-
tion effects, related to the post mortem dehydration process. It
is interesting to compare the reconstructed values obtained
for nearly pure absorption measurements and measurements
containing significant phase contrast.

Figure 3(b) displays this comparison obtained on the same
sample, with a distance of 13 mm for the absorption mode and
of 25 mm for the phase contrast mode. The first peak associated
with the epoxy background is essentially identical between

the two measurements. There is nevertheless a much larger
number of voxels with linear attenuation coefficient lower than
the epoxy background in the phase contrast mode. The second
peak associated with the barium contrast agent is obviously
smoother for the phase contrast measure. Not only is the posi-
tion of the second peak slightly shifted, but its overall width
is significantly increased when the image contains a mixture
of absorption and phase contrast at a distance of 25 mm. The
shift to the left of the second peak should be attributed to its
broadening. Indeed, observations result from a superposition
of (at least) two independent contributions to the histogram:
the first inside the vessel architecture, and the other in the epoxy
background. Hence, this shift does not result from a physical
difference related to an ‘effective’ relative linear attenuation
coefficient but is rather the result of a statistical effect. By con-
trast, the broadening itself does result from a physical effect
associated with intermediate fringes having pixels between
white and black at density discontinuities located in the vicinity
of vessel edges. This broadening could be first considered as pro-
ducing lower image contrast. Images show just the opposite:
Fig. 4(a,b) display a tomographic slice of the same barium-
injected sample, imaged, respectively, in absorption and phase
contrast mode. The grey level in the image scales linearly with
the linear attenuation coefficient, high-absorption regions
such as injected vessels appearing white. The inset images in
Fig. 4(a,b) illustrate that the local contrast of the phase mode
is higher than in the absorption mode. Some vessels almost
disappear in Fig. 4(a) (indicated by arrows) whereas they are
clearly visible in Fig. 4(b). This local increase in image con-
trast is due to the phase signal coming from the vessel edge.
The difference between both measurements is depicted in
Fig. 4(c); the inverse grey levels show that the difference is
at a maximum at the vessel boundaries. This is because phase
measurements at small distances are most sensitive to density
discontinuities at the vessel boundaries, which are associated
with density variations between endothelial cells and epoxy. A
careful inspection of Fig. 4(c) also shows that small vessels can
be better detected by phase measurement than absorption
alone, using for example region growth methods (Vignoles,
2001) rather than simple thresholding.

Let us now turn to volume renderings of the resulting 3D
images obtained using Amira® software (TGS). Figure 5(a—c)
display maximum intensity projections of barium-injected
samples. The vessel density observed on these images illus-
trates the quality of the preparation, and the apparent high
vessel density of the rather loose vascular network results
from the projection over a 1-mm thickness. It can be seen that
the infiltration depth of the contrast agent spreads over the
entire sample depth, so that a dense microvascular network is
visible. Some preliminary image analysis indicates that the
observed vascular density varies from 5 to 10% of the total
volume. This result is consistent with previous observations
(e.g. Reina-de la Torre et al., 1998) and indicates that the infil-
tration has been almost complete. A more careful inspection of



Fig. 4. Tomographic slice of a barium-injected sample with (a) a sample-
to-detector distance D=13 mm, (b) D=25mm, (c) the difference
between (a) and (b). The X-ray energy was 20 keV. Scale bar = 100 um.
The upper right inset is a 4x magnification of the lower rectangular area.

the obtained images also displays an extremely small number
of dead-end vessels that could be associated with partially
infiltrated small vessels. These renderings are also interesting
to visualize the quality of the local vessel contrast obtained
with the highest barium concentration (600 mg mL™). The
images show columnar structures that spread through the
grey matter depth from the pial surface, as described in Duver-
noy (1995). It can be observed that the orientation of these
vascular columns, reminiscent of neuronal cortical columns,
ismore or less orthogonal to the cortical surface. The in-depth
extent of those arterial vessels appears heterogeneous, varying
by more than a factor of two in Fig. 5(c). Those intracortical
vessels were classically divided into 3—6 groups according to
their degree of cortical penetration (Duvernoy et al., 1981).

Other interesting views are presented in Fig. 5(d,e) in order
to give a better indication of the 3D vascular network in the
cerebral cortex. Those renderings are, to our knowledge, the
first visualization of the vascular structure of the cortex grey
matter over its entire thickness, at the micrometre scale.
Their quantitative morphometric analysis should be interesting
from various points of views: to obtain the first quantitative
measurement of the spatial extent of the vascular cortical
columns, as well as the heterogeneity of their associated vascular
density in relation to the distance to the pial surface. This point
has already been mentioned with regard to the human brain
cortex by Duvernoy et al. (1981) and Reina-de la Torre et al.
(1998). The organization of the vascular network at this
columnar level could now be analysed from the obtained images
over the entire grey matter over 2—3 mm depth. This is an
important achievement in the context of microvascular
investigations that no other microscopy technique can offer.
It is moreover interesting to compare the quality of the recon-
structed tomography images obtained from preparations
injected with a different contrast agent. Figure 6(a,b) display
renderings of a rat cortex injected with a 100 mg mL™! iron
dextran and 3% gelatin solution. The images obtained display
drastically less dense vascular projections than those obtained
with barium (cf. Fig. 5). Furthermore, the contrast of an
injected vessel compared to the image background is signific-
antly poorer than that obtained with barium. The histograms
of iron-dextran-injected samples do not show two well-
separated peaks, excluding automatic image segmentation.
These observations are consistent with the theoretical calcu-
lations, from which the contrast expected for barium injec-
tions is about seven times larger than that expected from iron
dextran injections as a result of the higher concentration and
the larger scattering cross-section. The smallest vessels can-
not be detected within the epoxy background, because they
may have been poorly injected with iron dextran contrast
agent. Infiltration of the contrast agent is then far more homo-
geneous in the case of barium-injected solutions than for iron
dextran.

Conclusions

Our results clearly show that synchrotron X-ray tomography
opens new perspectives in the analysis of the microvascular
architecture of biological tissues. A specific sample prepara-
tion method dedicated to this purpose has been described. A
voxel resolution of 1.4 um was achieved over the millimetre
range, to obtain 3D tomography reconstructions with a size
of several cubic millimetres. Injections with barium sulphate
as contrast agent at a concentration of 600 mg mL™! prove
to be the most successful in terms of both sample preparation
and image quality in absorption mode. Phase-sensitive imag-
ing enhances the contrast of the smallest capillaries and of
poorly injected vessels. This technique has been successfully
applied to the vascular cortical network. It has permitted us



Fig. 5. Volume renderings of a sample injected with barium (600 mg mL™"), obtained at 20 keV in absorption mode with a voxel size equal to 1.4 um. The
images correspond to different samples extracted from different cortical regions of the same rat. Maximum intensity projections have been performed for
volumes with a size equal to Ax = 1.5 mm, Ay = 1.5 mm, Az = 1 mm: (a) Projection in the x—y plane of a sample extracted from the fronto-central region;
(b) projection in the y—z plane of a sample extracted from the frontal cortex; (c) x—z projection of the same sample as in (b); (d) close-up view on the x—y
plane projection of (a), using an in-depth coding in grey levels; (e) 3D iso-surface view of sample (a) in the z—y plane.



Fig. 6. Volume renderings of a sample injected with iron dextran
(100 mg mL™) obtained in absorption mode with a voxel size equal to
1.4 um. The images correspond to the same sample extracted from the
frontal rat cortex. Maximum intensity projections have been performed
for volumes with a size equal to Ax = 1.5 mm, Ay = 1.5 mm, Az = 1 mm:
(a) projection in the x—y plane; (b) projection in the y—z plane.

to image for the first time in three dimensions the vascular
structure of the grey matter of a rat cerebral cortex over its
entire depth. A similar sample preparation method and imag-
ing procedure can be applied to human brain tissue. Quant-
itative analysis of the 3D images will provide important
morphometric information of interest in different contexts
in which the microvascularization plays a key role, such
as physiological and pathological angiogenesis and brain func-
tional imaging (fMRI) whose basic principles rely on cortical
microvascularization.
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