
Summary. Cerebral cavernous malformations (CCMs)
are described as vascular lesions consisting of
endothelial-lined dilated vessels embedded in a
connective tissue sheath without intervening
parenchyma between them.

Their anatomical connections with the normal blood
vessels are still enigmatic and the fine three-dimensional
(3-D) organization of these vascular lesions remains to
be established.

Two stacks of serial histological slices, obtained
from two brainstem CCM lesions (from the necropsy of
a CCM2 male patient), were stained using Masson’s
trichrome method and then digitized. Stacks of regions
of interest underwent quasi-automatic processing: 1)
propagative registering using blockmatching algorithms
and Brain Visa programs; 2) 3-D segmentation using
Aphelion; 3) display with Anatomist or ImageVis3D.

These first histological 3-D reconstructions show the
external limits of the caverns defined as the external
limit of their collagen sheath. 

These pictures not only reveal the gross spatial
organization of the lesions, but due to their high
resolution (4 µm) and with the help of simple anaglyphic
3-D rendering, they also allow the visualization of
connections between caverns and very small blood
vessels.
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Introduction

Cerebral cavernous malformations (CCMs) are
described as endothelial-lined dilated vessels embedded
in a connective tissue sheath, without intervening
parenchyma (Russel and Rubinstein, 1989). Their
connections with normal blood vessels and their real
three-dimensional (3-D) microscopic organization are
still enigmatic despite published artists’ renditions
(Awad and Jabour, 2006; Leblanc et al., 2009).

CCMs are dynamic lesions with successive
hemorrhages and thromboses (Russel and Rubinstein,
1989; Zabramski et al., 1994) and with a proliferation
potential (Notelet et al., 1997). The growth of caverns
has been demonstrated on successive and serial magnetic
resonance images (MRI) (Zabramski et al., 1994). Since
recent 3-D MRI of CCMs (Shenkar et al., 2008) still
provides too low a resolution, we planned a 3-D
reconstruction study from stacks of serial histological
brain sections with an iconic technique of registration
(Ourselin et al., 2001; Cifor et al., 2011).
Materials and methods

Tissue samples

Two pontine CCMs were taken from the necropsy of
a male CCM2 patient. Sections from formalin fixed then
paraffin embedded brain tissue were stained using
Masson’s trichrome method. The lesions were chosen as
small enough in order to be nearly entirely included in
complete stacks of serial sections. These two lesions
were not detected by MRI (Fig. 1).
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Computer-aided 3-D reconstruction

All slides were digitized in RGB space with high
resolution (about 0.5 µm) scanners fitted with high
numerical aperture 20x objective. 50800 dpi images
were obtained.

3-D reconstructions were performed using: Windows
XP (Microsoft Corporation, Redmond, USA), Dalton
and Dolybr (Plancoulaine and Herlin, 2008), Aphelion
(Adcis, Hérouville, France), BrainVisa and Anatomist
(http://brainvisa.info/contributors_f.html), ImageVis3D
(Tuvok, an Architecture for Large Scale Volume
Rendering), and the following hardware: Siemens
Celsius PC, Quadro FX 1700 (512 Mbytes), Nvidia
GeForce GTX 560 (2048 Mbytes).

To place these brain slide pictures bearing into the z-
axis, regions of interest (ROI), containing the lesion and
sufficient surrounding informative texture were
consecutively and two by two registered, using a
“BlockMatching” algorithm. For some slides of the
second lesion, a manual and geometrical alignment was
required. 

Vessel walls were automatically detected according
to their specific red/blue ratio: pixel values in the red
layer were subtracted from those of the blue layer to
provide a higher contrast to the vessel walls. In order to
follow staining variations, the adequate threshold was
obtained from the linear relation between the threshold
defined by the pathologist‘s eye and the measurement of
the average brightness of the “blue minus red” pictures.

By discarding objects devoid of any common pixel
on the consecutive images in the stack, a selection of
objects propagating along the z-axis continuum was only
achieved before segmentation.

The first lesion was displayed on Anatomist, which
requires an object-per-object 3-D rendering; all the
segmented objects in the stack of binary pictures were
indexed and reconstructed individually in the 3-D space.

However, only the largest objects could be displayed. 
For the second lesion, binary images were imported

into ImageVis3D. The high performance of modern
graphic cards enables full resolution display (4 µm/pixel
after decimation). However, legibility requires a lower
display resolution. 
Results

Lesion 3-D reconstruction can be seen using the
following link: http://ufrmedecine.unicaen.fr/cavernome-
430028.kjsp

The first lesion is included in a stack of 110 slides.
Its overall size is about 1 mm in x and y (measured in
sections), while it extends about 0.5 mm along the z
axis. 

The second and significantly larger lesion is
included in a stack of more than 200 slides. 

The virtual images obtained correspond to the
external limit of the blue collagen sheath of the lesion,
since the segmentation mainly resulted from pixel-per-
pixel subtraction of the red value from the blue value in
the RGB color pictures. This subtraction took advantage
of the clear transition between the nearly pure blue of the
collagen sheath and the pink appearance of the external
brain parenchyma (Fig. 2). The size threshold value of
segmentation can be estimated to be about 10 µm.

Reconstruction shows the two cavernomas as
compact and complex lesions with agglutinated,
somewhat globular caverns of variable size (Figs. 3, 4). 

These two representations differ strikingly because
of the different display capacities of the two types of
software used. Anatomist (Fig. 3) shows only the overall
structure of the lesion without the detail shown using
ImageVis3D (Fig. 4) for the second lesion. 

The first lesion is present in its entirety in the
reconstructed volume. Somewhat narrow channels can
be seen between some caverns or lesion cavities. The
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Fig. 1. Patient’s brain MRI. 
A. Horizontal section showing
a CCM lesion in the left
cerebellar hemisphere (arrow).
B. Sagittal section showing
two large pontine CCM lesions
(arrows). The studied lesions
were not detected in any
section.



external face of some caverns presents narrow buds. The
reconstruction of the latter might have been ineffective
because they were too small to be detected using this
technique unless the buds were short and blind. At the
periphery, some caverns appear as satellites, isolated and
distant from the main “nidus”, or central portion of the
mass. The generally straight, large vessels of uniform
diameter (approximately 50 µm) also observed distant
from the main caverns (Fig. 3) are devoid of any
reconstructed connection with the lesion cavities. When
observed on the histological sections, these vessels seem
to be normal veins (Fig. 3 inset). The second lesion was
displayed with a more powerful 3-D graphics card. The
picture quality and ability to distinguish anatomical
structures were greatly improved by the anaglyphic
display available with this program. The numerous
caverns, either isolated or somewhat joined along their
sides, resemble a Jerusalem artichoke or tuber. It should
be pointed out that there are no large blood vessels
crossing over the main group of caverns. When using the
link: http://ufrmedecine.unicaen.fr/cavernome-
430028.kjsp looking at the z axis from the top of the
reconstructed volume, one can see an intermediate sized
blood vessel crossing in the y direction and climbing
toward the observer, appearing to be adhered to a group
of caverns. The absence of connection between its lumen
and the caverns was checked on the corresponding
histological slides (data not shown). Very numerous
disconnected and tiny vessels or capillaries occupy the
space between caverns and the large and distant blood
vessels. Although numerous small and short elements
resembling buds or verruca on the caverns show the
same diameter as a capillary, they are not connected to
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Fig. 2. CCM section after Masson’s trichrome staining. Note the
presence of a blue collagen sheath (arrow) surrounding the cavern
lumens of varying thickness. The surrounding brain parenchyma shows
an overall pink color. x 100

Fig. 3. BrainVisa display of a side view of
lesion 1. Colorization of the lesion in blue,
and of normal blood vessels in red,
crossing the space distant from the nidus of
the caverns. The left vein in red (large
arrow and Masson’s trichrome stain inset)
has an average external diameter of 50 µm
while the smallest (small arrow) and more
distal part of the smaller vein (in red) on the
right has an external diameter of about 12
µm. Direct measurement on the slides
using a Zeiss Axiovision calibrated for a
20X objective. No connection is observed
between these veins and the caverns.



any distant small vessel.
However, it should be emphasized that at high

magnification one can distinctly observe the connection
of two very small collagen-sheathed capillaries on a
large cavern. This image was obtained with the critical

help of the red-blue anaglyphic stereo rendering of
ImageVis3D. A set of nine small regions of interest from
the corresponding Masson’s trichrome stained sections is
shown in Fig. 5, and confirms the presence of these two
connections of capillaries or very small collagen-
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Fig. 4. ImageVis3D displays of several side views of lesion 2. The upper part of the CCM lesion is more sparingly reconstructed in a smaller x, y space
than the bottom. The geometry of the lesion was taken into account, and allowed the choice of smaller ROIs for the top of the stack. Thus, the lateral
parts of the same peripheral top region (*) were not involved in the reconstruction process and appeared as empty space (note the better legibility of
the upper part of this figure). x 340



sheathed blood vessels on a cavern.
Discussion 

Here, we present the first 3-D histological
reconstructions of the external envelope of two CCMs.

This external envelope mainly corresponds to the
external limits of their collagen sheath which must be
considered as part of the lesion wall and not as distinct.
The present 3-D representation strongly supports the
hypothesis that the manner in which different elements
in the lesion are connected is not serial but consists of a
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Fig. 5. Detail on adjacent Masson’s trichrome stained serial histological brain sections. Area corresponding to a connection between a cavern and two
small vessels. x 300



network. 
In a mouse model, despite the use of a 14.1 T

spectrometer and ex vivo brain, MRI only achieved an
in-plane pixel size of 27 µm and so did not allow the
visualization of very small vessels such as blood
capillaries (Shenkar et al. 2008). 

Our study on a human brain not only reveals the
gross spatial organization of the lesions but also, by its
high resolution (4 µm /pixel), allows the visualization of
connections between caverns and small blood vessels
whose inner diameter is in the order of 10 µm. 

Despite the small distortion resulting from both
histological and image processing, and the simplification
resulting from smoothing (Dauguet et al., 2007), our
virtual images are a true reflection of the real
organization of a real lesion. Careful examination of
these images suggests the existence of numerous
connections surrounding the lesion and not only in a
single pole with a hilum, as seen in the mulberry-like
artist’s renditions in a previously published work (Awad
and Jabour, 2006; Leblanc et al., 2009). In our two
lesions, we did not observe any association of the
caverns with large surrounding venous abnormalities as
those described by Damman et al. (2013). 

Furthermore, this model would help, in further
studies, to understand the mechanisms involved in CCM
pathogenesis. Indeed, as CCM mutants have been
recently developed (Boulday et al., 2011 ), this 3-D
reconstruction could be applied at different steps of
development of CCM lesions, particularly in milder
mouse models useful for long term studies.

Finally, these preliminary 3-D reconstructions allow
good spatial representation of the CCMs and constitute
milestones in the elucidation of their enigmatic blood
supply.
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