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Abstract

Objectives—We hypothesized that structural details would be revealed in cerebral cavernous
malformations (CCMs) through the use of high field magnetic resonance (MR) and confocal
microscopy, which have not been described previously. The structural details of CCMs excised from
human patients were sought by examination with high field MR imaging, and correlated with
confocal microscopy of the same specimens. Novel features of CCM structure are outlined, including
methodological limitations, venues for future research and possible clinical implications.

Methods—CCM lesions excised from four patients were fixed in 2% paraformaldehyde and
subjected to high resolution MR imaging at 9.4 or 14.1 Tesla by spin-echo and gradient recalled echo
methods. Histological validation of angioarchitecture was conducted on thick sections of CCM
lesions using fluorescent probes to endothelium under confocal microscopy.

Results—Images of excised human CCM lesions were acquired with proton density-weighted,
T1-weighted, To-weighted spin echo and Ty*-weighted gradient-recalled echo MR. These images
revealed large “bland” regions with thin walled caverns, and “honeycombed” regions with notable
capillary proliferation and smaller caverns surrounding larger caverns. Proliferating capillaries and
caverns of various sizes were also associated with the wall of apparent larger blood vessels in the
lesions. Similar features were confirmed within thick sections of CCMs by confocal microscopy.
MR relaxation times in different regions of interest suggested the presence of different states of blood
breakdown products in areas with apparent angiogenic proliferative activity.

Conclusions—The high field MR imaging techniques demonstrate novel features of CCM
angioarchitecture, visible at near histological resolution, including regions with apparently different
biologic activity. These preliminary observations will motivate future research, correlating lesion
biologic and clinical activity with features of MR imaging at higher field strength.
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Introduction

The cerebral cavernous malformation (CCM) is a highly prevalent vascular lesion in the human
brain, affecting more than 1 million Americans, and predisposing them to a lifetime risk of
stroke and epilepsy (16,19,22-24). The lesions consist of clusters of cavernous anomalous
vessels, lined by endothelium, and filled with blood at various stages of thrombosis (6,8,10,
33). They invariably exhibit hallmarks of blood leakage and gliotic reaction in adjacent brain.
The CCMs appear to grow by a process of cavern proliferation in the setting of repetitive
lesional hemorrhages (hemorrhagic proliferative dysangiogenesis), and exhibit brittle vascular
morphology devoid of mature vessel wall elements (12,24,26). It is not known if caverns arise
from other caverns, novel capillaries or pre-existing blood vessels.

The CCM lesions were thought to be rare, until the advent of imaging by magnetic resonance
(MR). Conventional MR sequences (T1- and T,-weighted imaging) are capable of visualizing
clinically significant CCM lesions with specificity and sensitivity approaching 100% (21),
while in familial cases (13), gradient echo MR sequences may reveal a larger number of smaller
occult lesions (15). These MR scans can also accurately document gross lesion hemorrhage
and expansion (9,34). However, the majority of CCM lesions remain apparently clinically and
biologically quiescent during most of the host’s lifetime, except for phases of possible
proliferation and clinically overt hemorrhage. The spatial resolution necessary to visualize the
angioarchitecture and proliferative activity of CCMs remain quite limited in MR imaging at
lower field strengths available clinically at the present time.

The objectives for this study are to image human CCM lesions ex vivo at high magnetic field,
with correlative confocal microscopy and to outline potential pathobiologic significance of
these observations, with venues for future research and possible clinical implications. We also
evaluated whether magnetic susceptibility artifacts at higher field strengths enhance or degrade
details of MR imaging of CCM lesions. We hypothesized that high field imaging with greater
spatial resolution can reveal more details of the structure of CCMs than those seen in clinical
images at lower field strength.

Subjects and Methods

CCM Specimen

CCM specimen were obtained during surgery at Evanston Northwestern Healthcare (ENH),
Northwestern Memorial Hospital and the University of Virginia Hospital from patients (n =
4) diagnosed previously by clinical MR imaging at 1.5 Tesla (T). The subjects (one male and
three females) were 23 to 59 years of age. Two subjects had recent hemorrhages from the CCM
within three months before surgery; two subjects had clinically quiescent lesions. One subject
harbored multiple lesions; three subjects had single lesions. Three subjects experienced seizure
disorders. All CCM lesions, ranging in size from 10 to 50 mm, were located supratentorially.
This study was approved by the ENH Institutional Review Board. All subjects gave informed
consent. After surgical removal of the CCMs, lesions were rinsed in saline and immersed in
2% paraformaldehyde for two to four weeks before imaging.
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Immediately before MR imaging, the excised fixed CCM specimens were rinsed with
phosphate buffered saline (PBS) and placed securely into glass vials immersed were in Fomblin
Y LVAC 06/6 perfluoropolyether (Sigma-Aldrich, St. Louis, MO) during imaging. Fomblin
is an inert liquid which is commonly used in MR microimaging to prevent dehydration and
reduce magnetic susceptibility gradients. It does not alter any tissue characteristics (14). High
spatial resolution MR images were acquired on a 9.4 T Bruker vertical axis imager (400 MHz
proton frequency) or a 14.1 T Bruker Avance imaging spectrometer (600 MHz proton
frequency), using a 20-mm volume resonator tuned to the appropriate proton frequency. Two-
dimensional multi-slice spin-echo images were acquired using the following repetition time/
echo time (TR/TE): Proton density-weighted imaging —2000ms/10ms, T-weighted imaging
-400ms/10ms and T,-weighted imaging - 4000ms/40ms. Gradient-recalled echo images were
acquired using TR/TE 50-500ms/4—-10ms. Slice thickness was 100 — 200 um and in-plane pixel
size was 35 — 40 um. Three-dimensional gradient-recalled echo images were acquired using
TR/TE 50-200msec/4msec and 60-90um isotropic pixel size.

Confocal Microscopy

After MR imaging, the tissue was rinsed in PBS and immersed into 2% paraformaldehyde.
The crosslinks were reversed in 0.01 mol/L citrate buffer pH 6.0, 95°C for 25 minutes. The
tissue was cut into 200-pum sections with a Vibratome Model G sectioning system (Oxford
Laboratories, Foster, CA). The thick sections were placed on microscope slides, blocked with
goat IgG antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) at 1:20 dilution for one hour,
treated with Image-iT FX signal enhancer (Molecular Probes, Eugene, OR). To stain
endothelium, the specimen was incubated overnight with streptavidin-alexa-568 (Molecular
Probes) at 1 pg/ul or with rabbit anti-human von Willebrand factor (Sigma-Aldrich, St. Louis,
MO) at 1:300 dilution followed by incubation for 1 hour with goat anti-rabbit-Alexa-568
(Molecular Probes) at 1:300 dilution. It was then incubated with 70% ethanol for 2 minutes,
treated with 2% Sudan Black-B in 70% ethanol for 3 minutes, incubated with 70% ethanol for
1 minute and rinsed twice in deionized water for 3 minutes. Coverslips were mounted with
Prolong Gold antifade reagent (Molecular Probes). A D-eclipse C1 confocal microscope
(Nikon Instruments Inc., Melville, NY) was used to view the sections using a 543 nm helium
neon laser.

MR Relaxation Times

Results

T4 and T relaxation times were measured simultaneously in each pixel of an image from one
slice of a human CCM using progressive saturation (11) and CPMG (Carr-Purcell-Meiboom-
Gill) (7,17) methods, respectively. To* was measured in a human CCM specimen at 14.1 T by
varying echo delay time at constant recycle time in a gradient-recalled echo imaging sequence.

T41-weighted (TR/TE 550ms/10ms) and T,-weighted (TR/TE 3700ms/100ms) brain images of
a patient acquired prior to surgery on a 1.5 T clinical MR scanner are presented in Figure 1.
These clinical images, however, do not reveal finer angioarchitectural or structural features
within the lesion. High field MR images of the lesion from the same patient were acquired ex
vivo on a 9.4 T micro-imager with different imaging sequences. In contrast to the low spatial
resolution clinical images, the proton density weighted images (Figure 1C), and the T-
weighted images (Figure 1D), acquired at high field strength, with high spatial resolution reveal
the caverns comprising the lesion, reflecting histopathologic CCM appearance. Furthermore,
these images reveal a markedly heterogeneous microstructure within the specimen. Large
caverns, greater than 500 om in diameter and present at various locations within the lesion,
represent the most striking feature of the CCM image. Besides these caverns, numerous smaller
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hypointense spots of varying sizes less than 100 om in diameter are seen throughout the
landscape in each image. The T,- (Figure 1E) and T»*- (Figure 1F) weighted images are largely
hypointense with a small hyperintense patch in each image. The observed variations in
endogenous contrasts generated with T-, To-, and Ty*-weighted imaging indicates that the
CCM lesion contains iron in different breakdown products of hemoglobin (4).

The proton density-weighted image (Figure 1C) was enlarged (Figure 2A) to show more detail.
After MR imaging, part of the lesion (within the square depicted in Figure 2A) was cut into
200-um thick sections for correlative confocal microscopy. Both the MR (Figure 2A) and
confocal (Figure 2B) images gave a three-dimensional perspective of the angioarchitecture of
the CCM lesion. These images both showed small caverns with diameters < 100 um (arrows)
surrounding larger caverns, and along an apparent blood vessel, i.e. a tubular structure
confirmed on three dimensional reconstruction of MR images, and by confocal microscopy,
in contrast to bubble like dilated caverns and smaller capillaries.

High field MR images for each of the CCM lesions revealed both “bland” and “honeycombed”
regions. We define “bland” regions as hyperintense areas with larger caverns (0.5 -1 mm)
devoid of other details, and “honeycombed” regions as hypointense areas with smaller caverns
or capillaries (< 100 um in diameter) proliferating around larger caverns and apparent blood
vessels (arrows). Figure 3 illustrates these features in three dimensional gradient-recalled echo
To*-weighted MR images obtained at 14.1 T of one such lesion. All four CCM specimens
examined had a predominance of “bland” over “honeycombed” features. Confocal microscopy
confirmed the presence of similar features (Figure 4B and D) as identified by reconstructed
high resolution MR imaging at 9.4 T or 14.1 T (Figures 4A and C).

We measured T4 and T, relaxation times in the CCM specimen from one case at 14.1 T and
demonstrated regional differences in relaxation times within the specimen. Regional relaxation
times were calculated by averaging T or T, for all the pixels in the regions of interest (ROISs)
shown in Figure 5 and are presented in Table 1. There appears to be two distinct regions in this
specimen, one characterized by T, relaxation time > 1 sec and the other < 1 sec. Notably, all
four “honeycombed” areas (ROIs 1-4) have larger T and T relaxation times than the five
“bland” regions (ROIs 5-9). The average T, of the ROIs with the larger T, is 1.55 sec. The
average Tq of the ROIs with the shorter Ty is 0.40 sec. The larger T ROIs have an average
T, of 29 msec, while the shorter T; ROIs have a shorter T, average of 14.7 msec.

To* relaxation times varied between 8.0 and 19.1 msec in different regions of the sample. There
were large standard deviations of To* relaxation times measurements in regions with
“honeycombed” appearance, limiting the accuracy of those measurements in those regions.
The observed regional differences in Tq, T, and To* relaxation times suggest the presence of
iron in different oxidation states, in different breakdown products and perhaps in different
amounts in the angioarchitectural features seen in human CCM.

Discussion

The results described in the present study supported the hypothesis that high field MR imaging
reveals structural details in CCMs that have not been described previously. The three
dimensional angioarchitecture of caverns was illustrated and the spatial organization within
the lesions was preserved despite the high magnetic field. Novel structural features included
small caverns surrounding larger caverns and arranged on tubular structures that resemble
mature blood vessels coursing through the lesions. These features may have implications in
the diagnostic evaluation of CCM disease, and its correlation with clinical behavior and
therapeutic manipulation.
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Regional Heterogeneity of MR Relaxation Times in CCM Lesions

Conventional histologic features of CCM lesions have been traditionally examined using
formalin-fixed paraffin-embedded specimens cut to only a few micrometers thick, with
immunohistochemical and other staining of relevant molecular markers in cross sections of the
caverns, intercavernous matrix, and associated capillary proliferation (25,27,30-32). Such
studies have revealed evidence of proliferative angiogenesis in the lesions and a number of
differential structural and functional features of CCMs in comparison to control vessels (25,
27,30-32). Electron microscopy has allowed a more detailed examination of ultrastructural
pathology of the endothelial layer and basement membrane (29,33). Due to the thinness of
these sections, only cross sections of caverns and blood vessels of various sizes could be
described, without revealing three-dimensional connections between these structures, nor the
state of iron breakdown products in various regions of the lesion.

Conversely, conventional MR imaging at low field strength (< 3 T) has revealed larger
cavernous structures (> 1 mm in diameter), and mixed signal from blood breakdown products
within CCM lesions, but not their detailed angioarchitecture. In the present investigation, we
examine high field MR images at near histologic resolution and confocal microscopic images
of slices that are on the order of hundreds of micrometers thick. The immunohistochemical
fluorescence of endothelial cells by confocal microscopy allowed the visualization of complex
capillary and cavern angioarchitecture in correlation with MR images. This provided an
integrated picture of histologic and three-dimensional anatomy in a way not possible from
conventional thin section cross sectional slides.

Before surgery, brain images were acquired with clinical MR imagers at 1.5 T or 3 T field
strengths. Although the resolution was low, the T1-weighted brain images suggested the
presence of caverns of various sizes. In addition, To-weighted images revealed signal of blood
breakdown products of apparently different ages within the lesion, and more chronic, likely
hemosiderin, hypointense stain around the lesion. These findings have been described
previously (2,20). Ex vivo images of CCM specimens that were acquired by high field strength
MR at 9.4 T or 14.1 T with different relaxation sequences illustrated various endogenous
contrasts within the lesions. Several caverns greater than 500 um in diameter and a linear
structure that might be a blood vessel appear hypointense on the T,—weighted image and are
very dark on the To-weighted image. This is consistent with the possibility that these structures
contain deoxyhemoglobin and/or hemosiderin, which have previously been shown to be
slightly hypointense on T1—weighted images and very hypointense on T,—weighted images
(4). A bright region in the To-weighted image also appears to be brighter than background in
the proton density and T,—weighted images. This region possibly contains extracellular
methemoglobin, which has previously been shown to be hyperintense on both T;—weighted
images and on To—weighted images (4).

T1 and T relaxation times varied in different regions of the CCM lesions suggesting that iron
is present in various degradation products of hemorrhage in specific regions of the lesion. These
include mainly hemosiderin, which because of high magnetic susceptibility, appears very
hypointense in T,-weighted images (2,4). The relaxation times recorded herein may not apply
to fresh specimen, or to lesions in vivo. Other studies have demonstrated a reduction in proton
density, T1 and T signals over time during brains were fixed in formalin (3,28,35). However,
the measurements will serve as a basis for comparison among specimens under similar
conditions and between different regions within the same specimen, and for future studies
defining the biophysical nature of the signal heterogeneity within and among lesions.
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Bland versus Honeycombed Regions

The present work describes two types of angioarchitectural features within the CCM lesions
that have not been previously reported. There appear to be “bland” caverns of various sizes,
unassociated with capillary or small cavern proliferation. Other more hypointense regions
include “honeycombed” feature, with small caverns or dilated capillaries apparently
surrounding a larger cavern or an apparent blood vessel.

Potential Clinical Implications and Areas of Future Research

Clinical imaging may become possible in vivo at higher field strengths. A recent report has
shown the same level of details in clinical MR imaging at 8 T of a patient with proliferative
capillary telangiectasia, likely representing an early stage of CCM genesis (18). The same
features of lesion angioarchitecture revealed at high field imaging may be definable by
optimized sequences at medium field strengths (3—6 T) likely to be more widely available
clinically in upcoming years. Higher field imaging may reveal other features of lesion
phenotype in sporadic versus familial lesions, and in lesions associated with previous brain
irradiation, venous developmental anomaly, or different familial genetic substrates. These
same features of lesion behavior will need to be sought and followed over time, in correlation
with clinical lesion activity. The number of cases in our preliminary studies was too small and
the sampling bias of imaging too great for meaningful correlation with recent clinical behavior.

Most CCM lesions remain clinically quiescent in the host’s lifetime, except for brief periods
of apparent proliferation and hemorrhage. It will be useful to define biologic states underlying
clinical activity in these lesions. The preliminary correlations with confocal
immunomicroscopy of thick sections of the same lesions allowed confirmation of broad
angioarchitectural features. But the technical difficulties of working with thick sections of fresh
tissue prevented more detailed biologic correlations. Further technical optimization of
correlative imaging will be needed, including dual probes for MR and fluorescent labeling of
the same cells. New Tq contrast agents that contain chelated gadolinium and a fluorophore
along a polymer background conjugated to specific antibodies against markers for endothelium
and inflammatory cells, being developed in a collaborating laboratory at our institution (T.
Meade, unpublished data), would provide a platform for the development and validation of
molecular imaging (5) giving another dimension for validating molecular profiles in different
regions of these lesions, hopefully reflecting aggressive and quiescent states and clinical
behavior of CCMs.

In future work with CCM lesions surgically excised from human patients or within the brains
of murine models in vivo, we are hypothesizing that inflammation, angiogenesis and the
production of new caverns are taking place in the “honeycombed” regions, which may result
from signals caused by particular blood degradation products from hemorrhage and/or
inflammatory cell infiltration into those areas. We propose that the foregoing processes are not
occurring within the “bland” regions, which reflect mature quiescent areas that may have
originally arisen from the “honeycombed” regions. It would be important to correlate MR
relaxation times with clinical evidence of recent bleeding or CCM growth and with more
detailed immunochemical observations of angiogenic activity and inflammation in different
regions of the same lesion (1).

Although largely descriptive, these observations represent the first detailed images of CCM
angioarchitecture at high field MR field strength. The technical possibilities and preliminary
observations reported in the present work are anticipated to have importance as background
for future mechanistic studies.
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Figure 1.

In vivo and ex vivo MR images from a human CCM lesion. The indication for surgery was a
presentation with new onset seizures, and the desire for the solitary lesion to be excised to
prevent future sequelae, and to taper off anticonvulsants. To-weighted (A) spin-echo brain
images were acquired at 1.5 T. MR images from a fragment of the same CCM lesion were
acquired ex vivo following surgical excision on a 9.4 T microimager. (B) Spin-echo image with
proton density contrast. (C) Spin-echo image with T1-weighted contrast. (D) Spin-echo image
with Tp-weighted contrast. (E) Gradient-recalled echo image with To*-weighted contrast. Slice
thicknesses are 5 mm with a 1.5 mm gap (A) and 200 um (B — E). Fields of view are 220 um
x 170 mm (A) and 10 mm (B — E). Matrix sizes are 256 x 224 (A) and 256 x 256 (B — E). Scale
bars are 10 mm (A) and 1 mm (B - E).
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Figure 2.

Caverns along apparent blood vessels in proton density MR (A) and confocal microscope
images (B) of CCM lesion ex vivo. The confocal histology image, from a region indicated by
a square on the MR image of the same specimen, shows small caverns <100 um (arrows) along
an apparent blood vessel. Slice thickness is 200 um, field of view is 12 mm and matrix size is
256 x 256. Scale bars are 1 mm.
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Figure 3.

Gradient-recalled echo T,*-weighted MR images from a human CCM specimen acquired ex
vivo on a 14.1 T microimager. Two enlarged views from a fragment of the lesion (A) showed
large caverns with “bland” (B) and honeycombed (C) features in different regions. Two
enlarged views from another fragment (D) showed small caverns < 100 pm (arrows)
surrounding a larger cavern (E) and along an apparent blood vessel indicated by the open arrows
(F). Slice thicknesses are 50 um, fields of view are 15 x 15 x 13 mm and matrix sizes are 256
x 256 x 200. Scale bars are 1 mm.
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D

Figure 4.

Reconstructed three dimensional gradient-recalled echo To*-weighted MR images from a stack
of serial two-dimensional images acquired ex vivo on a 14.1 T microimager (A, B), confocal
images (C, D) and diagrams (E, F) showing “bland” (A, C, E) and “honeycombed” features
(B, D, F) in the human CCM. Field of view is 15 x 15 x 13 mm; matrix size is 256 x 256 x
200 (A, B). The confocal sections were stained for von Willebrand factor (red). The scale bars
are 500 um (A, B) and 100 um (C, D).
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Figure 5.

Nine regions of interest for T1 and T relaxation time measurements shown in Table 1, selected
on a proton-density weighted spin-echo image of CCM specimen from the third patient
acquired ex vivo at 14.1 T. Slice thickness 500 um, field of view 18 mm x 18 mm and matrix
size 256 x 256 (in-plane pixel size 70 um). Only regions with apparent signal intensity were
selected for relaxation measurements. Curve fitting was not possible in regions that appear
completely dark with no signal intensity.
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T, and T, relaxation times in a human CCM for regions of interest (ROI) indicated in Figure 5, obtained from MR at

141T.

ROl

T

T,

CoOoO~NOUTWN P

1.82+0.26s
1.69+0.24s
1.27+0.11s
143+0.18s
663.8 +52.5ms
525.7+42.8 ms
304.0 +£16.7ms
2444 +10.3ms
246.5+12.2ms

34.95+1.16 ms
31.24+0.85ms
30.07 £0.96 ms
19.95+0.81 ms
20.16 + 1.00 ms
16.65+1.20 ms
12.45+1.36 ms
11.25 +£2.08 ms
12.83+1.67ms
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