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1.1 LIST OF ABBREVIATIONS

AVM arteriovenous malformation
BSCM brainstem cavernous malformations
CM cavernous malformations

CN cranial nerve

CT computed tomography

GOS Glasgow Outcome Scale

KPS Karnofsky performance status
mRS Modified Rankin Scale

PCA posterior cerebral artery

PICA posterior inferior cerebellar artery
SI signal intensity
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2 ZUSAMMENFASSUNG

Hintergrund: Hirnstammkavernome sind relativ selten und galten einst als inoperabel,
heutzutage sind sie chirurgisch, mit ermutigenden Ergebnissen therapierbar. Es ist bei
dieser Erkrankung jedoch noch vieles unklar. Demnach tragen alle Publikationen in diesem
Bereich zur weiteren Erforschung dieser Pathologie bei.

Ziele: Ziel dieser retrospektiven Analyse ist es, die Wirksamkeit einer chirurgischen
Entfernung der Lésion durch Vergleich des pra- und postoperative neurologische Status zu
untersuchen. Des Weiteren wurden Faktoren untersucht, die einen moglichen Einfluss auf
das Ergebnis ausiiben.

Methoden: Es wurde die Krankengeschichte von 26 Patientlnnen der Universitatsklinik
fiir Neurochirurgie in Graz, retrospektiv eruiert. Folgende Parameter wurden analysiert:
Basisdemographische Daten, prd- und postoperativer neurologischer Status, in
Verwendung der modifizierten Rankin Skala und des Glasgow Outcome Score, Tumor
Daten und die chirurgischen Zugangswege. Es wurde eine deskriptive statistische Analyse
durchgefiihrt., um den pri- und postoperativen Status zu vergleichen wurde ein Wilcoxon-
Test angewandt. Ein Mann-Whitney-Test wurde verwendet um den Zusammenhang
zwischen dem Outcome, und der GroB3e der Lision zu tiberpriifen.

Ergebnisse: Das Alter der PatientInnen reichte von 16 bis 71 Jahren (Mittelwert: 43,1
Jahre, Median 40 Jahre). 11 (42,3%) Patientlnnen hatten ein und 15 (57,7%) mehrere
Blutungsereignisse. Die Zeit vom Blutungsereignis bis zur Operation betrug im Mittelwert
41 Tag, im Median 28 Tage. Von allen Hirnstammkavernomen waren 14 (53,9%) in der
Pons, 6 (23,1%) in der Medulla Oblongata und 6 (23,1%) im Mesencephalon lokalisiert.
Die GroBe der Lasionen reichte von 0,231 bis 7,9 cm’. Es wurden 18 (69,2%)
Totalresektionen, 1 (3,85%) Subtotalresektion, 4 (15,4%) Partialresektionen durchgefiihrt,
1 Kavernom war nicht zuginglich, ein (3,85%) Kavernom wurde radiochirurgisch und
eines (3,85%) konservativ behandelt. Bezogen auf alle chirurgisch behandelten
PatientInnen, traten in 6 Féllen (25%) Komplikationen auf (Liquorfistel bei 4 PatientInnen
(16,7%) und Rhinoliquorrhoe bei 2 Patientlnnen (8,3%) Rhinoliquorrhoe). Die Resultate
des Wilcoxon-Tests zeigten, dass sich der neurologische Status nach der Operation
statistisch signifikant (p=0,006) verbesserte. Der Mann-Whitney-Test zeigte keinen
statistisch signifikanten Zusammenhang (p=0,698), jedoch konnte in der graphischen
Darstellung eine Korrelation zwischen einer h6heren medianen Gro3e der Lasion und eines

schlechteren Outcomes abgelesen werden.



Schlussfolgerung: Die Operation ist die Therapieoption der ersten Wabhl, sie sollte in der

subakuten Phase erfolgen und als Totalresektion durchgefiihrt werden.



3 ABSTRACT

Background: Brainstem cavernous malformations are relatively rare and once considered
inoperable, nowadays they are surgically treatable, with encouraging results. Nevertheless,
there are remaining questions concerning these lesions. Therefore, every report contributes
to the exploration of this pathology.

Objective: The aim of this retrospective analysis was to evaluate the efficacy of surgical
treatment, based on the pre- and postoperative rates of morbidity and to identify predictors
which influence the surgical outcome.

Methods: The medical histories from 26 patients of the Neurosurgical Department of the
Medical University of Graz were retrospectively reviewed. We analyzed: patient
demographics, pre- and postoperative neurological status using modified Rankin Scale
scores and Glasgow Outcome Scale sores, lesion characteristics and surgical approaches. A
descriptive statistical analysis was performed. We used a Wilcoxon test to compare the
pre- and postoperative scores and a Mann-Whitney Test to investigate the association of
the outcome with the size of the lesion.

Results: Ages ranged from 16 to 71 years (mean, 43,1 years; median, 40 years). 11
(42,3%) patients had a single and 15 (57,7%) patients had multiple hemorrhagic events.
The time from the last hemorrhagic event to surgery was evaluated with a median of 28
days and a mean of 41 days. 14 (53,9%) cavernomas were located in the pons, 6 (23,1%) in
the medulla oblongata and 6 (23,1%) in the midbrain. The size of the lesions ranged from
0,231 to 7,9 cm’. Total resection was achieved in 18 (69,2%), subtotal in 1 (3,8%), partial
in 4 patients (15,4%), in 1 (3,85%) patient the cavernoma was inaccessible, 1 (3,85%)
patient was treated radiosurgically and 1 (3,85%) patient was treated conservatively.
Complications occurred in 6 cases (25%), which involved liquor fistula in four patients and
rhinoliquorrhea in two patients. The Wilcoxon-test showed that the neurological status
improved significantly (p=0,006) after resection. The Mann-Whitney Test did not show a
statistically significant correlation (p=0,698). However, the graphical illustration showed a
correlation of larger size with unfavorable outcome.

Conclusion: Surgical resection is the first choice of treatment, it should be performed in

the subacute phase and total resection of the lesion is essential.
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4 INTRODUCTION

4.1 ANATOMY OF THE BRAINSTEM

4.1.1 SURFACE SURGICAL ANATOMY OF THE BRAINSTEM

4.1.1.1 Midbrain

The midbrain is bordered by the optic tract cranially and the pontomesencephalic sulcus
caudally. The midbrain can be divided into the ventral crura cerebri, the tegmentum in the
middle and posteriorly the tectum also called the quadrigeminal plate. The term cerebral
peduncles mean the combination of the crura cerebri and the tegmentum. Another way to
categorize the midbrain is to divide it by the lateral mesencephalic sulcus into an
anterolateral part and a posterior part. The origin of the lateral mesencephalic sulcus is
cranially by the medial geniculate body and goes into the direction of the
pontomesencephalic sulcus. The interpeduncular fossa is defined as the space between the
cerebral peduncles, this fossa contains the posterior perforate substance and is the origin of
the oculomotor nerve. The tectum is built by four colliculi, two superior colliculi and two

inferior colliculi. The trochlear nerve emerges directly under the inferior colliculus. (1,2)

4.1.1.2 Pons

The pons is bordered by the pontomesencephalic sulcus cranially and the pontomedullary
sulcus caudally furthermore, the pons is divided from the middle cerebral peduncle by the
origin of the trigeminal nerve. At the midline of the rostral convex pons, the basilar sulcus
immerges. The abducens nerve has its origin medially at the pontomedullary sulcus, the
supraolivary fossette is the origin of the facial nerve and the vestibulocochlear nerve. The
floor of the fourth ventricle, also known as the thomboid fossa, is built by the dorsal pons
and the dorsal portion of the medulla. At the dorsal junction of the pons and the medulla,
there is a structure called the striae medullares which divides the rhomboid fossa into two
triangles. The borders of the rhomboid fossa are, cranially the apex, located at the sylvian
aqueduct, the cerebellar peduncles laterally at the upper triangle, the teniae of the fourth
ventricle form the lateral limit of the inferior triangle and the obex forms its inferior and
medial limit. There are three vertically sulci at the surface of the rhomboid fossa, in the
middle there is the median sulcus and at the left as well as at the right side of it there is one
sulcus limitans. The median eminence lies in between the median sulcus and the sulcus

limitans. The median eminence contains the facial colliculus, the hypoglossal trigone and
11



the vagal trigone. Two another important regions of the rhomboid fossa are the locus

coeruleus and the vestibular area, both located lateral to the sulcus limitans. (1)
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4.1.1.3 Medulla

There are two superior borders of the medulla oblongata, on the ventral side, the
pontomedullary sulcus and at the dorsal side the striac medullares. There is no sharp
inferior border of the medulla oblongata, but at the level of the pyramidal decussation and
the origin of the first cranial nerve, the medulla fuses with the spinal cord. On the ventral
side of the medulla oblongata are the paired pyramids, which are divided by the anterior
median fissure. The anterolateral sulcus is located at the lateral side of each pyramid, this
sulcus divides the pyramid from the lateral located olive and contains the origin of the
hypoglossal nerve. The so called retroolivary sulcus lies Dorsolaterally to the olive and
contains the origin of the glossopharyngeal nerve and the vagus nerve. The posterior
median sulcus divides the dorsal side of the medulla oblongata medially. The gracile
fasciculus with its eminence, the gracile tubercle lies at each side of the posterior median
sulcus. The cuneate fasciculus with its eminence the cuneate tubercle lies laterally to the

gracile fasciculus and they are separated by the posterior intermediate sulcus. The more

Figure 4.1-1: Schematic illustration of the surface

anatomy of the ventral brainstem (G. Giliberto: Figure 4.1-2: Schematic illustration of the surface anatomy of the
Brainstem cavernous malformations: anatomical, dorsal brainstem (G. Giliberto: Brainstem cavernous

clinical and surgical considerations. copyright 2010 malformations: anatomical, clinical and surgical considerations.
by Neurosurgical focus) copyright 2010 by Neurosurgical focus)

lateral posterolateral sulcus delineates the

cuneate fasciculus.(1,3)
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4.1.2 INTERNAL AND FUNCTIONAL ANATOMY OF THE
BRAINSTEM

4.1.2.1 Midbrain

Crura cerebri

Ventrally, the foremost structures are the crura cerebri. They are the process of the internal
capsule of each side. Laterally, they contain projections to the pontine nuclei from the
parietal, occipital and temporal lobes. At the center of the crus is the corticospinal tract and
medial to that the corticobulbar tract, whereas projections from the frontal cortex to the

pons are found medially.(1-3)

Substantia nigra

Dorsal to the crus, there is a dark nucleus complex, the so-called substantia nigra. It marks
the border between crus and midbrain tegmentum. The dark color is the result of the high
amount of melanin in the substantia nigra cells. Histologically the substantia nigra can be
divided into a pars compacta and a pars reticulate. These two parts also have distinct
functions. The pars compacta gets the afferent information from the striatum and also from
the telencephalic cortex, primarily from the motor and premotor cortex. Accordingly, the
fiber tracts are called the strio-nigral fibers and the cortico-nigral fibers. The majority of
the efferent fibers grows to the striatum and is called nigrostriatal fibers. These projections
from the pars compacta inhibit through dopaminergic neurotransmitter the activity of the
striatal neurons whereby they have an essential function for movement initiation. The
function of the pars reticulata, containing GABAergic cells, is antagonistic to those of the
pars compacta. The substantia nigra also contains efferent projections to the reticular

formation and to the thalamus.(1-3)

Red nucleus

The red nucleus is located in the middle of the tegmentum, dorsal to the substantia nigra.
The reddish color results from the high amount of iron in the cells of the nucleus.
Histologically the red nucleus can be divided into a magnocellular part and a parvocellular

part. The red nucleus plays an important role in the extrapyramidal motoric system and
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exerts its influence on the musculoskeletal system through the rubrospinal tract, which

descends to the contralateral spinal cord.(1-3)

Medial lemniscus

The medial lemniscus is located lateral to the red nucleus. It is a fiber tract with its origin
in the dorsal column nuclei and in the broadest sense also includes the trigeminal
lemniscus with its tactile and proprioceptive information. The medial lemniscus decussates
after its origin to the contralateral side and its fibers grow to the ventral posterior lateral
nucleus of the thalamus. Functionally, it carries proprioception, vibration and

discriminative touch information.(1-3)

Cranial nerve nuclei

In more caudal sections, the decussation of the superior cerebellar peduncle lies centrally
and medially, contrary to the more rostrally located red nucleus. Continuing dorsally, CN
nuclei are located medially and the spinothalamic tract laterally. The CN nuclei found in
the midbrain are the oculomotor nuclear complex and the Edinger-Westphal nucleus
rostrally and the trochlear nucleus caudally. The nuclei of CN III, the oculomotor nuclei
and Edinger-Westphal nucleus, are found primarily at the level of the superior colliculus
and the trochlear nucleus is located caudal to the nuclei of CN III and at the level of the
inferior colliculus. The Edinger-Westphal nucleus supplies the parasympathetic
innervation to the intraocular muscles for the accommodation reflex, which includes the
pupillary constriction and ciliary muscle activation to control lens accomodation allowing
for near vision. The CN nuclei III, IV and VI are connected by the medial longitudinal
fasciculus. Within its most rostral portion there is the vertical gaze center. The
mesencephalic trigeminal nucleus is found at each side of the periaqueductal gray

matter.(1-3)

Aqueduct of Sylvius and periaqueductal gray matter

Central and dorsal in location to the CN nuclei is the cerebral aqueduct, connecting the
third and fourth ventricles. The cerebral aqueduct is surrounded by the periaqueductal gray
matter. This complex of nuclei projects with its fibers to the limbic system and generates
anxiety and flight reflexes and also influences the voice formation, by coordinating the CN
nuclei. Through its projections to the spinal cord it can inhibit the ascending pain

transmission.(1-3)
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Corpora quadrigemina

The superior colliculus gets afferent information from the optical tract and projects with its
efferent fibers primarily to the oculomotor nuclear complex, to the facial motor nucleus
and also into the spine. The primary function of the superior colliculus is to orient the eyes
and head to sensory stimuli. The inferior colliculus receives auditory sensory input through
a series of relay nuclei that convey this information from bilateral dorsal and ventral

cochlear nuclei. (1-3)

4.1.2.2 Pons

The cross-section of the pons can be divided into the ventrally located pars basilaris pontis
and the dorsally located tegmentum. The basilar part of the pons contains the corticospinal
tract in each hemisection and the pontine nuclei. The tegmentum contains the following
CN nuclei: the facial motor nucleus, the abducens nucleus, the chief sensory nucleus, a part
of the spinal trigeminal nucleus, the trigeminal motor nucleus, the medial and lateral
vestibular nuclei. the cochlear nuclei and the salivary nuclei. It also contains the trapezoid
body, as a part of the auditory pathway, the medial lemniscus, the reticulate formation, the
medial longitudinal fasciculus, with its function explained above, the posterior longitudinal
fasciculus, which projects the majority of the efferent fibers from the brainstem to the
hypothalamus and the spinothalamic tract, which conducts the impulses of the anterolateral
system, that includes pain, temperature, pressure and tactile sensation. Noteworthy is the
course of the fibers of the facial nerve: they surround the abducens nucleus, thus they build

the facial colliculus on the bottom of the rhomboid fossa.(2)

4.1.2.3 Medulla

The cross-section of the medulla can be divided into a ventral part and a dorsal tegmentum.
The ventral part contains the corticospinal tract and the olivary nucleus, the dorsal part
contains the CN nuclei. The positon of the corticospinal tract is most ventrally and directly
paramedian. Dorsolaterally to the corticospinal tract is the olivary nucleus. It has a
characteristic shape and a hilum which opens into the dorsomedial direction. The gracile
nucleus is the most dorsomedial structure and laterally to it, the cuneate nucleus can be
found. Both of them are the origin of the medial lemniscus, which grows into the thalamus.
A cluster of white matter tracts is found laterally in the medulla. They are the
spinothalamic tract, the rubrospinal tract and the anterior spinocerebellar tract. Dorsal to

the olivary nucleus is the nucleus ambiguus and lateral to this, the spinal trigeminal
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nucleus can be found. Most medially is the hypoglossal nucleus, which is responsible for
the formation of the hypoglossal trigone found medially in the caudal rhomboid fossa.
Laterally, the next nucleus is the dorsal motor nucleus of the vagus, which is responsible
for the formation of the vagal trigone found laterally in the caudal rhomboid fossa.
Continuing laterally, the solitary nucleus can be found. Most laterally are the vestibular
nuclei, which extend rostrally into the dorsolateral pons and the inferior cerebellar
peduncle. The dorsal and ventral cochlear nuclei are adjacent to the inferior cerebellar

peduncle.(1,2)

4.1.3 BLOOD SUPPLY OF THE BRAINSTEM

4.1.3.1 Arterial System

On the ventral part of the medulla the two bilaterally located vertebral arteries send direct
branches into the medulla, two branches of the vertebral arteries, one from each side,
combine to the so called anterior spinal artery, which supplies the whole medial part of the
medulla. The PICA, the major branch of the vertebral artery, arises at the lateral side at
each vertebral artery, it grows directly inferior to the olives around the medulla to the
dorsal side, where it supplies the posterolateral part of the medulla. The two vertebral
arteries combine to the so called basilar artery, which lies in the basilar sulcus at the
ventral side of the pons. From the basilar artery arises a various amount of so called
pontine perforating arteries. These arteries can be divided into medial and lateral ones,
depending on the location of the origin on the basilar artery. The medial branches arise
directly at the dorsal side of the basilar artery and penetrate the pons perpendicularly, but
do not reach the bottom of the fourth ventricle. The lateral branches arise at each side of
the basilar artery and supply the V, VI, VII and VIII CN nuclei. At the top of the basilar
artery, the superior cerebellar arteries arise at each side of the vessel. The superior
cerebellar artery goes through the ambient cistern around the mesencephalon and supplies
parts of the midbrain. Finally, the basilar artery divides approximately at the level of the
interpeduncular fossa into the two posterior cerebral arteries (PCAs). Several vessels
supplying the midbrain have their origin at the PCA. These vessels are: the short
circumferential arteries, the quadrigeminal artery, the central posterolateral arteries and the
peduncular branches. The short circumferential arteries ascend at the surface of the
mesencephalon and supply the tegmentum and the basis pedunculi. The quadrigeminal

artery supplies with its branches the basis pedunculi, the tegmentum and the geniculate
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complex. The central posterolateral arteries supply the quadrigeminal plate, the dorsal

thalamus, the pineal gland and the medial geniculate body. The peduncular branches

supply the crura cerebri, the red nucleus and the substantia nigra.(3)

Figure 4.1-3: Schematic illustration of the ventral
arterial blood supply (G. Giliberto: Brainstem
cavernous malformations: anatomical, clinical and
surgical considerations. copyright 2010 by

Neurosurgical focus)

4.1.3.2 Venous System
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Figure 4.1-4:Schematic illustration of the dorsal
arterial blood supply (G. Giliberto: Brainstem
cavernous malformations: anatomical, clinical and
surgical considerations. copyright 2010 by

Neurosurgical focus)

From each side of the interpeduncular fossa arises a peduncular vein which anastomoses

with the contralateral vein, forming the posterior communicating vein, which crosses the

interpeduncular fossa. The peduncular vein drains into the basal vein of Rosenthal together

with the lateral mesencephalic vein after curving around the cerebral peduncle below the

optic tract. The anterior pontomesencephalic vein, running on the ventral midline surface

of the pons as a single trunk, is usually a paired vein in its mesencephalic course. The vein

of the pontomesencephalic sulcus runs on the homonymous sulcus. On the ventral surface

of the pons, the pontine portion of the median anterior pontomesencephalic vein

anastomoses with a transverse pontine vein before continuing on the medulla as the median
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anterior medullary vein. The vein of the pontomedullary sulcus courses along the

pontomedullary sulcus. The important veins on the dorsal side of the brainstem are: the

great cerebral vein of Galen in which the basal vein of Rosenthal flows into, the precentral

cerebellar vein, also known as the vein of the cerebellomesencephalic fissure, which is an

unpaired vein that runs in the caudocranial direction within the quadrigeminal plate cistern

and serves as a key landmark for structures of the superior cerebellar vermis and dorsal

midbrain, the lateral mesencephalic vein, which is an important and relatively constant

longitudinal venous vessel that connects the basal vein at the upper aspect of the midbrain

to the petrosal vein at the level of the lower pons, the vein of superior and inferior

cerebellar peduncle and the median posterior medullary vein, lying in the posterior median

sulcus. (1,3-5)

Figure 4.1-5: Schematic illustration of the ventral

venous blood supply (G. Giliberto: Brainstem
cavernous malformations: anatomical, clinical and
surgical considerations. copyright 2010 by

Neurosurgical focus)
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Figure 4.1-6: Schematic illustration of the dorsal

venous blood supply (G. Giliberto: Brainstem
cavernous malformations: anatomical, clinical and
surgical  considerations.  copyright 2010 by

Neurosurgical focus)
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4.2 PATHOLOGY OF CAVERNOUS MALFORMATIONS

Definition

Cavernous malformations, also known as cavernous angiomas, cavernous hemangiomas or
cavernomas, belong to the family of angiographically occult vascular malformations.(6,7)
This group also includes some arteriovenous malformations (AVMs), venous
malformations, angiomas and varices.(8)

Cavernous malformations are described as clusters of abnormally enlarged blood vessels or
dilated sinusoidal channels lined by a single layer of endothelium.(6,7,9—14) These lesions
are characterized by their low bloodflow and absence of arteriovenous shunting.(9) They
hemorrhage frequently(9), which is a reason why they increase in size. Campeau et al.
emphasize that these repeated self-limited intracavernous hemorrhagic events are the
principal reason of the growth of the lesions and that there is no tumoral cellular
proliferation involved in this process(15), but other investigations showed that there is a
contribution to growth by cellular proliferation(6,16—19). Cavernomas compress and
displace surrounding parenchyma rather than infiltrating it(1) but they do cause gliosis in
the surrounding tissue(7) and also hemosiderin deposits are found as a result of the
repeated bleedings. As a consequence of this compression and changes of the surrounding
tissue, cavernomas cause focal neurological deficits, seizures and even death.(9)
Cavernomas occur as solitary lesions as well as multiple lesions. Genetic studies showed

the association of multiple lesion appearance and an autosomal dominant condition.(9)

Macroscopic structure and different forms

Cavernous malformations have a characteristic mulberry or popcorn like appearance as a
consequence of their discrete lobulated structure. They are well circumscribed and vary in
diameter from several millimeters to several centimeters.(7,11,20) Generally, cavernomas
are described as lesions without an intervening neural tissue between its sinusoid vessels,
but there is also a multilobular form, which is characterized by intervening tissue that
separates the cavernoma. Such multilobular cavernomas appear with satellite like
cavernoma lesions, not necessarily contiguous, which are not directly on the surface of the
hematoma cavity, but hidden by a thin layer of apparently intact white matter, producing a
shadow beneath this cavity wall, depending on the thickness of this layer.(19,21)

Therefore, it can be very challenging to identify every single part of the cavernoma during
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the resection. As a consequence, multilobular cavernomas carry a higher risk of residuum
and post-surgical re-bleeding.(21)

Furthermore, there are three rare variants of cavernomas. They are distinguished by their
form, localization and clinical course. There is a cystic form, which is more common in the
posterior fossa and characterized by a cyst with surrounding edema, a dural based
malformation with a tendency to have a more aggressive clinical course, and the so-called

hemangioma calcificans, common in the temporal lobe and causing seizures.(19)

Histology

The histological appearance of cavernous malformations is characterized by sinusoidal
dilated vessels of various sizes, lined by a single layer of endothelium and an amorphous
material lacking organized collagen. Histological investigations showed a lower number of
tight junctions, which are disposed discontinuously and are poorly formed. This results in
sizeable gaps between the endothelial cells. Bertalanfty et al. emphasize that these findings
may contribute to the propensity of cavernomas for recurrent microhemorrhage.(22)
Bradac et al. describe the same findings, as a loss of endothelial cell junctions and explain
the propensity for hemorrhage in these lesions due to this condition and make the link to
the histologic findings of associated haemosiderosis and therefore the inflammatory
response around the cavernomas.(10) Rigamonti et al. emphasize that vessels with an
elastic membrane or mural smooth muscle are rarely found. The collagenous stroma is
characterized by the absence of elastin and smooth muscles.(6-8,10,19,20,23-27) It is
characteristic for cavernous malformations that there is no intervening brain parenchyma
between its sinusoidal vessels. Although Robinson et al. emphasize that lobules from the
main lesion of the cavernoma can invade the neighbor tissue. Furthermore, there are
cavernomas with a multilobular shape, which is separated by intervening brain tissue, as
described by Rigmonti et al. The sinusoidal channels contain blood products in different
stages of evolution. Therefore, cavernous malformations with a long clinical history and
various microhemorrhagic events carry fibrotic hematomas with hyaline degeneration,
calcifications, cysts and cholesterol crystals as a sequel of thrombosis and organization of
the hemorrhage. Typical cells within the cavernoma are macrophages, which are normally
filled with iron pigment.(7,8,10-14,19,20,24-28) The vessels of cavernomas are compact
and the lesion itself is discrete from the surrounding brain. But as a consequence of repeat

microhemorrhage, the surrounding parenchyma presents hemosiderin discoloration and
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macrophages laden with hemosiderin. Furthermore, a gliomatous reaction in the adjacent

white matter can be observed.(7,19,24,26,27)
4.2.1 DEVELOPMENTAL VENOUS ANOMALY

Definition

Developmental venous anomalies are also known as venous malformations, venous
angiomas, medullary venous malformations, caput medusae, or simply DVAs. DVAs are
composed of radially oriented, dilated medullary veins, similar to a caput medusae. The
veins of DV As are surrounded and separated by normal brain parenchyma, and similar to
CMs, DV As are described as low flow vascular malformations as well. Oliveira et al. go
one step further and define DV As only in relation to the presence of a CM as “a group of
abnormal veins located near cavernous malformations™.(29)

Nowadays DV As are classified in two different ways, one is that they are assumed to be
congenital benign lesions resulting from failure of normal embryogenesis while the other
view is, that they are accepted to represent anatomic variants of normal venous drainage.
Despite the different views of the classification, there is consensus that as an isolated
finding, DVAs are usually asymptomatic. They are frequently discovered incidentally
during medical imaging studies of the brain. Histologically the veins are enlarged and
sometimes hyalinized, but otherwise normal and composed of angiogenically mature
elements. The multiple veins of a DVA are usually converging in a centrally located
dilated trunk, and in this way forming the familiar medusa or spoked wheel pattern known
from imaging studies. The DV A drains toward either the superficial system or, rarely, the
deep venous system and there is no abnormal arteriovenous shunt placement
process.(16,29-31)

Frequency

With an amount of 60%(16,30) developmental venous anomalies are the most common
intracranial vascular malformation. They are usually solitary and have a prevalence around
2,5-9%.(30) The coexistence of a CM and a DVA is the most common mixed vascular
malformation. The appearance rate of a DVA in association with a cavernous
malformation described in the literature ranges significantly from 8-30%(29,31) until
100% as postulated by Abla et al.(32). In the majority of publications, there is consensus
about the fact, that only a low number of DV As are detectable through MRI scans. Abla et

al. describe a 27,7% identification rate of DVAs on preoperative MRI scans. However,
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Abla et al. postulate, that in all cases of the same study the surgeon (Robert F. Spetzler)
identified a venous component of the CM, which was assumed to be a DVA.(29,32) This
observation suggests that the prevalence of associated DVAs may be underestimated even
when high-field MR imaging is used, because small venous anomalies not visible on
preoperative studies may be noticed in the surgical cavity following resection of the CMs.
In contrast, Wurm et al. indicate a 93,3% sensitivity in MRI scans for DV As.(14) Bradley
et al. report a one-tenth rate of combined CMs and DVAs verifiable radiographically, but
observes a more aggressive clinical course in these mixed lesions.(6) Even a causal
relationship of DVAs and the etiology of CMs has been proposed and has been supported
by multiple reports of de novo CM development in the presence of a DVA.(6,15) Morisson
et al. describe an interesting finding, comparing the incidence of DVA in sporadic versus
familial cavernous malformations, where patients with sporadic lesions had a significantly

higher incidence of DV As in relation to their CMs.(31)

Considerations

Several current studies consider the DVA to be the origin of a cavernous malformation.
(6,15,16,29,30,33) There are different pathophysiological theories: one is that the abnormal
vascular beds of DVAs may induce hemodynamic disturbance (venous hypertension) or
may be fragile enough to cause microhemorrhage that in turn might cause reactive
angiogenesis with new vessel formation and coalescence. Such a process has been
described as hemorrhagic angiogenic proliferation.(16) Cakirer et al. concluding the same
way, by describing the theory of CM de novo formation through small petechial
hemorrhage or diapedesis outgoing from a DVA with endothelial damage, which
stimulates fibroblasts and the occurrence of fragile capillaries prone to recurrent
hemorrhage, which leads to the development of a CM. As a cause of this endothelial
damage and venous stenosis, which as described above is assumed to be one reason for an
initial hemorrhage of a DVA, he proposes cranial radiotherapy or immunosuppressive
treatment among others.(30) Campeau et al. agree with this theory by describing
measurement results, which show elevated pressure within DVAs and suggest that this
may be a key factor in subsequent hemorrhage with the sequel of the development of
CMs.(15) Cakirer et al. admit, that there are still unanswered questions about the
mechanism for initial hemorrhage in association with DVAs, but propose that high
pressure due to venous restrictive disease might be the cause of hemorrhage from a DVA

with subsequent formation of CMs.(30) Another theory suggests that DV A-related venous
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outflow restriction and venous overload may open preexisting arteriovenous connections,
resulting in tiny arteriovenous fistulas that can enlarge over time.(16) However, Garcia et
al. claim that CMs do not have arteriovenous shunting.(9) Another theory suggests, that
chronically increased intraluminal pressure and resultant reduced tissue perfusion leading
to tissue hypoxia may stimulate a local increase in angiogenic factors inducing the
formation of CMs.(16) Ekovic et al. claim that gross connections between a CM and its
associated DVA is at odds with their observations during routine excision of CMs, but
confirm the influence of venous hypertension and the likelihood of CM hemorrhage,
though they have problems to make the link between changes in venous pressure and the
transmission to the CM.(33)

Perrini et al. cite a communication between the venous circulation and CMs, which was
measured intraoperatively by comparing the cortical blood flow and intravascular blood
pressure in patients with CMs. They therefore explain the likelihood of CM hemorrhage
caused by venous hypertension.(16) Both Campeau et al. as well as of Cakirer et al.
describe a case, where initially a DVA was found, and the patients presented years after
this incidental finding with new neurological deficits whereat MRI scans had been
performed which showed the occurrence of a new developed CM.(15,30) This theory of
DVAs being a potential origin of CMs is encouraged by articles reviewing that the

coexistence of CMs and DV As is more common in the adult than the child.(15)

Surgical treatment

With few exceptions, there is consensus about the treatment of DVAs associated with
CMs. DVAs as incidental solitary findings do not require treatment.(30) Knowing that a
DVA is integrated in the venous drainage of normal brain parenchyma, the removal of
DVA:s is likely to be followed by brain swelling and venous infarction.(16) Therefore the
majority generally agrees to preserve a DVA.(16,25,29-32,34) Some authors describe that
they even modify the approach when a DVA is visible in preoperative MRI scans in order
to protect it.(29) But, considering the influence of DVAs on the genesis of CMs, some
advocate the surgical division of the main trunk of a DVA to prevent recurrence.(16)
Wurm et al. describe nine cases in which the DVA was divided without intraoperative
brain swelling and an uneventful postoperative course.(14) In the study of 2010 Oliveira et
al. state that the involvement of DV As in the genesis of CMs may play an important role in
the recurrence of CMs after surgical intervention.(29) Perrini et al. summarize the current

status of knowledge as follows, “it cannot be excluded that by treating the CM we are
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treating the result of the so-called “hemorrhagic angiogenic proliferation” and not the

disease itself, which may indeed be the DVA”.(16)

4.3 ETIOLOGY OF CAVERNOUS MALFORMATIONS

Regarding the question of the origin of CMs there are two major theories: one is that CMs
are congenital vascular malformations. This class also includes the genetic origin of CMs.
The other theory is that CMs are de novo lesions due to a preexistent DVA or the result of
previous cranial radiotherapy or immunosuppressive treatment.(30) The pathophysiology
behind the angiogenetic proliferation theory is, that alteration in blood flow with
hemodynamic turbulence, progressive obstruction and venous hypertension of DVAs as
well as diapedesis of blood cells through leaky capillaries stimulates angiogenetic factors
and may cause a reactive angiogenesis with new vessel formation and coalescence which is
known as the “hemorrhagic angiogenetic proliferation theory”, which results in the
development of CMs.(6,14,16,30,33)

Morrison et al. support this theory by reporting a case of a patient with a large solitary
DVA. Two years later, a subsequent MRI scan showed the typical appearance of a solitary
CM in the same location.(31) Bruneau et al. describe a similar case, where a patient was
investigated for headache by MRI without any findings and presenting three years later
with a mesencephalic cavernoma.(35) Cakirer et al. emphasize that de novo formation of
CMs has been documented in only a few non-familial cases but this sporadic de novo
formation usually requires the presence of a DVA.(30) There is also the discussion about
an involvement of a neoplastic process in the genesis of CMs. This theory is supported by
reports of new lesions appearing under hormonal influence during pregnancy, apparent
seeding of a lesion along a biopsy track, the presence of lesions of endothelial cells
expressing proliferating cell nuclear antigen and the occurrence of CMs in areas previously
irradiated.(17) Ferroli et al. also emphasize a mitotic activity of the endothelium of
CMs.(18)

What supports the theory that CMs are congenital vascular malformations is, that the
lesions have a general trend to decrease in size, reflecting a low hemorrhage rate at any
given point in time. But this theory has its limitations in explaining the de novo appearance
of CMs and increases in lesion size without obvious hemorrhage.(17) Another hypothesis
is that familial CMs represent a forme fruste of a neurocutaneous disorder in which the
cutaneous and ocular manifestations of the disease have incomplete expression or are not

presently well recognized.(17)
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4.3.1 GENETICS

In the familial form of cavernous malformations, characterized by multiple lesions, three
gene loci with autosomal dominant character (and therefore equal distribution of males and
females) could be identified causing cavernous malformations.(9,10,13,20,22,31) These
genes are called CCMI1, localized on the long arm of chromosome 7ql1-22, CCM2,
identified at the locus 7p15-13 and CCM3, localized at 3p25.2-27. The most common
locus for causing this disease has been identified as CCM1. Bertalanffy et al. cite in the
study of 2002 a distribution of 40% to CCM1, 20% to CCM2 and 40% to CCM3 in
familial cases.(19) All of these three genes are involved in the central nervous system
interendothelial cell junction integrity.(10)

When it comes to the question about the clinical course of familial versus sporadic
cavernomas two different opinions have to be mentioned: the first is that cavernomas with
familial background have bleeding rates of 1.1% per lesion-year and therefore a higher risk
for hemorrhage and a higher proportion of developing clinical symptoms.(13,20) On the
other side, Moriarity et al. declare that no significant statistical difference in the annual
hemorrhage rate between familial and sporadic patients was found.(7) The frequency of the
familial form is assumed to make an amount of 30 to 50% of all CM cases.(7) In contrast
Bradac et al. report a 20% rate of the familial form.(10) Variation in the percentage of
familial 