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Preface

As an addition to the European postgraduate training system for young
neurosurgeons we began to publish in 1974 this series of Advances and
Technical Standards in Neurosurgery which was later sponsored by the
European Association of Neurosurgical Societies.

This series was first discussed in 1972 at a combined meeting of the
Italian and German Neurosurgical Societies in Taormina, the founding
fathers of the series being Jean Brihaye, Bernard Pertuiset, Fritz Loew and
Hugo Krayenbiihl. Thus were established the principles of European co-
operation which have been born from the European spirit, flourished in
the European Association, and have throughout been associated with this
series.

The fact that the English language is well on the way to becoming the
international medium at European scientific conferences is a great asset in
terms of mutual understanding. Therefore we have decided to publish all
contributions in English, regardless of the native language of the authors.

All contributions are submitted to the entire editorial board before publi-
cation of any volume.

Our series is not intended to compete with the publications of original
scientific papers in other neurosurgical journals. Our intention is, rather, to
present fields of neurosurgery and related areas in which important recent
advances have been made. The contributions are written by specialists in the
given fields and constitute the first part of each volume.

In the second part of each volume, we publish detailed descriptions of
standard operative procedures, furnished by experienced clinicians; in these
articles the authors describe the techniques they employ and explain the
advantages, difficulties and risks involved in the various procedures. This
part is intended primarily to assist young neurosurgeons in their postgraduate
training. However, we are convinced that it will also be useful to experi-
enced, fully trained neurosurgeons.

The descriptions of standard operative procedures are a novel feature of
our series. We intend that this section should make available the findings of
European neurosurgeons, published perhaps in less familiar languages, to
neurosurgeons beyond the boundaries of the authors’ countries and of
Europe. We will however from time to time bring to the notice of our
European colleagues, operative procedures from colleagues in the United
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States and Japan, who have developed techniques which may now be
regarded as standard. Our aim throughout is to promote contacts among
neurosurgeons in Europe and throughout the world neurosurgical community
in general.

We hope therefore that surgeons not only in Europe, but throughout the
world will profit by this series of Advances and Technical Standards in

Neurosurgery. y
The Editors
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Introduction

As illustrated throughout this volume, the contemporary management of
pituitary tumors has been the collective product of decades of multidiscipli-
nary contribution. Innovation has been especially brisk during the past two
decades in which the introduction of highly sensitive hormone assays, supe-
rior resolution imaging technology, trans-sphenoidal microsurgery, receptor-
mediated pharmacotherapy, and focused beam radiotherapy have ushered in
a promising new era in the diagnosis and therapy of pituitary tumors.
Collectively, these contributions from many disciplines have rendered pitu-
itary tumors eminently treatable, with many patients enjoying long term
survival or cure.

In parallel with such encouraging advances in the clinical sphere, has been
the equally impressive and complimentary progress occurring in the basic
science arena. Such research efforts have led to a number of conceptual ad-
vances, all of which serve to sharpen our understanding of the neoplastic
process in the pituitary. Animportant first step was the introduction of electron
microscopy as a means of classifying pituitary adenomas. Not only did elec-
tron microscopy definitively eclipse all other strategies in reliably and precise-
ly classifying pituitary adenomas, it further demonstrated that these lesions,
despite their seemingly uniform histologic appearance, were, in fact, morpho-
logically heterogeneous. Subsequent clinical correlation demonstrated that
differences in tumor ultrastructure were accompanied by clinically important
differences in biological behavior. The recent application of immunohisto-
chemical methods in the diagnosis of pituitary adenomas, by distinguishing
adenomas on the basis of cellular hormonal content, has further refined ultra-
structural diagnosis, permitting meaningful correlations between tumor
ultrastructure and endocrine function (Kovacs and Horvath 1986).

Methodological advances continue to be made the most recent being the
integration of conventional pathologic methods with the powerful applica-
tions of molecular science (reviewed in Thapar ez al. 1993a). Such strategies
have revealed new insights into some of the most fundamental questions
concerning the pathogenesis, cellular origins, and overall biology of pituitary
adenomas. Particularly informative from a conceptual standpoint have been
reports concerning the clonal origins of pituitary adenomas. Such studies, by
establishing a monoclonal composition for pituitary adenomas, emphasize
the importance of somatic mutations involving a single adenohypophyseal
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cell as a necessary event in pituitary tumorigenesis. This being the case,
attention has now been directed at identifying the nature of genomic muta-
tions necessary to accomplish the process. Of the structural genomic altera-
tions identified, some have assumed the form of activating mutations of
oncogenes whereas in a much smaller proportion of cases, deletion of genetic
information or tumor suppressor gene loss appears to be the dominant
tumorigenic mechanism. In that specific genomic alterations have been
cataloged in only a minority of pituitary adenomas, the search for additional
components of the tumorigenic process has been actively pursued. To this
end, various growth factors as well as other trophic and transcriptional
regulators, given their capacity for autocrine and paracrine stimulation, have
emerged as potentially important mediators of the neoplastic process in
the pituitary. Finally, increasing interest in cell cycle regulation has led to
the identification of certain cell cycle-specific regulatory proteins whose
immunochemical presence in pituitary tumors provides some estimate of
their proliferative potential.

In this chapter we review current knowledge of the pathology, pathogen-
esis, and molecular biology of pituitary adenomas. Given the inseparable
relationship which exists between tumor pathology and the overall biology of
pituitary adenomas, this discussion necessarily begins with an overview of
the current functional classification of pituitary adenomas. This is followed
by a detailed review of current understanding of the molecular biology of
pituitary adenomas. Included are discussions of the clonal origins of pituitary
adenomas and the roles of oncogenes, tumor suppressor genes, growth
factors, and other subcellular aberrations currently believed to contribute to
neoplastic transformation and/or progression in the pituitary.

The Functional Classification of Pituitary Adenomas
(Kovacs and Horvath 1986)

The pituitary gland is a common substrate for neoplastic transformation, giv-
ing origin to approximately 15 per cent of all intracranial tumors. Arising from
hormone secreting cells of the anterior lobe, the overwhelming majority of
these are histologically benign adenomas. Although many pituitary adenomas
exhibit varying degrees of local invasiveness, exceptionally few demonstrate
the necessary metastasing capacity to merit a diagnosis of pituitary carcino-
ma. Even so, the “benign” histology of pituitary adenomas is an all too beguil-
ing feature of their biology; the regularity with which they encroach upon
critical neural structures, coupled with the distressing endocrinopathies they
frequently induce, legitimize pituitary adenomas as both a frequent and sig-
nificant source of morbidity, and occasionally, mortality.

Pituitary adenomas have, by convention, been classified pathologically on
the basis of cytoplasmic staining affinities — a largely noninformative prac-
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tice which attempted to confine a clinically and morphologically heterogene-
ous group of tumors into the elementary categories of acidophilic, basophilic,
and chromophobic. Under such a scheme, acidophilic tumors were assumed
to be exclusively growth hormone (GH) secreting adenomas, whereas ba-
sophil tumors were assumed the sole cause of adrenocorticotropin (ACTH)
overproduction. Tumors which failed to stain were collectively designated as
chromophobic and therefore believed to be hormonally inactive. In that the
simplicity and convenience of this three-tiered classification were appealing,
it persisted for many years. With the emergence of new methodologies it later
became apparent that tinctorial characteristics of the cell cytoplasm correlate
poorly with reliable cell type recognition, secretory activity, or cytogenesis.
Thus, not all acidophilic tumors produce GH; some basophilic tumors do not
cause Cushing’s disease, and more than half of chromophobe tumors are
endocrinologically active. Accordingly, the need for a comprehensive classi-
fication of pituitary adenomas, one permitting reliable correlation of morpho-
logic characteristics with endocrine activity, cytogenesis, biological behav-
ior, and response to various therapeutic modalities was clearly established.
Electron microscopy and immunohistochemistry, by providing the means to
address this challenge, have since led to the development of a new classifica-
tion of pituitary adenomas, one correlating structure with function, cytogen-

Table 1. Functional Classification of Pituitary Adenomas Based on Electron Micro-
scopy and Immunohistochemistry. The relative frequency of each tumor subtype in
the authors’ series of over 3000 surgically removed pituitary adenomas is given

Cell type Incidence (%)
Sparsely granulated PRL cell adenoma 26.6
Densely granulated PRL cell adenoma 0.6
Sparsely granulated GH cell adenoma 7.3
Densely granulated GH cell adenoma 6.7
Mixed GH-PRL cell adenoma 4.8
Mammosomatotroph adenoma 1.4
Acidophil stem cell adenoma 2.2
Functioning corticotroph cell adenoma 8.0
Silent “corticotroph” cell adenomas 6.0
Gonadotroph adenoma 6.4
Thyrotroph adenoma 1.0
Null cell adenoma 16.3
Oncocytoma 8.9

Unclassified plurihormonal adenomas 3.7




Classification and Molecular Biology of Pituitary Adenomas 7

esis with biology, and basic science with clinical applicability (Kovacs and
Horvath 1986).

As outlined in Table 1, the functional classification of pituitary adenomas
recognizes 14 principal pituitary adenoma subtypes, each having its own
morphologic, immunohistochemical, and to some extent, biological profile.
Pituitary adenomas are first stratified on the basis of their cellular origin and
hormonal product(s), and secondarily subtyped on the basis of their ul-
trastructure. Comprising the normal adenohypophysis are five different cell
types known as lactotrophs, somatotrophs, corticotrophs, thyrotrophs, and
gonadotrophs, each functional, distinguished by their capacity to secrete
prolactin (PRL), growth hormone (GH), adrenocorticotropin (ACTH), thy-
roid stimulating hormone (TSH), and gonadotrophins ((luteinizing hormone
(LH), and follicle stimulating hormone (FSH)), respectively. Although
susceptibilities vary, neoplastic transformation can, in a multistep and multi-
causal fashion, occur in each of these five cell types. Correspondingly, the
resulting adenoma generally retains the secretory capability, morphologic
characteristics, and nomenclature of the cell of origin. With this scheme in
mnind, an overview of the current functional classification of pituitary adeno-
ma is provided. The emphasis of the discussion is clinical in nature, focusing
on those clinico-pathologic correlates of broader relevance to the practising
clinician. For a more detailed morphological treatment of pituitary tumor
pathology, the reader is referred to a number of recent and comprehensive
reviews (Scheithauer 1984a, b, Kovacs and Horvath 1986, Horvath and
Kovacs 1991, Thapar et al. 1992).

Prolactin Producing Adenomas “Prolactinomas”

Prolactin producing pituitary tumors are the most commonly occurring tu-
mors of adenohypophyseal origin. In addition to being the most common
pituitary type encountered in clinical practice, prolactinomas account for
almost one half of all subclinical pituitary adenomas discovered incidentally
at autopsy (Burrows ef al. 1981, McComb et al. 1983). Prolactinomas once
represented approximately 30 per cent of all surgically removed pituitary
adenomas. During recent years, however, the emergence of dopamine ago-
nists as an effective non-surgical therapeutic option for many prolactinomas
has led to a substantial decline in their frequency among recent surgical
series.

The principal endocrinologic consequence of hyperprolactinemia is hy-
pogonadism. That the clinical expression of the latter is so heavily gender and
age dependent provides some insight into some of the epidemiologic and
gross pathologic differences between prolactinomas occurring in men and
women. Firstly, women, particularly those of reproductive age, are four times
more likely to develop a prolactinoma than men. It is of interest that this
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marked female preponderance seen clinically is not evident in unselected
autopsy series wherein prolactinomas are identified with equal frequency in
both sexes (McComb et al. 1983). Prolactinomas in men tend to be larger,
have a higher incidence of dural invasion, and have usually transgressed the
confines of the sellae at diagnosis. These differences may, in large measure,
be due to the differences in which hyperprolactinemia manifests in men and
women. In women of reproductive age, the resultant hypogonadism mani-
fests itself conspicuously as menstrual dysfunction and infertility, thus pro-
moting early evaluation. In men, however, corresponding symptoms of
hypogonadism (decreased libido, relative infertility), are initially often subtle
and frequently dismissed as “functional”. Thus, tumors in men tend not to be
recognized at an early stage, becoming apparent only after progressive tumor
growth causes symptoms of mass effect. Whether delayed recognition alone
is sufficient to account for large tumors seen in men is unclear, particularly in
view of a number of longitudinal studies which suggest that prolactinomas
are relatively stable from a growth standpoint, and that evolution of micro-
adenomas to macroadenomas occurs in only a minority of cases (reviewed in
Cooper 1990).

Gender related differences in clinical presentation and gross tumor fea-
tures aside, prolactinomas in men and women are immunohistochemically
and ultrastructurally indistinguishable. Pure prolactin secreting adenomas
are of two types: the sparsely and densely granulated PRL cell adenomas.
Although the former is chromophobic and common, and the latter is acido-
philic and very rare, no clinical, biological, or prognostic differences exist
between the two. When presenting as microadenomas, these tumors can
typically be found in the lateral wing of the gland. Whereas 60 per cent of
prolactinomas in women are detected in the microadenoma stage, prolactin-
omas of similar size are only rarely detected in men (Melmed et al. 1986).
When presenting as macroadenomas, prolactinomas exhibit varying degrees
of aggressiveness; some tumors simply cause sellar enlargement, whereas
others relentlessly erode the skull base. Overall, more than half of all prolac-
tinomas will be grossly invasive (Scheithauer ez al. 1986a). Such tumors have
a particular tendency for downward growth; involvement of the sphenoid
sinus and destruction of the skull base can be striking. Psammatomous
calcification is present in 10 per cent of prolactinomas. It typically occurs in
microscopic form (calcospherites), but on occasion is so densely coalescent
that macroscopic concretions or “pituitary stones” develop.

The sparsely granulated PRL cell adenoma, given the relative scarcity of
free PRL secretory within its cytoplasm, appears chromophobic on hematox-
ylin and eosin (H&E) stain. Histologically indistinguishable from other
chromophobic adenomas, the nature of this tumor is apparent only after
immunostaining. Prolactin immunoreactivity generally assumes a globular,
perinuclear distribution, one corresponding to the location of the Golgi
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apparatus. Upon ultrastructural study, tumor cells are of intermediate size
and polyhedral shape and have the following characteristic features: (i) an
extensive and well developed endoplasmic reticulum which often assumes a
range of distinctive configurations (concentric whorls, pleated parallel
arrays); (ii) a prominent Golgi apparatus containing varying numbers of 150—
300 nm PRL granules; and (iii) misplaced exocytosis. The latter phenomenon
refers to extrusions of PRL granules from the lateral margins of the cell,
margins devoid of capillary access. This contrast with the normal secretory
process of endocrine cells wherein secretory granules are preferentially
discharged at the cell’s vascular pole, a zone adjacent to capillary access.
The rare densely granulated PRL cell adenoma, contains abundant free
PRL granules within its cytoplasm, thus assuming an acidophilic appearance.
Accordingly, diffuse PRL immunoreactivity is homogeneously present
throughout the cytoplasm. Whereas the endoplasmic reticulum and Golgi
complex are less prominent than in the sparsely granulated variant, secretory
granules are much more numerous and considerably larger (600 nm).

Growth Hormone Producing Adenomas

The pituitary adenomas underlying acromegaly and gigantism are a hetero-
geneous group, one unified by pathologic hypersecretion of GH, but distin-
guished by their relative incidence, immunohistochemical profiles, ul-
trastructural morphology, and differences in biological behavior (Asa and
Kovacs 1992b). Of the six GH secreting adenomas subtypes, only two are
pure GH secreting tumors: the densely and sparsely GH cell adenomas. The
remainder are bihormonal and plurihormonal tumors which co-secrete GH,
PRL and sometimes additional hormonal products, respectively. Only pure
GH cell adenomas are discussed here, the remainder being discussed in their
respective sections.

The densely granulated GH cell adenoma represents the classical “acido-
philic adenoma of acromegaly” and accounts for approximately § per cent of
all pituitary adenomas. As relatively slow growing lesions with limited
invasiveness, they frequently cause a gradual ballooning of the sella. An
abundance of GH secretory granules renders them strongly acidophilic on
H&E staining and diffusely immunoreactive for GH on immunostain. Indica-
tive of its well differentiated nature, the ultrastructure of this tumor is
reminiscent of normal somatotrophs. Cells are polyhedral in shape and
harbor uniform, regular nuclei with prominent nucleoli. Their abundant
cytoplasm contains well developed organelles; rough endoplasmic reticulum
is arranged in parallel stacks and the Golgi complex contains maturing
secretory granules. The most prominent ultrastructural feature is the abun-
dance of large (300-600 nm), spherical GH containing secretory granules
generously distributed throughout the cytoplasm.
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The sparsely granulated GH cell adenoma, occurring with similar fre-
quency as the densely granulated variant, has long been regarded as the more
aggressive of the two. Although the sparsely granulated variant has the same
capacity for GH secretion as the densely granulated adenoma, its cytoplasm
contains few secretory granules, thus accounting for its chromophobic ap-
pearance on H&E staining. Varying degrees of cellular and nuclear pleomor-
phism may be observed, although they are without prognostic significance.
Immunopositivity for GH is generally scant, often discernible only in the
perinuclear region occupied by the Golgi complex. The ultrastructural ap-
pearance of sparsely granulated variant is a clear departure from either the
normal somatotroph or the densely granulated GH cell adenoma. Tumors
cells are irregular, varying considerably both in size and shape; their eccen-
tric nuclei are frequently pleomorphic, multilobed, or concave. Rough endo-
plasmic reticulum is dispersed throughout the cytoplasm, being adequate in
some and scant in others. Virtually diagnostic of this tumor is the ‘fibrous
body’, a conspicuous aggregate of filaments immunoreactive for keratin and
ubiquitin, and located in a paranuclear location. Whereas their function
remains unknown, fibrous bodies do serve as a useful diagnostic marker,
particularly at the histologic level where they are seen as acidophilic para-
nuclear bodies indenting nuclei. As such, they provide reliable evidence of
somatotroph differentiation in an otherwise nondescript chromophobic ade-
noma. Finally, a scant population of small (100-250 nm) secretory granules
are seen distributed throughout the cytoplasm. In all, the ultrastructure of the
sparsely granulated variant is that of a less well differentiated tumor.

Despite similarities in incidence, endocrinologic presentation, and bio-
chemical alterations between the sparsely and densely granulated variants,
the former are distinguished by their notoriously aggressive biological be-
havior. Whereas 40 per cent of densely granulated GH adenomas are detected
while still microadenomas, sparsely granulated variants are virtually always
macroadenomas at the time of detection. In addition to faster growth, sparse-
ly granulated tumors are three times more likely to be invasive, have a greater
tendency for postoperative recurrence, and generally occur in younger indi-
viduals (Scheithauer et al. 1986a, Kovacs 1988).

Pituitary Adenomas Producing GH and PRL

Hyperprolactinemia is demonstrated in approximately 40 per cent of patients
with acromegaly (Thomer et al. 1992). In some instances, only modest
elevations (< 150 ng/ml) of PRL are present, being within the range attribut-
able to the “stalk section effect”. In a significant proportion, however, PRL
levels exceed 150 ng/ml, a level which only tumoral PRL production can
explain. In fact, three distinct pituitary tumors have been identified with
dual secretion of both GH and PRL. These include the mixed GH cell-PRL
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cell adenoma, mammosomatotroph adenomas, and the acidophil stem cell
adenoma.

The mixed somatotroph-lactotroph adenoma is a bimorphous tumor com-
posed of two distinct adenomatous elements, one producing GH and the other
producing PRL. Clinically, these patients are acromegalic and have hyperpro-
lactinemia of varying degree. Depending on the granularity of constituent
cells, these tumors may appear acidophilic or chromophobic. In that densely
granulated GH cells interspersed with sparsely granulated PRL cells is the
most common combination, most tumors appear predominantly acidophilic
but are interspersed with chromophobic cells. With immunohistochemistry,
acidophilic cells are found to be immunoreactive for GH whereas chromopho-
bic cells exhibit PRL immunoreactivity. The chimeric nature of this tumor is
especially evident with electron microscopy wherein GH producing cells are
clearly distinguished from those secreting PRL. Once considered to be a rel-
atively indolent neoplasm, they appear from recent evidence to be more
aggressive than previously thought. Gross invasion is identified intraopera-
tively in almost 30 per cent of cases (Scheithauer et al. 1986a). Moreover, in
one recent surgical series, these tumors were less likely to experience post-
operative endocrine “cure” than were pure GH secreting tumors (Nyquist et
al. 1994).

Representing fewer that 2 per cent of all pituitary adenomas, the mammo-
somatotroph adenoma is one of the least common types of acromegaly
associated tumor. The presumed cell of origin is the mammosomatotroph, a
cellular element thought to be distributed in the normal pituitary and believed
to share common lineage with somatotrophs and lactotrophs. Although the
function of the normal somatotroph is uncertain, recent evidence suggests it
to be a transitional cell type, one with a capacity for two way interconversion
between lactotroph and somatotroph phenotypes. Despite these physiologic
uncertainties, mammosomatotroph adenomas are discrete pathological enti-
ties. Most are small, well differentiated, biologically indolent lesions with
minimal invasive potential.

Again, the clinical picture is one of acromegaly in association with modest
hyperprolactinemia. Histologically, these tumors are strongly acidophilic
and, upon immunostaining, exhibit strong GH and variable PRL immuno-
positivity. Ultrastructurally, the tumor consists of a uniform cell population
which resembles densely granulated GH adenoma cells with the additional
hallmark of PRL secretion, misplaced exocytosis. The secretory granules are,
however, distinctive. They tend to be surprisingly pleomorphic, varying
considerably in shape, electron density and size; some are often 1000 nm in
diameter. Immunoelectron microscopy demonstrates the presence of GH and
PRL within the same secretory granule.

The acidophil stem cell adenoma is a monomorphous bihormonal tumor
characterized by an accelerated cell proliferation rate and relentless invasive-
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ness. As inferred from their name, these tumors are thought to originate from
primitive acidophil precursor cells of the normal pituitary, ones eventually
differentiating into somatotrophs and lactotrophs. Fortunately, they are rare,
and represent only 1-2 per cent of all pituitary adenomas. Whereas these
tumors co-secrete both PRL and GH, the dominant endocrinologic effect is
hyprolactinemia; acromegaly is an uncommon feature. Endocrine distur-
bances are sometimes overshadowed by the overt neurologic manifestations
of arapidly enlarging sellar mass. In that the growth of this tumor is typically
brisk, the clinical history is correspondingly short, often measured in weeks.
At diagnosis, these tumors have virtually always extending beyond the
confines of the sella to involve adjacent structures. They exhibit a particular
tendency to downward growth, as evidence by their frequent involvement of
the sphenoid sinus and extensive erosion of the skull base. Histologically,
most acidophil stem cell adenomas are chromophobic; only minor degrees of
acidophilia are sometimes present. The tumors immunohistochemical profile
closely parallels it secretory activity; strong PRL and scant GH immunoreac-
tivities are the rule. The definitive diagnosis of this tumor requires ultrastruc-
tural study. Apparent at this level are a number of cytoplasmic aberrations
compatible with the tumor’s presumed primitive origins. Cellular and nuclear
pleomorphism are often prominent, as reflected by cells of irregular size and
shape, poorly organized rough endoplasmic reticulum, and primitive Golgi
apparatus. Other abnormalities include giant, swollen mitochondria and
oncocytic transformation. Misplaced exocytoses and fibrous bodies, features
of PRL cell and sparsely granulated GH cell adenomas, respectively, are
generally identifiable. A sparse population of small (150-200 nm) secretory
is scattered throughout the cytoplasm.

ACTH Producing Adenomas

Neoplastic transformation of pituitary corticotrophs is the basis for four
distinct adenoma types, which collectively account for 15 per cent of all
pituitary adenomas. It is convenient to classify these on a functional basis,
distinguishing hormonally active from endocrinologically “silent” tumors.
The hormonally active, or functioning corticotroph adenomas secrete ACTH
and other endorphin-related peptides in excess, causing Cushing’s disease
and Nelson’s syndrome. The endocrinologically inactive or silent cortico-
troph adenomas, despite morphologic features of a corticotrophic lineage, are
unaccompanied by measurable ACTH production. Such tumors present with
the neurologic sequelae of a sellar mass.

Functioning Corticotroph Adenomas

The corticotroph adenomas underlying Cushing’s disease and Nelson’s syn-
drome are of two pathologic types: the densely granulated and sparsely
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granulated corticotroph adenomas. The former are by far the most common,
being the well differentiated and classical basophilic adenomas associated
with Cushing’s disease and Nelson’s syndrome. The sparsely granulated
tumors are rare, chromophobic in appearance, less well differentiated, and
notorious for a more aggressive clinical profile. Immunoreactivity for
ACTH, endorphins, and related pro-opiomelanocortin (POMC) peptides is
present in both tumor types, although strong and diffuse in the densely
granulated variant, and generally quite scant in the sparsely granulated
adenoma. Morphologic differences between these two corticotroph adeno-
mas are clearly evident upon ultrastructural study, as are differences in their
differentiation. Densely granulated tumors are composed of intermediate
sized angular cells having oval nuclei, well developed secretory organelles,
and abundant tear-drop shaped, variably electron dense secretory granules
(450 nm) that preferentially accumulate beneath the cell membrane. Another
reliable diagnostic feature is the perinuclear accumulation of bundles of type
I microfilaments. By contrast, the sparsely granulated variant is composed of
smaller cells having poorly developed membranous organelles, a sparse
distribution of small nondescript secretory granules, and only occasional
tumors exhibit accumulation of type 1 microfilaments.

In Cushing’s disease or other states of cortisol excess, nontumorous
corticotrophs are subject to a conspicuous morphologic alteration known as
“Crooke’s hyalinization”. The phenomenon refers to massive cytoplasmic
accumulation of keratin microfilaments which encircle the nucleus and
displace secretory granules and organelles to the periphery. Beyond provid-
ing evidence of sustained cortisol excess and being a marker of a functionally
suppressed corticotroph, the pathophysiologic significance of Crooke’s
change is unknown.

It is important to acknowledge that more than 80 per cent of adenomas
responsible for Cushing’s disease are microadenomas, and many are only a
few millimeters in diameter. Most arise in the mid-portion of the gland within
its so-called “mucoid-wedge”, a zone where corticotrophs are most numer-
ous. Whereas only 10-15 per cent of microadenomas demonstrate local
invasion, fully 60 per cent of macroadenomas are grossly invasive (Scheit-
hauer et al. 1986a). The rare, but aggressive sparsely granulated variants are
virtually always macroadenomas at presentation.

Despite the well established fact that corticotroph adenomas occurring in
the context of Nelson’s syndrome tend to be predictably more aggressive
than those associated with Cushing’s disease, differences in tumor morphol-
ogy between the two are surprisingly subtle. Nevertheless, the majority of
“Nelson’s adenomas” are invasive macroadenomas, and as many as 20 per
cent of patients harboring such lesions can be expected to succumb to
uncontrollable local tumor growth. The aggressive behavior of these tumors
has been ascribed to the loss of negative glucocorticoid feedback on account
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of the bilateral adrenalectomy. That being the case, it suggests that cortico-
troph adenomas as a whole are not fully autonomous; instead, their secretory
activity and growth rate appear subject to feedback and modulation by
glucocorticoid hormones.

“Silent” Corticotroph Adenomas

During the past decade, a new class of pituitary adenomas have emerged as
distinct clinicopathologic entities (Horvath et al. 1980, 1988). Termed
“silent” corticotroph adenomas, they bear strong morphologic and immuno-
histochemical resemblance to hormonally active corticotroph adenomas,
however, they are unaccompanied by clinical or biochemical evidence of
ACTH excess. Why these tumors should be rendered functionally inert,
despite an adequately developed secretory apparatus is unclear. One explana-
tions relates to a failure of processing and post-translational cleavage of the
POMC prohormone. Alternatively, the POMC molecule may be adequately
cleaved but nascent ACTH is biologically inactive or subject to rapid degra-
dation. The latter possibility has been supported by the finding of increased
lysosomal activity in some silent corticotroph adenomas.

Two distinct silent corticotroph adenomas have been identified, each
having a unique clinicopathologic profile. A third, no longer considered
corticotrophic in nature, is discussed here for the sake of convenience.

Silent corticotroph adenoma subtype 1 is histologically and ultrastructur-
ally identical to the densely granulated ACTH cell adenoma of Cushing’s
disease. Given their endocrinologic silence, these tumors remain concealed
until progressive growth cause symptoms of mass effect. Accordingly, they
are always macroadenomas at the time of diagnosis. An unusually large
number of silent subtype 1 adenomas undergo apoplectic hemorrhage and
infarction. In our experience, more than 40 per cent of subtype 1 adenomas
presented in this fashion.

Silent corticotroph adenoma subtype 2 is morphologically and immuno-
histochemically similar to subtype 1 tumors and the densely granulated
corticotroph adenoma. There are, however, subtle differences in their ul-
trastructure. Most subtype 2 tumors occur in men, usually as a large sellar
mass accompanied by moderate elevations of PRL. In that the degree of
hyperprolactinemia sometimes exceeds that attributable to simple stalk com-
pression, it has been suggested that these tumors may be engaged in low level
PRL secretion.

Silent subtype 3 adenoma is an unusual lesion with such peculiar clinical
and morphologic features that precise classification of this tumor has been
problematic. Once considered an odd variant of silent corticotroph adenoma
subtypes, further study has excluded silent subtype three as having common
origins as the corticotrophic subtypes. Histologically, these tumors may be
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either acidophilic or chromophobic. Their immunohistochemical profile is
even more variable as some tumors exhibit only faint focal ACTH immuno-
reactivity whereas others exhibit variable immunopositivity for a full spec-
trum of anterior pituitary hormones. The most common immunochemical
profile involves co-expression of GH, PRL, ACTH, and alpha subunit. The
ultrastructure of this tumor is complex but diagnostic. It more closely resem-
bles well differentiated glycoprotein hormone producing adenomas than ones
of corticotrophic type. The clinical presentation of these tumors is equally
puzzling. Occurring with equal frequency in both sexes, tumors arising in
men present during middle-age whereas those of women present during the
second and third decades. In women, moderate elevations of PRL are the
rule, producing a clinical picture suggestive of prolactinoma. In men, the
typical presentation is that of a nonfunctioning adenoma, although some-
times a prolactinoma may be mimicked. Totally unexplained are acromegalic
presentations which have, on rare occasions, been reported to accompany this
tumor type (Horvath and Kovacs 1991).

Glycoprotein Hormone Producing Pituitary Adenomas

Pituitary adenomas engaged in glycoprotein hormone (FSH, LH, TSH)
production are of two types: gonadotroph adenomas and thyrotroph adeno-
mas. A third class, the plurihormonal adenomas, may also co-secrete glyco-
protein hormones along with other secretory products; these are discussed
separately below. Whereas thyrotroph adenomas may be associated with
thyrotoxicosis, gonadotroph adenomas are unassociated with a recognizable
hypersecretory endocrine state, and therefore present as “nonfunctioning”
sellar masses.

The recent accumulation of data concerning glycoprotein hormone bio-
synthesis has significantly advanced understanding of the prevalence and
secretory capabilities of glycoprotein hormone producing adenomas. Struc-
turally, all members of the glycoprotein hormone family share a similar het-
erodimeric configuration, consisting of an “alpha” subunit common to all
members of the class and a “beta” subunit which lends biochemical, immuno-
logical, and functional specificity (Gharib et al. 1990). Gonadotrophs and
thyrotrophs, the glycoprotein hormone producing cells of the pituitary, nor-
mally synthesize equimolar concentrations of alpha subunit and their respec-
tive beta subunits, conjugating each to produce an intact, bioactive molecule
prior to secretion. In the case of some gonadotroph and thyrotroph adenomas,
faulty hormone synthesis results in excess production of the alpha subunit.
Although without clinical consequence, such measurable excess of alpha sub-
unit serves as a useful diagnostic marker for glycoprotein hormone producing
adenomas, both in their initial diagnosis and during the postoperative surveil-
lance of residual or recurrent disease ((Klibanski and Zervas 1991).
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Gonadotroph Adenomas

Gonadotroph adenomas represent between 7 and 15 per cent of all pituitary
adenomas. Since these tumors primarily affect the elderly, it has been sug-
gested that gonadal failure may play a role in the genesis of gonadotroph
adenomas, presumably by way of feedback inhibitory loss and the induction
of gonadotroph hyperplasia. Whereas this notion does have some clinical and
experimental merit, it is likely applicable only to tumors arising in postmeno-
pausal women; elderly males generally have an intact pituitary-gonadal axis.
It appears that gonadotroph adenomas occur more commonly in males, yet it
is unclear if this apparent male predilection is genuine as gonadotroph
adenomas may simply be more difficult to diagnose in females. In that
elevation of gonadotrophic hormones is normal in postmenopausal females,
the contribution of tumoral hypersecretion is often difficult to discern in
female patients (Thorner e al. 1992). In both sexes, when tumoral hyper-
secretion of gonadotrophic hormones is demonstrated, FSH levels are most
commonly elevated, followed in frequency by elevations of alpha subunit
and LH; elevations of the latter are only rarely detected.

Lacking a clinically recognizable hypersecretory state to herald their
presence, virtually all gonadotroph adenomas are macroadenomas at presen-
tation. The typical clinical picture is one of a gradually enlarging sellar mass
in association with visual failure and hypopituitarism. For the most part,
gonadotroph adenomas are well circumscribed lesions having a rather indo-
lent nature; their clinical effects being the result of simple compression rather
than gross invasion. In that the rate of gross invasion in these tumors is lower
than that of any other macroadenoma (21 per cent) (Scheithauer et al. 1986a),
postoperative recurrence is infrequent.

Unlike normal gonadotrophs which appear basophilic, neoplastic gonado-
trophs lack sufficient numbers of PAS secretory granules, and are therefore
rendered chromophobic. Immunopositivity for FSH, LH, and alpha subunit
can generally be demonstrated, although it may be faint or focal, particularly
in tumors of female patients. Whereas gender related differences in tumor
morphology are generally subtle at the light and immunochemical levels,
graphic differences between the two sexes are apparent at the ultrastructural
level. Tumors arising in male patients have variable ultrastructural features,
yet bear little resemblance to the normal gonadotroph. Some “male tumors”
are well differentiated, possessing well developed cytoplasmic organelles
and a sparse collection of 200-250 nm secretory granules. Others, however,
are less differentiated, have few characteristic morphologic features and
resemble null cell adenomas. By contrast, the ultrastructure of gonadotroph
adenomas occurring in women is both unique and consistent. Such “female
tumors” are composed of better differentiated cells, possessing a full comple-
ment of cytoplasmic organelles which, overall, resemble those of normal



Classification and Molecular Biology of Pituitary Adenomas 17

gonadotrophs. The cytoplasmic hallmark of female tumors is an impressive
vesicular dilation of the Golgi complex, aptly termed “honeycomb transfor-
mation.” Despite these gender-related differences in tumor morphology, the
behavior of tumors is similarly indolent in both sexes.

Thyrotroph Adenomas

With fewer than 100 cases reported, TSH secreting adenomas are the least
common pituitary tumor type, accounting for only 1 per cent of all pituitary
adenomas (Hamilton ef al. 1970, Hill ez al. 1982, Saeger and Ludecke 1982,
Smallridge et al. 1987, Girod et al. 1986, Gesundheit et al. 1989, McCutch-
eon et al. 1990). Of reported cases, most thyrotroph adenomas have been
large aggressive macroadenomas, markedly invasive of surrounding struc-
tures. In the majority of instances, the accompanying clinical history is
remarkable for some form of thyroid dysfunction. It was once believed that
most arose in the context of longstanding primary hypothyroidism, presum-
ably by way of feedback inhibitory loss and induction of thyrotroph hyper-
plasia and later, adenoma formation. Whereas such a perspective was com-
patible with earlier experimental studies wherein thryoidectomy induced
pituitary thyrotroph adenomas in rodents (Furth ez al. 1973), careful clinico-
pathologic correlations of human thyrotroph adenomas have suggested an
alternate sequence of events. In fact, in the majority of patients the initial
manifestations appear to be those of hyperthyroidism and goitre, events
compatible with tumoral TSH hypersecretion. Many such patients were
incorrectly believed to be suffering from primary hyperthyroidism and were
subjected to some form of thyroid ablation. This served to temporarily
ameliorate symptoms, only to be followed later by accelerated tumor growth,
optic nerve compression, and/or recurrence of the hyperthyroid state. Only at
this point was the pituitary correctly diagnosed as the site of pathology. The
invasive nature of these tumors appears to be related to two factors, the first
of which is the typical diagnostic delay. A more cogent factor, however,
relates to the loss of feedback inhibition. In the same way that end organ
ablation contributes to tumor aggressiveness in the context of Nelson’s
syndrome, similar disinhibiting influences may be operative in the progres-
sion of TSH adenomas in the setting of prior thyroidectomy. Fortunately, the
routine availability of sensitive TSH assays coupled with the general aware-
ness of thyrotroph adenomas as potential, though rare causes of hyper-
thyroidism, should now permit a more expeditious diagnosis of the tumor
type, perhaps while still in the microadenoma stage. Furthermore, thyrotroph
adenomas commonly co-secrete free alpha subunit in excess which may be a
helpful diagnostic clue in favor of a pituitary source rather then a primary
thyroid cause of hyperthyroidism.
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The pathological diagnosis of thyrotroph adenoma can sometimes be
problematic, particularly in the absence of a compatible clinical history.
Unlike pituitary thyrotrophs which appear strongly basophilic, neoplastic
thyrotrophs appear chromophobic as they lack sufficient secretory granules
to impart the expected basophilic tinge. TSH immunopositivity, when
present, is usually diagnostic, however, the lability of TSH protein may
render immunochemical studies inconclusive. By electron microscopy, most
thyrotroph adenomas do resemble normal thyrotrophs, but their degree of
differentiation can often be quite variable. In the better differentiated tumors,
polyhedral shaped cells can be seen bearing elongated cytoplasmic processes
in which cytoplasmic microtubules can be seen to accumulate. The cyto-
plasm contains moderately developed rough endoplasmic reticulum and
Golgi complexes. A small (200 nm) and sparse collection of spherical
secretory granules assume a characteristic location just below the plasma
membrane. Some of the less well differentiated tumiors have few characteris-
tic features and closely resemble null cell adenomas, thus electron microsco-
py may also be inconclusive.

Null Cell Adenomas and Oncocytomas

Approximately one quarter of all pituitary adenomas are unaccompanied by
clinical evidence of hormone production, show scant, if any, hormonal
immunoreactivities, and are ultrastructurally devoid of specific differentia-
tion attributable to any of the five known anterior pituitary cell types. By
definition, such tumors are designated as “null cell adenomas”. Adenomas of
this class may exist as one of two variants: the pure null cell adenomas and
the oncocytomas. The distinction is purely a morphological one and relates to
the intracellular accumulation of dilated mitochondria in oncocytomas. Thus,
oncocytomas are simply null cell adenomas in which the intracellular mito-
chondrial content exceeds 10 per cent of the cell volume. This single morpho-
logic distinction aside, null cell adenomas and their oncocytic variants can be
considered biologically equivalent tumors, for neither clinical nor prognostic
differences exist between the two. In that null cell adenomas and oncocyto-
mas account for 17 per cent and 6 per cent of all pituitary adenomas, respec-
tively, these two lesions collectively represent the most common surgically
resected class of pituitary adenomas.

Despite the regularity with which null cell adenomas and oncocytomas
are encountered in neurosurgical practice and the fact that their existence
has been documented for more than two decades, much uncertainty remains
with respect to their causation, cellular origins, and overall biology (Kovacs
et al. 1990; Asa and Kovacs 1992a). The fact that some of these tumors are
morphologically similar to undifferentiated gonadotroph adenomas has
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fuelled speculation that null cell adenomas may be neoplastic offshoots of
gonadotrophic lineage. The finding that almost 80 per cent of null cell
adenomas express glycoprotein hormone genes lends compelling support to
this theory (Jameson er al. 1987), as do various in vitro studies which
document both gonadotropin release and gonadotropin releasing hormone
(GnRH) responsiveness by null cell adenomas maintained in tissue culture
(Asa et al. 1992c). Alternatively, there is preliminary evidence favoring the
existence of non-neoplastic null cells scattered within the normal pituitary
gland (Kovacs ef al. 1989). It has been suggested that such “normal” null
cells may be transitional, undifferentiated, or precursor cells, ones capable
of shifting from a hormonally inactive or resting state to a hormonally active
differentiated state. At least one case of a null cell adenoma with plurihor-
monal differentiation has been documented and points to the potential
functional plasticity of null cells. Should non-neoplastic null cells be con-
clusively validated as genuine cellular elements of the adenohypophysis,
one could envision null cell adenomas as neoplastic derivatives of such
cells.

- Concealed clinically by their endocrinological “silence”, null cell adeno-
mas and oncocytomas are slow growing tumors which are usually diagnosed
only after they have attained sufficient size to impose mass effects. Most
occur in the elderly patient, causing progressive visual loss, hypopituitarism,
and headache. It is likely that the majority of these tumors have limited
proliferative potential and have undergone years, even decades of covert
growth. Whereas slow progressive growth is the rule, a minority of null cell
adenomas (5 per cent) have an acute presentation with so rapid a clinical
evolution that apoplexy may be suspect. In up to 40 per cent of null cell
adenomas and oncocytomas, gross invasion of parasellar structures is evident
radiologically and/or intra-operatively (Scheithauer 1986a).

Most null cell adenomas are chromophobic lesions and cannot be distin-
guished from other sparsely granulated lesions without immunochistochemi-
cal studies. In that mitochondria take up acidic stains, oncocytomas often
appear acidophilic, particularly if mitochondrial accumulation is marked.
Although many null cell adenomas are immunonegative for pituitary hor-
mones, it is not uncommon to see faint immunoreactivity for one or more
hormones within isolated or clustered tumor cells. Such meagre immuno-
positivity usually consists of FSH, LH, and alpha subunit; occasionally a rare
GH or PRL immunoreactive cell may be seen. The ultrastructural features of
null cell adenomas are characteristically bland, remarkable for an absolute
lack of specificity. Tumor cells are small and possess a seemingly desolate
cytoplasm in which the secretory apparatus appears poorly developed or
vestigial and secretory granules are few and peripherally distributed. With
the added feature of mitochondrial accumulation, oncocytomas have a simi-
lar ultrastructural appearance.
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Plurihormonal Pituitary Adenomas

Whereas the majority of pituitary adenomas are dedicated to the synthesis
and secretion of a single hormone, it has become increasingly clear that a
number of pituitary adenomas produce two or more hormonal products
(Scheithauer er al. 1986b, Kovacs et al. 1989, Thapar et al. 1993b). These
“plurihormonal” pituitary adenomas were once considered rare, however
recent estimates suggest that that up to 15 per cent of all pituitary adenomas
exhibit multihormone processing capability. As defined here, a tumor is
designated as plurihormonal if immunopositivity for two or more hormones
can be identified within the same tumor cell (monomorphous plurihormonal
adenomas), or if the tumor is composed of multiple cell populations, each
engaged in the production of a different hormone (plurimorphous pluri-
hormonal adenomas).

Given that there are seven potential secretory products expressed by
pituitary tumors (GH, PRL, ACTH, LH, FSH, TSH, and the glycoprotein
hormone alpha subunit), the potential combinations of different hormones
both in number and in kind are theoretically numerous. In practice, however,
there appears to be some predictability to the general pattern of hormone
expression amongst these plurihormonal entities, although unusual combina-
tions may also occur. Firstly, plurihormonal tumors occur most commonly in
the context of acromegaly, where they constitute S0 per cent of all tumors
producing the acromegalic state. These tumors most commonly co-express
GH and PRL, and have already been described (mammosomatotroph, mixed
GH-PRL, and acidophil stem cells adenomas above). Other commonly seen
combinations include GH and TSH; and GH, PRL and TSH. In either of these
groups, the alpha subunit may also be co-expressed. Aside from the setting of
acromegaly, the other principal class of plurihormonal tumors are those
composed of cells resembling glycoprotein hormone producing cells, which
express any combination of LH/FSH, alpha subunit, TSH, GH, and occasion-
ally PRL. Less intuitive combinations such as those co-expressing ACTH
with other hormonal products may also occur, but are distinctly uncommon.

For unclear reasons, the multiplicity of hormonal products expressed
within plurihormonal tumor tissue is not faithfully represented by corre-
sponding elevations in blood hormone levels. The most clinically relevant
aspect of plurihormonal tumors pertains to suspicions that plurihormonal
tumors may be more aggressive than their monohormonal counterparts. In
the case of other endocrine tumors (pancreatic tumors, medullary carcinoma
of the thyroid and others), plurihormonal tumors are thought to portend a
more malignant course that that of monohormonal versions. Evidence in
support of a similar phenomenon in the pituitary remains inconclusive (Ko-
vacs et al. 1989). It is known, however, that the overwhelming majority of
plurihormonal pituitary adenomas are macroadenomas at presentation, even
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in the presence of a hypersecretory syndrome. Furthermore, more than 50 per
cent of all plurihormonal pituitary adenomas are grossly invasive at the time
of diagnosis Scheithauer et al. 1986a, 1986b).

Invasive Adenomas

When sufficiently large, most pituitary adenomas will impose upon adjacent
parasellar structures by simple mechanical compression. Despite their well
differentiated nature and overall “benign” constitution, a substantial propor-
tion of pituitary adenomas will also be frankly invasive of surrounding dural,
osseous, and neural structures. The degree of invasion is often variable,
ranging from minute tumor foci permeating adjacent dura, to rank and
destructive infiltration of parasellar structures. Although the two are not
always easily distinguished, “invasion” implies destructive infiltration
whereas “extension” implies directional tumor growth with compression. In
general, invasive adenomas exhibit both features. Lateral extension and
penetration of the cavernous sinus is probably the most common pattern of
giross local invasion. Occasionally, the interstices of the cavernous sinus may
become so heavily involved that the carotid artery and cranial nerves tran-
siting therein become ensheathed by tumor. Bony invasion is a regular
feature of invasive adenomas and may range from localized infiltration of the
sellar floor to extensive destruction of the skull base. Pituitary adenomas
routinely extend into the suprasellar region where, in addition to compressing
the chiasm, they may so deeply indent the third ventricle that they appear to
die within it. Visual disturbance, hypothalamic dysfunction and obstructive
hydrocephalus are the typical features of such extensions. As a rule, pituitary
adenomas, even invasive ones, tend to displace rather than invade brain
substance.

Whereas the aggressive behavior of invasive adenomas generally trans-
lates into diminished surgical “cure rates”, this aspect of their biology is not
faithfully reflected in their histopathological appearance. In fact, invasive
adenomas exhibiting extreme local aggressiveness are often deceiving by
their relatively innocent histological appearance. The usual morphologic
hallmarks of tumor aggressiveness, namely, pleomorphism, nuclear atypia,
hemorrhage, increased cellularity and mitotic activity, correlate poorly with
a pituitary adenoma’s invasive potential, proliferative capacity, tendency for
postoperative recurrence, or its overall biological behavior.

As illustrated in Table 2, there is considerable variability in the incidence
of invasiveness among different pituitary immunotypes. Moreover, the over-
all frequency of invasion varies is greatly depending on the criteria used to
define the phenomenon. In this regard, radiographic (plain radiographs),
intraoperative, and microscopic criteria are the most commonly used to
document invasion, and on these criteria 10 per cent, 35 per cent, and 90 per
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Table 2. Size and Frequency of Gross Local Invasion Among the Major Pituitary
Tumor Types (Modified from Scheithauer ef al., 1986)

Pituitary tumor type % Micro- % % Macro- % Overall
adenoma Invasive adenoma Invasive incidence of
invasion %

GH cell adenoma 14 0 86 50 50
PRL cell adenoma 33 N/A 67 N/A 52
Mixed GH-PRL

cell adenoma 26 0 74 31 31
ACTH cell adenoma

(Cushing’s disease) 87 8 13 62 15
ACTH cell adenoma

(Nelson’s syndrome) 30 17 70 64 50
Silent ACTH adenomas 0 0 100 82 82
Gonadotroph adenomas 0 0 100 21 21
Thyrotroph adenomas 0 0 100 75 75
Null cell adenomas 2 N/A 98 N/A 42
Plurihormonal adenomas 25 31 75 59 52

The frequency of microadenomas and macroadenomas, the frequency of invasion
among each, and the overall frequency of invasion for all major pituitary tumor types
is given. In the case of PRL cell adenomas and null cell adenomas, data is available
only for the overall frequency of invasion.

cent of all pituitary adenomas, respectively may be designated as invasive
(Scheithauer et al. 1986a, Selman et al. 1986). Not surprisingly, microscopic
evidence of dural invasion increases with tumor size, being present in 66 per
cent of microadenomas, 87 per cent of macroadenomas, and in 94 per cent of
macroadenomas with suprasellar extension (Selman et al. 1986). In that
microscopic evidence of dural invasion is so regular a feature in the majority
of pituitary adenomas, including the most indolent of microadenomas, it is of
little diagnostic use either as an index of biological aggressiveness or as a
meaningful index of invasiveness. Accordingly, it has become common
practice to designate adenomas as “invasive” on the basis of radiologic or
intraoperative evidence of gross invasion instead of the seemingly ubiquitous
occurrence of microscopic dural involvement.

Carcinoma of the Pituitary Gland

Despite the regularity with which many pituitary adenomas exhibit aggres-
sive, and seemingly “malignant” local invasiveness, it is intriguing that so
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few pituitary tumors actually harbor metastatic potential. In fact, metastasiz-
ing pituitary tumors, i.e. pituitary carcinomas, represent an exquisitely rare
form of human cancer; fewer than 40 well documented cases have been
described (Mountcastle et al. 1989 reviewed in Pernicone and Scheithauer
1993). Pituitary carcinoma is a precisely defined entity, one that includes
only those tumors of adenohypophyseal origin with demonstrated cranio-
spinal and/or systemic metastatic dissemination. In contrast to most human
epithelial cancers, generic histologic criteria of malignancy (anaplasia, nu-
clear atypia and pleomorphism, mitotic activity, necrosis, invasiveness) are
insufficient to constitute a diagnosis of pituitary carcinoma, for these features
may be seen in ordinary pituitary adenomas. Instead, the diagnosis is predi-
cated upon biological behavior and is relatively independent of histology.
Metastatic dissemination appears to most commonly involve the cerebro-
spinal fluid axis, although a variety of extraneural metastatic sites have also
been reported, including bone, liver, lymph nodes, lung, kidney and heart.

Pituitary carcinomas primarily affect adults and show a slight female
preponderance. Their clinical presentation is surprisingly variable. In some
patients the initial clinical course is indistinguishable from that of a benign
pituitary adenoma. Local invasion may, or may not be present, and tumor
histology may appear entirely benign. A protracted course, often punctuated
by multiple local recurrences, is then followed by metastatic dissemination.
In many such cases, clear escalation in histologic aggressiveness from prima-
ry tumor to metastatic deposit is evident, suggesting that some pituitary
carcinomas arise as the result of malignant transformation in a pre-existing
benign tumor. Inexplicably, some metastatic deposits retain the benign mor-
phology of the primary tumor. Alternatively, the behavior of some pituitary
carcinomas suggests de novo malignancy. Such tumors are biologically
malignant from the outset, beginning as locally invasive, cytologically atyp-
ical primary tumors which promptly give rise to metastatic dissemination.

Although pituitary carcinomas can be either hormonally active tumors or
nonfunctional tumors, the former appear to predominate. Pituitary carcino-
mas composed of corticotroph (especially in the context of Nelson’s syn-
drome), prolactin cells, and GH cells are the immunotypes most frequently
represented. Metastatic deposits generally retain the immunotype of the
primary tumor. Because the pituitary is not infrequently a recipient of
metastatic carcinomas originating systemically, one must, by careful clinical
and pathological examination, exclude the far more common occurrence of a
metastasis to the pituitary gland.

The factors which underly the capacity for metastatic dissemination in
pituitary carcinoma are obscure, though their mode of spread is more fully
understood. Craniospinal dissemination appears to be the result of invasive
extension into the subarachnoid space and subsequent dissemination by CSF
flow. Intracranial deposits involving brain substance probably develop as the
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result of tumor permeation of perivascular (Virchow-Robin) spaces or by
venous sinus invasion. Extracranial spread of pituitary carcinomas involves
both hematogenous and lymphatic routes. Invasion of the cavernous sinus
provides the necessary venous access for transport to the internal jugular vein
via the petrosal system. Although the pituitary itself lacks lymphatic drain-
age, invasion of the tumor into the skull base provides access to a rich
lymphatic network, one which in turn mediates systemic dissemination.
Death from pituitary carcinoma is invariably the result of mass effects from
extensive intracranial disease. To date, relatively few patients have died as
the direct consequence of extracranial metastatic disease (Pernicone and
Scheithauer et al. 1993). In that neither the presence nor the treatment of
systemic metastases appears to affect the prognosis of pituitary carcinomas,
the frequency of metastases, particularly nonfunctioning ones, is probably
under-reported. Thus the true incidence of pituitary carcinoma may be more
common than currently believed. N '

Proliferation Markers and Laboratory Evaluation of Pituitary
Tumor Aggressiveness

Given the poor correlation which exists between the histopathology and
aggressiveness of pituitary adenomas, the reliable prediction of their clinical
behavior has proved to be one of the most inscrutable aspects of pituitary
tumor biology. Accordingly, a number of contemporary strategies have been
applied to the problem of assessing the proliferative potential of pituitary
adenomas. Although many of these are still of research interest only, they are
gradually reaching levels of clinical applicability. With ongoing refinements
and increasing experience, strategies such as these should, in the foreseeable
future, assume increasing importance in reliably predicting the behaviour of
any given pituitary adenoma.

Ki-67 is a cell cycle specific nuclear associated antigen of uncertain
function whose expression is restricted to proliferating cells in the G1 to M
phase of the cell cycle (Gerdes et al. 1984). Thus, its immunochemical
presence and relative abundance in tumor tissue provides some measure of a
tumor’s proliferative activity. In one study, invasive adenomas expressed
twice the amount of Ki-67 protein as non-invasive adenomas (Knosp et al.
1989). In another report, Ki-67 protein was demonstrated in greatest abun-
dance in tumors of Cushing’s disease, a finding which the authors interpreted
as being compatible with the higher recurrence rates seen in corticotroph
tumors (Landolt and Shibata 1991). Although an interesting correlation, any
conclusion that the higher surgical failure or postoperative recurrence rates in
corticotroph adenomas are the result of enhanced proliferative activity of
tumor cells must be interpreted with caution. After all, most corticotroph
adenomas are microadenomas, often only a few millimeters in size. More-



Classification and Molecular Biology of Pituitary Adenomas 25

over, given their small size, greater technical demands are imposed on the
surgeon for definitive intraoperative identification of the tumor and its
removal. Accordingly, other issues, likely technical ones, may be more
important factors accounting for their higher recurrence rather than the
tumors’ enhanced proliferative activity alone.

A second proliferation marker which has assumed increasing practical
utility in a variety of tumor types is PCNA (proliferating cell nuclear anti-
gen). This nuclear protein is a critical accessory protein of the enzyme DNA
polymerase delta (Zuber et al. 1989). The latter polymerizes DNA nucleo-
tides essential for polymerization of DNA nucleotides during leading strand
DNA replication just prior to cell division. Its nuclear expression is, there-
fore, a requirement for all replicating cells. PCNA expression was recently
studied in a group of pituitary adenomas of all sizes and various immuno-
types, including nonrecurrent and recurrent tumors (Hsu, et al. 1993). Of the
30 recurrent pituitary tumors studied, the percentage of tumor cells express-
ing PCNA was significantly higher than in those of non-recurrent tumors.
Not surprisingly, normal adenohypophyseal tissue contained fewer PCNA
positive cells than those of tumorous tissue. The PCNA index, in addition to
being highest among recurrent tumors, was also higher in macroadenomas,
particularly those exhibiting extrasellar extension. Moreover, among recur-
rent tumors, a higher PCNA index tended to be accompanied by a shorter
disease-free interval. Of further interest was the finding that among recurrent
tumors in which tumor tissue from the first and second surgeries were
analyzed, the PCNA expression appeared enhanced in recurrent tumor tissue.
This observation is compatible with the notion that tumor progression can be
viewed as the product of ongoing sublethal genetic damage resulting in
clones which have acquired a selective growth advantage.

Recently, histochemical quantification of argyrophil nucleolar organizing
regions (AgNORs) in tumor tissue has become another informative prolifer-
ation marker for several tumor types. Whereas mean AgNOR counts in some
recurrent and invasive pituitary adenomas have been found to be higher than
in noninvasive tumors, the correlation has not been consistently observed
among all invasive adenomas studied (Stefaneanu et al. 1989). This tech-
nique, while of some scientific interest, has not proven practically informa-
tive in predicting the behaviour of pituitary adenomas. The search for a
pituitary specific proliferation marker remains an active area of pursuit. The
presence of various antigens and novel proteins has been documented in
pituitary tumor tissue such as cytokeratins (Ironside ef al. 1987), mAB Iu-5
(a panepithelial marker) (Kovacs et al. 1987), neuron-specific enolase (Asa
et al. 1988), chromogranin (Lloyd et al. 1985), synaptophysin (Stefaneanu
et al. 1988), galanin (Vrontakis et al. 1990) vasoactive-intestinal peptide
(Hsu et al. 1989), S-100 protein (Marin et al. 1992), ubiquitin (Marin et al.
1993), and renin (Saint-Andre et a/.1986). Again, these findings have been
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primarily of scientific and/or physiologic interest; none of these markers has
proven prognostically or practically informative with respect to pituitary
adenoma behavior.

Inrecent years, several workers have studied pituitary adenomas with flow
cytometry. Most studies have shown pituitary adenomas to be diploid, al-
though reports of aneuploidy approach 50 per cent (Mork ez al. 1980, Anniko
et al. 1984, Fitzgibbons et al. 1988, Joensuu and Klemi 1988). Neither the
DNA content nor S-phase fractions, nor aneuploidy in pituitary adenomas
correlates well with invasiveness, recurrence, or overall aggressiveness in
pituitary adenomas (Joensuu and Klemi 1988). S-phase fractions have also
been determined in situ following the in vivo administration of bromodeoxy-
uridine (BrDU), a thymidine analog (Nagashima ez al. 1986). The incorporat-
ed BrDU in tumor tissue is revealed by immunohistochemistry using anti-
BrDU antibody. In that pituitary adenomas have relatively low proliferation
rates overall, the S-phase fractions are usually small, generally less than
0.5 per cent. The consistent finding that tumors of Nelson’s syndrome have
the highest S-phase fractions validates the aggressiveness observed clinically
in this group of tumors. The narrow range of observed S-phase fractions in
pituitary adenomas overall, however, limits the sensitivity of this technique in
distinguishing subtle differences in S-phase fractions between aggressive and
non-aggressive pituitary adenoma variants. More promising have been flow
cytometric determinations of proliferation associated nuclear antigen p-105.
In one report, recurrent diploid tumors demonstrated a significantly increased
G2M/GOG1 p-015 fluorescence ratio (Fitzgibbons er al. 1988).

The most recent strategy for identifying differences in biological behavior
among pituitary adenomas centers on the search for specific genomic altera-
tions which could serve as markers of tumor aggressiveness. The subject of
genomic alterations and pituitary tumorigenesis is discussed fully below,
however, a few points merit discussion here. Of the genomic alterations
screened for among pituitary adenomas and carcinomas, several have been
preliminarily correlated with tumor aggressiveness (Fig. 1). To date, activat-
ing mutations of the H-ras gene have been identified in one invasive prolac-
tinoma, one prolactin producing carcinoma, three ACTH producing carcino-
mas (Karga et al. 1992, reviewed in Prager and Melmed 1993). Given the
relatively small number of pituitary tumors exhibiting such mutations, they
are unlikely to be common contributors to pituitary tumorigenesis. That their
occurrence appears restricted to aggressive carcinomas and invasive adeno-
mas, however, suggests that such mutations occur late in the course of
pituitary tumorigenesis and their presence could serve as markers for partic-
ularly aggressive tumors. Tumor suppressor gene mutations, specifically
those involving the Rb and p53 genes, have also been identified in pituitary
tumors, although rarely. Again, their occurrence has been restricted to inva-
sive adenomas and pituitary carcinomas. Mutation of one Rb allele was



Classification and Molecular Biology of Pituitary Adenomas 27

detected in one invasive silent corticotroph adenoma and in 4 corticotroph
carcinomas (Prager and Melmed 1993). In our laboratory, mutant p53 protein
has been detected in a single, yet particularly aggressive prolactin cell
carcinoma. Again, mutations of p53 and Rb genes, while uncommon among
pituitary tumors overall, do appear to occur in tumors remarkable for aggres-
sive local invasiveness and/or metastasizing capability (Fig. 1).

A final genomic alteration occurring in pituitary adenomas, specifically
invasive ones, relates to the protein kinase-C (PKC) family of second mes-
sengers. The PKC enzyme family are ubiquitous membrane-bound intracel-
lular kinases whose function is to phosphorylate serine or threonine residues

Fig. 1. Illustration of events currently considered important in the genesis and

progression of pituitary adenomas. The current two-step model of pituitary tumori-

genesis (Melmed 1992), distinguishes initiating events (right side) and growth

promotion events (left side). With the exception of gsp mutations, which have had

substantial study, the importance of other events depicted remains tentative, for they
have been the subject of only limited study to date; see text
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on important substrate proteins. Such kinase activity regulates a wide variety
of fundamental cellular processes, including the transmembrane signalling
underlying cell proliferation and differentiation. Altered or aberrant PKC
activity has been demonstrated in several human tumors, including pituitary
adenomas (reviewed in Gescher 1992). In comparison with normal pituitary
tissue, heightened PKC activity and PKC protein expression were demon-
strated in both hormonally active and nonfunctioning pituitary adenomas
(Alvaro et al. 1992). More recently, it has been shown that the specific PKC
isoform overexpressed in pituitary adenomas is PKC-alpha. Interestingly,
this particular PKC isoform has been favored as one of the isoforms mediat-
ing PKC’s mitogenic actions. Of further interest was the finding that not only
is PKC-alpha overexpressed in pituitary adenomas, the protein is also struc-
turally abnormal (Alvaro ef al. 1993). Among four invasive adenomas an
identical conserved point mutation at position 908 of the PKC-alpha cDNA
was identified. The significance of this alteration at the protein level has not
been fully characterized, however, it does appear to involve a functionally
strategic domain of the enzyme, a region containing the all important calcium
binding site. How conformational alterations accompanying such single
amino acid substitutions contribute to invasiveness, whether the result of
altered calcium binding affinity or other mechanisms, remains to be deter-
mined.

Despite the application of the above-mentioned strategies, linkage be-
tween the pathological diagnosis of pituitary adenomas and prediction of
their biological behavior has yet to reach a practical and prognostically
informative level. One important reason undermining progress in this area is
the simple fact that pituitary adenomas are, for the most part, low grade
neoplasms. Lacking the overtly malignant constitution of the more common
high-grade epithelial tumors arising elsewhere, generic proliferation markers
informative for the latter are generally of limited utility in pituitary adeno-
mas. Still, such studies of proliferative and invasive potential in pituitary
adenomas do provide an insight into this aspect of their biology.

Pathogenesis and Molecular Biology of Pituitary Adenomas

Compatible with existing paradigms of human tumorigenesis, the develop-
ment of pituitary adenomas appears to be a multicausal, multistep process,
one which, in its most abbreviated form, consists of an irreversible tumor
initiation phase followed by a tumor progression phase (Melmed 1992).
Given the constraints of contemporary knowledge, the specific events neces-
sary to accomplish the process in the pituitary are still only superficially
understood. Nonetheless, it is becoming increasingly clear that endocrine
factors, hereditary predisposition, and specific somatic mutations may all
serve as contributing factors in varying proportions and in varying types of
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pituitary adenomas. Before considering the relative roles of these and other
pathophysiologic factors in pituitary tumorigenesis, it is critical to acknow-
ledge that transformation in the pituitary is a monoclonal process. This
finding is of much conceptual significance and provides the background
upon which the other pathophysiologic events must be integrated. Accord-
ingly, we begin this discussion by reviewing current understanding of the
clonal origins of pituitary adenomas.

Clonal Origins of Pituitary Adenomas

A fundamental question regarding pituitary tumorigenesis relates to the issue
of whether transformation in the pituitary is primarily the product of hypo-
thalamic dysfunction or simply the result of an acquired abnormality intrinsic
to an isolated adenohypophyseal cell. The “hypothalamic” hypothesis sug-
gests that pituitary tumors arise as the downstream consequence of excess
trophic influences emanating from a dysfunctional hypothalamus. Alterna-
tively, the “pituitary” hypothesis suggests that pituitary adenomas arise as the
result of an intrinsic pituitary defect, with neoplastic transformation occur-
ring in relative autonomy from hypothalamic influence. Hypothalamic dys-
function was historically considered an important, if not a necessary compo-
nent of pituitary tumorigenesis, a view which continues to maintain both
experimental and conceptual support. Recent evidence of a clinical, patho-
logic, and a molecular nature, however, suggests otherwise, providing in-
creasing appeal for tumorigenic mechanisms converging at the level of a
single, susceptible, adenohypophyseal cell. That many pituitary adenomas
can be successfully “cured” by surgical removal, coupled with the fact that
these tumors are rarely accompanied by a zone of peritumoral hyperplasia
collectively mitigate in favor of pituitary adenomas arising as the result of an
intrinsic pituitary cell defect rather than the result of hypothalamic overstim-
ulation.

Further support for a de novo adenohypophyseal origin for pituitary
adenomas was provided by a number of recent reports concerning their clonal
composition (Alexander et al. 1990, Jacoby et al. 1990, Herman et al. 1990,
Schulte et al. 1991, Biller et al. 1992). Using the strategy of allelic X-
chromosome inactivation analysis which assesses restriction fragment length
polymorphisms and differential methylation patterns in X-linked genes, a
monoclonal constitution has been confirmed for both functional and non-
functioning pituitary adenomas. The validation of monoclonality for pitui-
tary tumors has been a conceptually important advance for it establishes
pituitary adenomas as monoclonal expansions of a single, somatically mutat-
ed and transformed cell. Were generalized hypothalamic overstimulation the
dominant initiating event, a population of anterior pituitary cells should
simultaneously be affected, giving rise to a population of transformed cells
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with a polyclonal tumor being the expected result. Of the pituitary adenomas
studied to date, virtually all informative tumors have had a monoclonal
composition. One notable exception to this monoclonal scheme, however,
involved corticotroph adenomas wherein isolated polyclonal tumors have
been identified (Schulte et al. 1991). That corticotroph adenomas should, on
rare occasion, be exceptions to the rule is not too surprising given that
evidence -favoring a hypothalamic etiology for this tumor type has been
notably stronger than for other pituitary adenomas.

Thus, excluding isolated instances of corticotroph adenoma, pituitary
adenomas can generally be regarded as monoclonal tumors derived from a
single transformed cell, one in which nonlethal somatic mutation(s) have
conferred a selective growth advantage. Whereas such a somatic mutation
perspective conforms well to contemporary paradigms of human tumorigen-
esis, it also tends to minimize the role of hypothalamic influences in pituitary
tumor development. Such a tendency may not be fully justified, particularly
in view of the abundant clinical and experimental evidence implicating a
hypothalamic component to pituitary tumorigenesis (see “endocrine factors”,
below). Thus, despite the compelling evidence favoring an intrinsic etiology
to pituitary tumor development, the pathophysiologic component of hypo-
thalamic dysfunction cannot be entirely ignored and must somehow be
integrated in the current monoclonal model of pituitary tumorigenesis.

Recalling that pituitary tumor development is believed to consist of a
tumor initiation phase followed by a tumor promotion phase, it is plausible
that hypothalamic dysfunction may be an important component of each.
Whereas a specific somatic mutation appears to be a necessary step for an
adenohypophyseal cell to transform, hypothalamic influences, as mediated
by a number of hypothalamic hormones, may modify the cell’s susceptibility
for such a mutation to occur. When dysregulated, hypothalamic effects on the
pituitary may be ones of enhanced stimulation and/or deficient inhibition.
Given the heightened proliferative activity of adenohypophyseal cells that
would accompany such perturbations, the likelihood of developing trans-
forming mutations would correspondingly increase. Moreover, studies of
experimental tumors indicate that, under certain circumstances, a transition
from a polyclonal tumor to a monoclonal one may occasionally occur
(Woodruff et al. 1982). Therefore, pituitary tumors deemed monoclonal on
the basis of allelic X-inactivation analysis may indeed have originated as
polyclonal proliferations, but during the course of development, all clones
except one were competitively eliminated. Should such a phenomenon be
operative in the pituitary, hypothalamic dysfunction may prove to have a very
genuine role in pituitary tumor initiation after all.

A more persuasive role for hypothalamic dysfunction in pituitary tumori-
genesis can be envisioned during the tumor promotion phase of the multistep
model of pituitary tumor development. Given that pituitary adenomas fre-
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quently express receptors for, and retain responsiveness to hypothalamic
hormones, the latter are believed to facilitate the proliferation of transformed
cells (Billestrup et al. 1986). The net effect of such facilitative activity,
whether the result of amplified stimulatory inputs or diminished inhibitory
ones, would be tumor progression. Accordingly, aberrant hypothalamic reg-
ulation may prove to be an important determinant of various tumor parame-
ters such as growth rate, invasiveness, level of secretory activity and potential
for surgical failure and/or postoperative recurrence. That such parameters
have yet to be reliably correlated with the presence or absence of any
particular genomic mutation further suggests that additional factors, likely
hypothalamic ones, may modulate the biological behavior of the transformed
adenohypophyseal cell.

Since the initial reports of a monoclonal origin for pituitary adenomas,
perspectives of pituitary tumorigenesis have seemingly, yet understandably,
been polarized to one specific event in the neoplastic process: the somatic
mutation. Admittedly an event mandatory to neoplastic transformation, so-
matic mutations appear to be but one component of the overall subcellular
biclogy governing pituitary tumorigenesis. Growth factors, hypothalamic
hormones, and other regulatory elements, possibly by altering the suscepti-
bility for the occurrence of somatic mutations or later modulating the behav-
ior of the transformed clone, are becoming increasingly recognized as poten-
tially important mediators of tumor development in the pituitary. Thus it is
important to recognize that the current model of pituitary tumorigenesis
requires the coordinated action of both initiating and promoting events. With
this background in mind, the remaining portions of the chapter examine those
initiating and promoting events currently considered important to pituitary
tumor development.

Pituitary Tumorigenesis: Endocrine Factors

Excluding the relatively few pituitary adenomas arising in the context of a
specific predisposing hereditary condition (see below), the overwhelming
majority of pituitary adenomas can be considered acquired lesions. Despite
exhaustive experimental and epidemiologic study, the development of pitu-
itary tumors has yet to be etiologically and definitively ascribed to any known
physical, environmental, or pharmacologic agent. Still, a recurring observa-
tion from such studies relates to a possible predisposing, promoting or even
inductive effect of altered endocrine states in the development of pituitary
tumors. In instances of target gland ablation/failure, such as those occurring
in Addison’s disease and primary hypothyroidism, the respective frequencies
of corticotroph “tumorlettes” and TSH adenomas were higher than those
observed in control individuals (Scheithauer er al. 1983, Scheithauer et al.
1985). Admittedly only a loose correlation, but stronger still, and of greater
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practical relevance, is the relationship between the behavior of corticotroph
adenomas and thyrotroph adenomas treated with bilateral adrenalectomy and
thyroidectomy, respectively. That such tumors tend to be notoriously more
aggressive than those having intact pituitary-target gland axes emphasizes
the pathophysiological importance of target gland feedback inhibition in
modulating the progression of these tumors (Wilson ef al. 1979).

A final endocrine issue, one repeatedly implicated in the genesis of
pituitary adenomas, particularly PRL producing adenomas, concerns the role
of estrogens as mediators of transformation and/or neoplastic progression in
the pituitary. The tumor-promoting properties of this sex-steroid are trans-
duced by specific estrogen receptors, ones which in response to ligand
activation, transform, dimerize and bind to specific DNA addressing sites,
thus inducing the transcription of various target genes governing cell prolif-
eration (Barrett 1991). Chronic estrogen administration, though well estab-
lished as inducing PRL producing tumors in rodents (Cramer and Horning
1936), appears to have a less convincing role in humans. Attempts to impli-
cate oral contraceptive use as an explanation for the high incidence of
prolactinomas in premenopausal women has largely been dismissed with
case controlled studies (reviewed in Reichlin 1991). Nonetheless, estrogens
do alter the morphology and endocrine activity of human adenohypophyseal
cells (Scheithauer et al. 1989), thus indicating that the anterior pituitary is an
important target tissue for esirogeun acuion. That human pituitary adenomas
express estrogen receptors was first demonstrated more than a decade ago
(Pichon et al. 1980). We have since demonstrated the presence of estrogen
receptor mRNA in all forms of pituitary adenoma as well as in all cell types
of the normal pituitary (Stefaneanu et al. 1994). Furthermore, in at least a
single instance, one involving a transsexual patient, high dose estrogen
therapy has convincingly been correlated with development of a human PRL
producing adenoma (Kovacs et al. 1994).

Pituitary Adenomas: Cytogenetic Aberrations

The earliest and most graphic evidence in support of the concept that neopla-
sia represents the successive cellular accumulation of genetic alterations
derives from studies depicting the myriad of chromosomal aberrations ex-
pressed by tumor cells. Cytogenetic studies of such aberrations have contrib-
uted significantly to our understanding of various aspects of tumor biology in
a variety of tumor types. In the case of pituitary adenomas, given their low
intrinsic mitotic rate and overall benign constitution, metaphase preparations
have been difficult to procure and few direct cytogenetic analyses have been
successfully performed. Nonetheless, a variety of chromosomal aberrations
have been demonstrated in pituitary adenomas. As mentioned previously,
flow cytometric studies have demonstrated aneuploidy in up to 50 per cent of
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pituitary adenomas. More recently, it has been demonstrated that cytogenetic
aberrations are more common among hormonally active pituitary adenomas
than in endocrine-inactive ones (Rock ef al. 1993). Whereas 72 per cent of
hormonally active pituitary adenomas (most being of GH and PRL types)
exhibited cytogenetic alterations, only 29 per cent of hormonally inactive
adenomas deviated from the normal chromosomal complement. Of all cy-
togenetic alterations, rearrangements involving chromosomes 17 and 19
were most commonly observed, followed in frequency by trisomy of chro-
mosome 7, and other structural abnormalities involving chromosomes 1 and
4. In arecent cytogenetic analysis of a corticotroph adenoma, clonal deletion
of 18p was demonstrated (Capra et al. 1993).

Given the limited number of cytogenetic analyses performed on pituitary
adenomas to date, it is impossible to determine the pathophysiologic signif-
icance of chromosomal aberrations so far cataloged. Whether these changes
are indeed consistent, nonrandom, and primary alterations which contribute
to transformation and/or neoplastic progression in the pituitary remains to be
seen. Alternatively, they may simply be random, epigenetic changes reflect-
ing the genetic instability inherent in neoplastic cells, being neither inform-
ative nor important to the evolution or progression of pituitary adenomas.
Certainly, further studies will be needed to clarify this issue.

Structural Genomic Alterations: Oncogene Activation (v-fos, H-ras, gsp)

Proto-oncogenes are a discrete class of regulatory genes which have a normal
and necessary presence in the vertebrate genome. The proteins encoded by
these genes subserve a variety of critical cellular functions relating to cell
growth, differentiation, and proliferation. Should such genomic elements
sustain irreparable yet nonlethal genetic damage, typically as a result of point
mutations, deletions, rearrangements, or amplification, the normal gene may
be converted into a cellular transformant, or oncogene. The process is
referred to as oncogene activation and is generally a tissue-specific phenom-
enon. That is, the transforming capabilities of oncogenes are restricted to
cells which are sensitive to the oncoprotein or dysfunctional gene product
encoded by the oncogene. In susceptible cells, the downstream consequence
of an activated oncogene is disruption of growth regulation and kinetics, so
much so that transformation and uncontrolled cell proliferation ensue.

Although identified in only a minority of pituitary adenomas, oncogene
activation is one mechanism of acquiring a transforming somatic mutation
within the adenohypophysis. To date, activating mutations of v-fos, H-ras,
and the gsp oncogene have been identified in various pituitary adenoma
types. Whereas the latter mutation has been consistently observed in a
substantial proportion of somatotroph adenomas, the others have been the
subject of isolated case reports only.



34 K. THAPAR et al.

v-fos is a class IV oncogene, one encoding a nuclear oncoprotein having
transcriptional action. In an early report of a single prolactinoma, a 10 fold
amplification of v-fos was demonstrated (U er al. 1988). That additional
cases harboring similar mutations have not been reported suggests that v-fos
is not a common transformant in the pituitary.

The ras oncogenes were the first nonviral oncogenes to be recognized, and
have since been identified in a variety of human tumors. They are actually a
family of three structurally similar oncogenes which encode proteins in-
volved in intracellular signal transduction (Class III oncogenes). The proteins
encoded by the normal (wild-type) ras genes are small monomeric guanine
nucleotide (GTP/GDP) binding proteins termed p21 ras. Little is known of
the upstream receptors expected to activate ras, and even less is known of the
downstream targets and second messenger systems thought to be regulated
by ras. It is known, however, that wild type p2l ras exists in critical
equilibrium between an inactive GDP bound state and an active GTP bound
state. The transition from active to inactive p21 ras requires a second protein
termed GAP (GTP-ase activating protein). Oncogenic mutations of ras are
the result of missense mutations causing amino acid substitutions within GTP
binding domains. Presumably, oncogenic mutations of ras encode a mutant
p21 whose conformation properties compromise and/or inhibit GTPase ac-
tivity, thus shifting the equilibrium in favor of a sustained active state. The
positive signal emanating from perpetually activated p21 protein are further
transduced downstream, with uncontrolled cell proliferation being the end
result. A comprehensive analysis of ras mutations involving 19 pituitary
adenomas was recently undertaken (Karga ef al. 1992). In only one instance,
a prolactinoma, was a mutation of ras demonstrated; the mutation involved
the H-ras gene wherein valine was substituted for glycine at codon 12. It is
of interest that the prolactinoma harboring this ras mutation was unusually
aggressive, one remarkable for an early age of onset, multiple recurrences,
very high prolactin levels, and unrelenting invasiveness which ultimately
proved fatal. A second recent survey of H-ras mutations in pituitary carci-
nomas was recently undertaken (reviewed in Prager and Melmed 1993).
Whereas none of the primary pituitary lesions exhibited activating mutations
of H-ras, the secondary metastatic deposits emanating from these pituitary
carcinomas did in fact exhibit mutations of H-ras; two were corticotroph
carcinomas (codon 12 mutations) and the third was a PRL cell carcinoma
(codon 18 mutation). These studies suggest that the occurrence of activating
H-ras mutations, while uncommon among pituitary adenomas overall, do
appear to be associated with a particularly aggressive phenotype and are
likely late events in pituitary tumor progression (Fig. 1). Furthermore, the
presence of H-ras mutations in secondary deposits but not in the primary
lesion of pituitary carcinomas is especially intriguing for it suggests that they
may play a role in initiating and/or sustaining distant pituitary metastases.



Classification and Molecular Biology of Pituitary Adenomas 35

The most consistent and convincing evidence favoring oncogene activa-
tion as a transforming mechanism in the pituitary stems from the discovery of
the gsp oncogene, an oncogene first characterized in GH producing pituitary
adenomas (Vallar er al. 1987). The signal transduction cascades governing
the secretory and proliferative functions of pituitary somatotrophs converge
on the adenylate cyclase second messenger system. G-proteins, ones analo-
gous to those described for p21 ras, are essential components of these
regulatory cascades. The upstream initiation events and downstream second
messenger systems are, however, far better characterized for G-protein-
mediated signalling in the somatotroph.

Like those of p21 ras, G-proteins regulating somatotroph function bind
GTP. Their capacity to transduce signals from an activated membrane recep-
tor to intracellular effectors requires them to displace bound GDP for GTP, a
process which activates the G-protein and initiates the signal to which
downstream events are coupled. Termination of receptor stimulation is fol-
lowed by a coordinated return of the G-protein to its inactive GDP bound
state, a process requiring hydrolysis of bound GTP to GDP. Whereas G
proteins involved with p21 ras are of monomeric type, those mediating
intracellular signalling in the somatotroph are heterotrimeric. The latter
designation refers to their composite structure which consists of three distinct
subunits (o, B, y). Both the functionality and specificity of these G-proteins
are provided by the alpha subunit, which differs among different members of
the G-protein family. The alpha subunit not only contains the activating GTP
binding site, but it also has intrinsic GTPase activity. The latter is a critical
self-limiting mechanism which serves to hydrolyze bound GTP to GDP,
returning the G-protein from its activated GTP bound state to its inactive
GDP bound form, and, therefore, terminating its signal to intracellular effec-
tors.

In the normal state, the principal positive regulator for the somatotroph is
growth hormone releasing hormone (GHRH), a stimulatory peptide of hypo-
thalamic origin effecting GH secretion and somatotroph proliferation.
GHRH binds to specific membrane receptors on the somatotroph surface, its
signal being transduced by a stimulatory G protein designated as Gs. Recep-
tor occupancy by GHRH induces a conformational change in the alpha
subunit of Gs, causing displacement of bound GDP for GTP. When GTP
bound, Gs is subject to a complex dissociative reaction which results in a free
(B, v) dimer and the active alpha subunit-GTP complex. The latter then
activates adenylate cyclase which, in turn, elevates intracellular cAMP lev-
els, the second messenger for downstream events inducing somatotroph
proliferation and GH secretion. Normally, activation of Gs is a transient
event, one in which the active state of Gs is maintained only for the duration
of receptor stimulation. Accordingly, termination of the GHRH stimulation
is promptly followed by hydrolysis of GTP to GDP, restitution of Gs to its



36 K. THAPAR et al.

inactive heterotrimeric form, “turning off” of adenylate cyclase, return of
cAMP to basal levels, and termination of signals promoting GH secretion and
somatotroph proliferation.

Prompted by their discovery that a subgroup of somatotroph adenomas
exhibited high levels of intracellular cAMP and membrane adenylate cyclase
activity, the hypothesis that a nontransient, constitutive activation of ade-
nylate cyclase may be the underlying tumorigenic mechanism for this sub-
group of GH secreting tumors was introduced (Vallar er al. 1987, Landis et
al. 1989). Moreover, the latter study demonstrated that constitutive activation
of Gs could be accomplished by specific mutations involving the alpha chain
gene. The alpha chain protein encoded by such mutations exhibited an
intrinsic deficiency of GTPase activity, rendering it incapable of self-termi-
nating its activated state. Therefore, such activating mutations stabilize Gs in
its active conformation, thus mimicking the effect of persistent GHRH
action. By-passing the normal regulatory control provided by GHRH, soma-
totrophs bearing the mutated alpha chain are conferred an autonomous and
unrestrained capacity for GH secretion and cell proliferation, manifesting
ultimately as neoplastic transformation. Such activating mutations of the
alpha chain gene convert it to an oncogene, now designated as the gsp
oncogene. Corroborative evidence favoring inactivation of alpha chain
GTPase activity as a mechanism to enhance secretory and proliferative
functions of pituitary somatotrophs was also provided by elegant experimen-
tation in a transgenic animal model. The cholera toxin, by ADP ribosylation
of Arg 201 of the Gs alpha chain, can inhibit intrinsic GTPase activity.
Burton et al. 1991, prepared a construct in which the cholera toxin gene was
inserted into the 5' untranslated end of the GH gene. Mice bearing this
transgene, because of irreversible activation of Gs, developed gigantism,
somatotroph hyperplasia, and elevated GH levels.

Screening of substantial numbers of somatotroph adenomas has revealed
that almost 40 per cent have activating mutations of gsp (Landis et al. 1990,
Spada et al. 1990). In one Japanese report, however, the gsp mutations were
present in less than 10 per cent of somatotrophs adenomas (Y oshimote et al.
1993). In all instances though, the genomic alteration has been a point
mutation involving a single base at one of two possible sites within the alpha
chain gene. As a consequence, the encoded mutant alpha chain protein has, in
all cases, suffered a single amino acid substitution characterized by one of the
following: residue Arg 201 to Cys or His, or residue Gln 227 to Arg or Leu.
The clinical characteristics of tumors harboring activation mutations of gsp
do not appear to deviate strikingly from those having the wild-type (normal)
alpha chain gene. Whereas age, sex, clinical features, duration of disease, and
surgical “cure” rate have been shown to be comparable in both groups,
tumors having the gsp mutation do tend to be somewhat smaller (Landis ez al.
1990). Almost 40 per cent of these were microadenomas, as compared to a 15
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per cent microadenoma rate in wild type tumors. Although the report of
Spada et al. found gsp positive tumors to have higher basal GH levels, Landis
et al found their basal GH levels to be lower. In the latter report, gsp positive
tumors also retained GH suppressibility which, together with their smaller
size and lower GH levels suggested an overall more favorable prognosis.

Aside from their occasional presence in thyroid tumors, the occurrence of
activating mutations of gsp appeared restricted exclusively to pituitary ade-
nomas of somatotrophic type. In an intriguing recent report, however, gsp
mutations were demonstrated in 2 of 21 endocrinologically inactive pituitary
adenomas (Tordjman et al. 1993). One of the tumors was strongly immuno-
positive for LH and FSH, whereas the other was weakly immunoreactive for
ACTH. Given that electron microscopy was not performed, the precise tumor
type cannot be determined from the report. Nevertheless, each tumor was
clinically nonfunctioning and immunonegative for GH. In each instance, a
point mutation of the alpha chain gene occurred; in one case the mutation
involved substitution of residue Arg 201 to Cys and in the other, residue
Gln 227 was substituted by Leu. That activating mutations of gsp can occur
in'adenohypophyseal cells other than somatotrophs suggests that cAMP may
mediate cell proliferation in a number of pituitary cell types. Accordingly,
gsp mutations may represent a more unifying and more common mechanism
of pituitary tumorigenesis than previously thought.

The McCune-Albright syndrome is a rare disease characterized by poly-
ostotic fibrous dysplasia, café-au-lait cutaneous pigmentation, and varying
endocrine manifestations including sexual precocity, hyperthyroidism,
and adrenal hyperlasia. Acromegaly, the result of a GH secreting pituitary
adenoma, is occasionally an accompanying feature of the condition (Kovacs
et al. 1984). Activating mutations of gsp resulting in substitution of Arg 201
by His or Cys have been demonstrated in various tissues of patients with
McCune-Albright syndrome (Weinstein et al. 1991). That many, but not all
tissues of such patients simultaneously exhibit activating mutations of gsp
indicates that this disorder is the developmental consequence of an early
postzygotic gsp mutation resulting in mosaicism. Should gsp mutations occur
in tissues whose proliferation is driven by cAMP (thyroid, adrenal, pituitary),
hyperplasia and/or adenoma formation is the result.

Structural Genomic Alterations: Tumor Suppressor Gene Inactivation

When viewed from the perspective of oncogene activation, tumorigenesis
can be considered a dominant Mendelian phenomenon wherein only one
mutated allele need be expressed to produce the transformed phenotype.
Prompted by Knudson’s pioneering studies into the genetics of retinoblast-
oma, it has become increasingly clear that such a perspective is not uniformly
valid (reviewed in Levine 1993). By contrast, transformation may, in some
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instances, represent the consequence of inactivating mutations of genes
which normally exercise inhibitory control over cell proliferation. Accord-
ingly, the concept of tumor suppressor genes arose. From such a perspective,
the transformed phenotype can be considered a recessive trait, one requiring
the inactivation of both alleles of a tumor suppressor gene. In that both alleles
of a tumor suppressor gene must be inactivated in susceptible cells before
transformation occurs, a “two hit” model of tumor suppressor gene inactiva-
tion has been proposed. In the case of hereditary tumor syndromes (e.g.
MEN 1, hereditary retinoblastoma, etc.), the first “hit” is inherited as a
germline mutation, and the second “hit” occurring as a somatic mutation. In
sporadic tumors, two distinct inactivating mutations are needed to incapaci-
tate the tumor suppressor gene.

Of the human tumor suppressor genes so far identified, the retinoblastoma
gene (Rb) and the p53 gene are the best characterized. Whereas experimen-
tation in transgenic animals suggest that they may play a role in the develop-
ment of experimental pituitary tumors, their role in the genesis of human
pituitary adenomas appears somewhat limited (Jacks ez af. 1992, Sumi et al.
1993). A third tumor suppressor gene has been implicated in the genesis of
human pituitary adenomas occurring in the context of the MEN1 syndrome
(Larsson et al. 1988).

The Retinoblastoma Tumor Suppressor Gene (Rb)

Functional inactivation of the Rb gene has been linked to the development of
a variety of malignant tumors. Transgenic mice engineered in such a way that
one of the two germline Rb alleles have been inactivated, develop large,
invasive high grade pituitary adenomas (Jacks et al. 1992). Such tumors were
further shown to have lost the remaining normal Rb allele, thus providing
strong evidence in favor of Rb gene inactivation as a mechanism underlying
pituitary tumorigenesis. Of twenty mice bearing such heterozygous Rb gene
contructs, five developed pituitary adenomas. These tumors were recently
studied in our laboratory; all were corticotroph adenomas, immunoreactive
for ACTH and of pars intermedia origin. The provocative nature of this report
prompted a search for Rb mutations in human pituitary adenomas. In one
report, allelic loss of one Rb allele was identified in four pituitary carcinomas
and in one invasive corticotroph adenoma; noninvasive adenomas had nor-
mal Rb allelic complement (reviewed in Prager and Melmed 1993). In
another recent screening of human pituitary adenomas, none of 18 adenomas,
including invasive and recurrent ones, exhibited allelic loss of the Rb gene
(Cryns et al. 1993). Although mutations of Rb are uncommon among pitui-
tary adenomas, their occurrence appears restricted to markedly invasive and
or frankly malignant pituitary tumors only (Fig. 1).
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The p53 Tumor Suppressor Gene

Located on chromosome 17p13.1, the p53 gene is one of the best character-
ized human tumor suppressor genes (reviewed in Levine 1993). Moreover,
since mutations of the p53 gene represent the most commonly occurring
genomic alterations in human cancer, the p53 gene has emerged as the
dominant conceptual focus of contemporary cancer research. Although the
physiologic functions of normal p53 protein are not precisely known, there
is general agreement that it has transcriptional activities, ones which ulti-
mately lead to suppression of cell proliferation and inhibition of oncogene-
mediated cell transformation. Whereas the target genes under p53 protein’s
transcriptional control have yet to be determined, the effects of wild-type
p53 activity ultimately converge on the cell cycle, possibly by regulating
events which effect passage from late G1 to S phase of the cell cycle. It has
been suggested that wild-type p53 may be envisaged as a G1 checkpoint
protein, one capable of blocking the passage of DNA damaged cells to the
S phase, or somehow effecting DNA repair prior to S phase transfer. Among
other repressive functions, p53 protein has also been implicated in the
control of programmed cell death (apoptosis). Somatic mutations of the p53
gene are primarily the result of missense mutations, insertions, or deletions
with the relative frequency of each alteration varying with the tissue in
which the tumor originated. In carcinomas, approximately 80 per cent of
mutations are missense mutations which encode a faulty p53 protein. The
phenotypes of p53 mutations have three distinct features. Firstly, virtually
all mutations are accompanied by a loss of wild-type p53 suppressive
function. Secondly, mutant forms of p53 protein are capable of augmenting
cell proliferation. Finally, many mutant forms of p53 protein maintain a
trans-dominant function, one capable of inactivating the wild-type p53
protein. The reader is referred to a number of recent comprehensive reviews
on this subject (Weinberg 1991, Levine 1993, Harris and Hollstein 1993), as
the remainder of this section relates specifically to p53 mutations in pitui-
tary adenomas.

Despite the frequency of p53 mutations in human epithelial tumors, they
are uncommon among pituitary tumors. In a screening of 22 nonfunctioning
and 22 somatotroph adenomas, and 4 pituitary carcinomas, no mutations of
the p53 gene were identified (reviewed in Prager and Melmed 1993). Our
experience, athough smaller, has been comparable. Although we were unable
to demonstrate mutant pS3 protein immunochemically in invasive and non-
invasive adenomas, its presence was documented in a single prolactin cell
tumor, suggestive of a missense p53 mutation in that tumor. Whereas our
isolated case of a p53 mutation occurred in a very aggressive and invasive
tumor, mutations of the pS3 gene are generally considered a pre-invasive
event. Thus further study is needed to determine both the precise frequency
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of p53 mutations in pituitary adenomas and when in the course of pituitary
tumor progression the event occurs.

The MEN I Tumor Suppressor Gene

Genetic predisposition for pituitary tumor development is restricted to a
single and uncommon condition, the MEN 1 syndrome. This autosomal
dominant disorder is characterized by parathyroid hyperplasia/adenomas and
tumors of the endocrine pancreas and anterior pituitary. Being a variably
penetrant condition, only 25 per cent of MEN 1 patients develop pituitary
adenomas; most of these are macroadenomas associated with GH and/or PRL
hypersecretion. Approximately 3 per cent of all pituitary adenomas are asso-
ciated with this condition. The genetic defect of MEN 1 has been isolated to
a putative tumor suppressor gene locus on chromosome (11q13) (Larsson et
al. 1988, Bystrom et al. 1990). Susceptible individuals inherit a germline
mutation of one of the two 11q13 alleles. Subsequent inactivation of the
remaining allele in endocrine tissues is thought to initiate tumor formation.
Thus, although the development of MEN 1 is inherited as a dominant trait,
the responsible gene behaves in a recessive manner at the cellular level.
Tumor suppressor gene loss at 11q13 appeared initially to be a tumorigenic
mechanism applicable only to hereditary pituitary adenomas occurring in the
context of MEN 1. Since loss of heterozygosity at the 11q13 locus has been
demonstrated in at least three apparently sporadic prolactinomas, it is possi-
ble that mutation of the MEN 1 may have some role in the development of
non-MEN 1 pituitary adenomas as well (Prager and Melmed 1993, Herman
et al. 1993).

Growth Factors and Pituitary Tumorigenesis

A recurring theme concerning the pathogenesis of pituitary adenomas in-
volves abnormal “physiological” regulation of the pituitary in terms of
excess stimulation or deficient inhibition. Growth factors, cytokines, and
hypothalamic hormones, given their capacity for autocrine and paracrine
stimulation have emerged as likely contributors to the process. Growth
factors are regarded as a class of soluble peptides which act by binding to
specific cell surface receptors, eliciting a signal which is further transduced
to a cellular or nuclear target. Many critical cellular functions such as
mitogenesis, angiogenesis, gene transcription, and others are thought to be
regulated by such growth factor mediated signal transduction systems.

The normal pituitary gland appears to be an abundant reservoir of growth
factors and novel peptides. The pituitary derived growth factors which have
been identified on the basis of peptide and or gene expression are listed in
Table 3. While it is clear that numerous growth factors reside in the pituitary,
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their putative regulatory roles are more obscure. Only for a few of these have
preliminary pituitary related functional and regulatory correlates been estab-
lished. The potential significance of some of the better characterized pituitary
related growth factors is reviewed.

Growth hormone releasing hormone (GHRH) is a hypothalamic hormone
which is the most important positive regulator of pituitary somatotrophs,
stimulating both GH secretion and somatotroph proliferation (Billestrup et
al. 1986, Vance 1990). Strictly speaking, GHRH is a hormone, but because
it shares all the functional properties of a growth factor, its potential role in
pituitary tumorigenesis is reviewed here. GHRH acts via a specific receptor
located on the somatotroph cell surface. The signal emanating from an
activated GHRH receptor is transduced through a classical stimulatory G
protein cascade, employing cAMP as the second messenger. Subsequent
downstream events are complex, involving activation of a cAMP dependent
protein kinase (kinase A) which phosphorylates the cAMP responsive ele-
ment binding protein (CREB), which in turn transactivates the Pit-1 gene
promoter (Bodner and Karin 1987, Castrillo ef al. 1991). As discussed in
some detail below, Pit-1 is transcription factor which transactivates GH gene
transcription. The net effect of GHRH stimulation is induction of GH secre-
tion and through analogous, but unclear mechanisms, somatotroph prolifer-
ation as well. Several lines of evidence suggest that GHRH hypersecretion
may contribute to pituitary tumorigenesis. Firstly, GHRH has been shown to
be mitogenic in vitro, where it also induces the expression of c-fos, a gene
normally activated during stimulated cell proliferation (Billestrup et al.
1987).

Table 3. Pituitary Derived Growth Factors, Based on Protein and/or Gene
Expression

Insulin-like growth factor (I and II)
Epidermal growth factor

Basic fibroblast growth factor
Transforming growth factor-a
Transforming growth factor-f3

Thyroid hormone-inducible growth factor
Endothelial cell-stimulating angiogenesis factor
Folliculo-stellate-derived growth factor
Adipocyte growth factor

Chondrocyte growth factor

Vascular permeability factor

Glial growth factor
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Secondly, mice transgenic for the human GHRH develop selective hyper-
plasia of pituitary somatotrophs, and later develop somatotroph and mammo-
somatotroph adenomas (Asa et al. 1990). This experimental data suggests
that protracted exposure to GHRH leads to somatotroph hyperplasia which,
in some instances, eventually gives way to neoplastic transformation. Where-
as hyperplasia of pituitary somatotrophs and clinical acromegaly are the
result of GHRH secreting tumors in humans (eg bronchial carcinoids, pancre-
atic tumors, pheochromocytomas, small cell carcinoma of the lung), soma-
totroph adenomas rarely develop in the pituitaries of such patients, even after
long periods of GHRH exposure. Moreover, as discussed previously, the
absence of somatotroph hyperplasia surrounding GH adenomas mitigates
against GHRH stimulation alone as the sole mechanism of somatotroph
tumorigenesis. Nonetheless, GHRH excess, presumably the consequence of
hypothalamic dysfunction, may have a genuine role in somatotroph adenoma
development. It is possible the GHRH may function as a promoter, causing
proliferation of the transformed cell. Moreover, as the result of its mitogenic
activity, GHRH may render cells more prone to activating mutations or
increase their susceptibility to the effects of other initiators. A particularly
intriguing finding relates to the recent observation that some somatotroph
adenomas express GHRH mRNA, raising the possibility that tumor cells may
be subject to autocrine stimulation by endogenous tumoral production of
GHRH (Ley and Lightman 1992).

Insulin-like growth factor 1 (IGF-1), also known as somatomedin C
subserves critical anabolic functions during growth, development, differenti-
ation and tissue repair. Whereas most circulating IGF-1 can be considered
hepatic in origin, IGF-1 does appear to ubiquitously present in a variety of
human tissues, including the pituitary gland. IGF-1 is the principal mediator
of peripheral GH action. In response to elevated levels of GH, the liver
produces IGF-1 to mediate the peripheral effects of GH. Accordingly, serum
measurements of IGF-1 have become the most sensitive biochemical test for
active acromegaly, correlating well with serum GH levels and tumor size
(Barkan 1993). Furthermore, normalization of IGF-1 elevations following
successful surgical therapy of these tumors is regarded as the best indicator
of endocrinologic cure. Available evidence suggests the physiological role of
IGF-1 in the pituitary is predominantly an inhibitory one, a finding which
contrasts with its better known mitogenic, anabolic, and growth promoting
action in other organ systems (LeRoith ez al. 1992). In the rat, exogenously
administered IGF-1 inhibits GH gene transcription, a finding also observed in
vitro with human pituitary cell cultures (Yamashita ez al. 1986, Ezzat and
Melmed 1990). The mechanism of such inhibition is unclear, but is believed
to be mediated by an incompletely characterized IGF-1 responsive cis active
element located 500 bases upstream of the GH gene promoter (Prager et al.
1989). The extent to which IGF-1 contributes to pituitary tumor development
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remains somewhat obscure. In one preliminary report, IGF-1 mRNA was
demonstrated to a variable degree in all pituitary tumor types, however, the
significance of this finding is uncertain (Thapar ez al. 1993c).

Epidermal growth factor (EGF) and transforming growth factor alpha
(TGFw), will be considered together because of certain similarities. These
two growth factors share approximately 30% gene sequence homology and
both bind to the epidermal growth factor receptor (EGF-R). This receptor is
itself known to be strongly homologous to the erb B oncogene product. Both
these growth factors have been the subject of considerable study in the
context of many human tumors, however only preliminary experimentation
has been undertaken in the pituitary. Most of the pituitary related research has
been performed on rat pituitary tumor cells lines, and its applicability to
human pituitary adenomas is therefore uncertain. Nevertheless there is evi-
dence to suggest that both these growth factors are negative regulators in the
pituitary, which leads to the speculation that their functional inactivation may
be permissive to the maintenance and/or progression of pituitary adenomas.
In the rat, EGF inhibits growth and proliferation of tumerous cell lines by up
t0 40% (Schonbrunn et al. 1980); the inhibitory effects of TGFo: in rat cell
lines are both more potent and better characterised (Ramsdell 1991). TGFa
is cell cycle specific, demonstrating transient inhibition of M phase progres-
sion and profound inhibition of G1 cell entry into the S phase. The finding
most relevant to human pituitary tumors is that the EGF receptor is present on
both the normal rat and human pituitary, however it is absent in the tumorous
pituitary (Birman et al. 1987). Whether this absence reflects an absolute loss
of EGF-R, decreased binding affinity or an altered EGF-R related to erb B
oncogene activation is unknown. Nevertheless, the potential numbers of
functional EGF and TGFa binding sites are effectively reduced. Given the
putative inhibitory actions ascribed to TGFo and EGF, this loss of binding
and consequently loss of inhibitory input may contribute to deregulated
unrestrained cell growth and tumor formation. Further work is required to
validate or exclude this theory.

Transforming growth factor beta (TGF[) has been the subject of a grow-
ing body of evidence promoting its role as another pituitary modulator,
particularly of gonadotrophic cells. TGFp is known for its potent inhibitory
effects on epithelial cells, both normal and neoplastic (Pietenpol ez al. 1990).
It consists of 2 homo- or heterdimeric peptide motifs all derived from a
common precursor molecule. The strongest evidence implicating TGFf} with
pituitary hormone growth and regulation derives from its structural and gene
sequence homology with the gonadal peptides inhibin and activin (Ying
1988, Roberts et al. 1989). The former appears to suppress FSH secretion and
the latter is thought to facilitate it. Furthermore, TGFp, inhibins and activins
all share a common membrane receptor. TGFf} functions as a cell cycle
specific inhibitor, preventing G1 cell transition into the S phase. Preliminary
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impressions of the mechanisms of this inhibition appears somehow to in-
volve the c-myc gene product. The hypothesis that functional inactivation of
TGFf may be permissive to pituitary tumorigenesis awaits confirmation.

Basic fibroblastic growth factor (bFGF) is one of the more abundant
growth factors identified in the pituitary (Li ez al. 1992). Despite this relative
abundance, functional correlates of bFGF) in the pituitary are largely un-
known. In other tumorous and nontumorous tissues, bFGF exhibits potent
mitogenic and angiogenic properties, and is considered to be the prinicpal
angiogenesis factor in vivo (Gospodarowicz et al. 1987). Experimentation
with bFGF on clonal cell lines has provided conflicting results, being varia-
bly mitogenic, inhibitory, or without any effect on GH3 cells (Mormede and
Baird 1988, Black ef al. 1990, Schweigerer et al. 1987). In human pituitary
adenomas, bFGF has been shown to stimulate PRL release but appears to
have little effect on cell proliferation (Atkin et al. 1993). Another member of
the fibroblast growth factor family is the gene product of the /st gene, which
shares considerable sequence homology with bFGF. It has recently been
shown that DNA sequences from human prolactinomas containing part of the
coding region of the Ast gene are transforming in NIH 3T3 cell assays
(Gonsky et al. 1991). Given the abundance of the fibroblast growth factor
family in the pituitary, and the preliminary data from these studies, it is
possible that this family of growth factors may share some role in the genesis
of prolactinomas and other pituitary tumors.

Endothelial cell stimulating angiogenesis factor (ESAF) is a potent mi-
togen which stimulates microvascular neoangiogenesis, acting specifically
on endothelial cells in a host of tumorous and benign pathologic conditions.
The relative ESAF content of a variety of benign and malignant intracranial
tumors was recently assayed, and correlated with the degree of aggressive-
ness of the tumor. Three pituitary tumors were included in this study (PRL,
GH and FSH secreting tumors), and their ESAF content was found to be
elevated to an intermediate degree, at levels between those of malignant
gliomas and normal control tissue. Overall, the ESAF content of the various
pathologic entities assayed seemed to correlate well with aggressiveness,
however due to limited follow-up the prognostic value of this growth factor
is unknown.

Growth Factors and Pituitary Neoplasm: Conclusion

From this discussion it should be clear that the number of growth factors
putatively implicated in the growth, regulation and transformation of pitui-
tary cells very significantly outnumber the established facts pertaining to
their exact biological roles and mechanisms of action. Indeed, the study of
growth factors in the pituitary seems to have raised more questions than
answers. It appears that growth factors are more likely mediators of tumor
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progression rather than of tumor initiation, per se. Further study is clearly
required before any definitive role for growth factors in pituitary tumorigen-
esis can be established.

The Pituitary Specific Transcription Activator: Pit-1

There has been considerable recent interest in the pituitary-specific transcrip-
tion activator known as Pit-1. Since its initial isolation and characterization,
this member of the POU class homeodomain protein family, has been
ascribed an important role in the embryogenesis and differentiation of pitu-
itary somatotrophs, lactotrophs, and thyrotrophs (Theill ez al. 1989, Castrillo
et al. 1991). The Pit-1 protein contains two domains (POU-specific and
POU-homeodomain), both being necessary for its DNA binding and trans-
activating capabilities. In the case of both the GH and PRL genes, Pit-1
responsive DNA binding sites are located upstream to their respective pro-
moters. Recently, unique Pit-1 binding sites have also been identified on the
TSH beta subunit gene.

Whereas there is strong experimental evidence in support of Pit-1’s
physiologic role in the development, differentiation, and ongoing phenotypic
maintenance of somatotrophs, lactotrophs, and thyrotrophs, its role in the
development and/or progression of pituitary adenomas remains somewhat
conjectural. The fact that somatotroph adenomas frequently co-secrete GH,
PRL, and TSH invited early speculation that Pit-1, given its capacity to
collectively activate transcription of GH, PRL, and TSH genes, should play
some unifying role in the development of adenomas of these secretory types.
A number of recent reports have since demonstrated Pit-1 mRNA in pituitary
adenomas (Asa et al. 1993, Friend et al. 1993, Lloyd et al. 1993). Further-
more, in the report of Lloyd er al, Pit-1 gene expression appeared slightly
enhanced in tumor tissue as compared to nontumorous controls. Though
more frequently expressed among somatotroph, lactotroph, and thyrotroph
adenomas, Pit-1 mRNA has also been identified within corticotroph, gonado-
troph, and null cell adenomas as well.
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1. Introduction

There has been a progressive growth of clinical, anatomical, technical and
biomechanical knowledge of the spine which has emerged from both specific
and collaborative efforts of many investigators. In the same way many
distinguished contributors have at various times elaborated the analysis of
vertebral trauma and their names appear in the References to this paper.

The first classification of traumatic injuries of the spine was provided by
Boehler in 192915, Although highly descriptive, it was already based on the
relationship between mechanisms of injury and their resulting lesions. Com-
pression fractures were distinguished from those caused by tension, shearing,
or torsion.

In 1931 Watson-Jones!?’ re-emphasized the relevance of the distinction
between compression and comminutive fractures caused by axial strain and
those known as fracture-dislocations involving transverse force (Fig. 1). He
was the first to introduce the concept of “instability” resulting from inter-
vertebral tearing injuries.

Fig. 1. Watson-Jones classification (1931) (from Watson-Jones'?”). The three types
of vertebral body fractures at the dorso-lumbar level are: simple fracture from
vertical compression (a); comminutive fracture from acute angulation in flexion (b);
fracture-dislocation with anterior displacement and injury to the apophyseal joints
(c). In all of these fractures, there may exist lateral displacement, flexion displace-
ments and especially in fractures -dislocations, rotational displacements
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In 1963 Holdsworth®! proposed a classification into 5 groups, which
preserved this same relationship between mechanism, lesion and stability.
The advantage of this approach was to enable a distinction between stable
forms caused by axial loads including the compression and comminutive
fractures (which he called the “burst fracture), and unstable forms such as
dislocations, and dislocations by extension or rotation. Using this approach
he conceived the idea of two supporting complexes, one being anterior and
disco-corporeal, the other posterior and ligamentous. Rupture of the posterior
supporting complex would cause instability.

Indeed, it became apparent after Watson-Jones'?” that instability was an
essential element of severity in these lesions.

Moreover, in 1948 Chance? had emphasized the important role of poste-
rior tearing in a form of unstable fracture associated with a slight anterior
compression fracture. In 1949, Nicoll’® attempted to distinguish acute unsta-
ble forms from secondary forms arising from discal or ligamentous injuries.

This attempt to identify anatomical systems or “key” structures involved
in stability and whose injury alone would have serious consequences, served
for many years as the underlying theme in anatomo-clinical research. Several
different concepts emerged from this approach, with varied, often simplistic
representations, but nevertheless fruitful and of great didactic value.

In 1958 Decoulx and Rieunau®® defended the interest of the “posterior
wall” concept. Its rupture remained the key element for many years in the
diagnosis of spinal injury severity. The posterior wall is understood to
include not only that of the vertebral body (posterior plate) but also the
posterior segment of the disc covered by the dorsal longitudinal ligament.
Viewed in this manner, the posterior wall represents, in fact, a central spinal
axis whose essential biomechanical role would be described later.

In 1963 Kelly®’ elaborated Holdsworth’s idea of 2 functional complexes,
into a figurative and didactic form consisting of 2 columns: one solid,
anterior, and the other hollow representing the neural arch (Fig. 2).

In 1970 Roy-Camille®® once again underlined the importance of the
centrospinal structures which he extended to “the middle spinal segment”
including the pedicles, isthmus, and zygapophyseal columns.

In 1973 Louis%-%7 described the spinal architecture as an equilibrium of
three columns, an anterior corporeo-discal column and two postero-lateral
zygapophyseal columns all interconnected by the pedicles and laminae.
Moving away from mechanistic diagrams, but remaining just as didactic, he
gave real mechanical meaning to the osseous morphology of the vertebral
column which reflects the combination of normal equilibrium and physiolog-
ical stress. He proposed a quantified approach to instability by attributing a
coefficient to each of the constituent anatomical elements.

The preceding classifications and essential mechanical concepts were
recapitulated by Denis in 198332, Between the anterior and posterior
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complexes of Holdsworth and Kelly, he placed a third intermediate entity
which in fact corresponds to the central osteo-disco-ligamentous complex of
Rieunau’s “posterior wall”. This approach to injuries and their therapeutic
management by reasoning in terms of the mechanical properties specific to
each column (Fig. 3) made this classification a widely used model and served
as the basis for several other studies.

McAfee in 19837! proposed a similar approach in which the effects of the
3 primary forces (compression or axial distraction, and horizontal transla-
tion) on the structures of Denis’ central column were analyzed.

In 1990 Farcy?¢ proposed that for each of the three columns the differen-
tial parameter, osseous or ligamentous, of the injury be integrated.

Fig. 2. Kelly’s concept of 2 columns (1963) (from Kelly®). (a) The two-column

concept of the spine as a weight-bearing structure. With residual stability in the

posterior column, anterior collapse is incomplete. (b) Loss of posterior column

permits pronounced anterior collapse. (c) With laminectomy posteriorly and de-
struction by trauma anteriorly, no stability remains in the spine

Fig. 3. Denis’ concept of 3 columns (1983) (from Denis*?)
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Finally in 1993, following several experimental and clinical studies,
Argenson®“ summarized much of this data in a more simplified manner. Four
principal types of injury were proposed with their corresponding dominant
mechanical forces and stability criteria. An accent was also placed on the risk
of complication secondary to the osseous or ligamentous nature of the central
column lesion. The degree of kyphosis and its risk of secondary occurrence
were also taken into account.

From the majority of work reported throughout the history of spinal
traumatology, there emerges the opposition between fracture-compression
entities on the one hand, and fracture-dislocations or luxations on the other.
Our classification prolongs this distinction. Indeed the lesions in each one of
these groups exhibit a logic which corresponds perfectly with spinal bio-
mechanics. Therefore, we first distinguish predominantly disco-corporeal
lesions. This group attests to the failure, more or less severe, of the mechan-
ical supporting role assured by the stacked disco-corporeal edifice which is
crushed here most often within its ligamentous sheath. The second group
includes the transversal, predominantly disco-ligamentous lesions of the
spinal axis. The torn motion segment is sometimes associated with avulsion
of fibrous insertions, thereby threatening intervertebral cohesion. The lesions
encountered in this group are usually unstable. A third group of so-called
mixed lesions combine the different elementary aspects of the preceding
forms. Each group is therefore specific and distinguishes itself by its own
radiological pattern permitting from the diagnostic stage, and with the aid of
data from radio-surgical correlations, prediction of the total extent of osseous
and ligamentous involvement, and thus to evaluate its severity by definition
not only of the potential neural risk characteristic of each lesion, but also of
the precise threat to stability or consolidation.

In the first section, we present the biomechanical data which support our
approach to spinal injuries. It is a summary of the work which has accumu-
lated in this field by numerous collaborators, but is essentially drawn from
experimental studies in the anatomy laboratory at the University of Cler-
mont-Ferrand (Vanneuville).

2. Experimental Biomechanics

As the dorsal axial element of the trunk, the spinal column is the most
essential structure in the static and kinetic functions of the human organism.
Solidly anchored it supports the head and upper limbs, and stands on the
lower limbs by means of the mobile pelvic girdle. It is surrounded by a rigid
thoracic cage and a flexible abdominal cavity.

The vertebral column protects in the spinal canal, the neuro-meningeal
elements that it shelters and distributes metamerically and rostro-caudally to
all parts of the torso and limbs.
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Anatomically, this dorsal, multi-articular edifice composed of bony parts
is united by articular, cartilaginous, ligamentous, and muscular elements. Its
complex structure results from necessary adaptations to contradictory imper-
atives of stability, mobility, and protection, and its solutions of compromise
induce a certain vulnerability.

Because of man’s erect position, the spinal column sustains permanent
vertical mechanical strain parallel to its long axis. It is also subjected to
variable and divergent forces of compression, distraction, shearing and rota-
tion in three-dimensional space. Any force, stress, or displacement observed
in one anatomical plane automatically leads to modifications in the other two
planes.

2.1. The Spinal Column: a Composite Material

The spine is constructed from 3 types of material which are themselves
composite in nature: bony vertebrae, intervertebral disc, and ligamento-
capsular apparatus.

2.1.1. The Vertebrae
2.1.1.1. General Morphology

The basic skeletal component of the mobile spinal column, each vertebra
forms an irregular bony ring which surrounds the neural axis (Fig. 4).

In front, the vertebral body increases regularly in volume in the caudal
direction. Its upper and lower surfaces are covered by a cartilaginous end-
plate serving as intermediary for the insertion of the intervertebral disc.

The vertebral (neural) arch, is a composite of several structures including
the pedicles inserted on the lateral edges of the posterior surface of the
vertebral body, and the laminae joined medially posteriorly. These structures
also increase in volume in the caudal direction.

Different processes are implanted on the neural arch:

— Aligned on each side with the cranial-caudal axis, the cranial and
caudal zygapophyses form two bony columns. The progressive change in
orientation of the articular facets delineates from top to bottom a veritable
spiral passing from a horizontal plane in the upper cervical spine, to a sagittal
plane in the lumbar spine (Fig. 4).

— The transverse processes roughly spread outward in a frontal plane, and
the posterior and sagittal spinous process are the sites of insertion for
muscular and ligamentous tensors.

The cranio-vertebral articulation departs from this fundamental architec-
ture. The atlas and axis constitute the “sub-occipital spine” segment specifi-
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Fig. 4. Vertebral morphology and orientation of the cranial articular facets from the
cervical to lumbar level

cally adapted for high mobility of the cephalic extremity, especially in
rotation.

In the rest of the mobile spine, the anatomical and functional features of
the cervical, dorsal, and lumbar segments are responsible for morphologic
differences which have been defined classically’™. This distinction is espe-
cially clear for the middle vertebrae of each group, but in the junctional zones
between segments, numerous morphologic convergences are found. These
correspond to the transition vertebrae which are distributed variably between
individuals. According to Stagnara®, the transitional vertebra in the dorso-
lumbar spine varies in position between T9 and L3 with 33% at L1, 22% at
T12, and 21% at L2.

2.1.1.2. Structure of Vertebral Bone

The vertebra is a composite mixture of an outer, cortical, compact bone,
which encloses and contains the spongy substance. Compact bone forms a
thin shell around the vertebral body. It is fine in the ventral and middle
regions, and thicker in the juxta-discal regions. In the dorsal region compact
bone is especially dense forming the “posterior plate” of the vertebral body
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which is somewhat fragile in the center due to the vertebral emissary forami-
na, from which the venous pedicle emerges from corporeal spongy bone.
Compact bone is more abundant in the posterior arch. It forms on the medial
aspect of the pedicles and of the laminae, a thick arch which borders the
neural canal. The spongy bone which makes up the majority of the vertebral
body is generally homogenous in the young subject, heterogenous and
lacunar in the elderly subject.

The orientation of spongy trabeculae can be studied on histological slices
or on thick slices by radiography, macrophotography, scanning electron
microscopy, or by neutron diffraction®. Spongy bone architecture is deter-
mined by orientation of the trabeculae in the directions of its mechanical
stresses (Fig. 5). Vertical and horizontal trabeculae are described in the
vertebral body, an arciform system between the two transverse processes
crossing the laminae in the neural arch, and vertical trabeculae in the support-
ing columns of the zygapophyses. A system of oblique trabeculae, crossing
the two pedicles, “stretched” between the superior and inferior zygapophyses
on one side and the superior and inferior end-plates of the vertebral body on
the other side, attests to the functional synergy between the 3 vertebral pillars.

The compact bone is lamellar in structure formed of 3 layers parallel to
the superficial plane. The central layer made of Haversian bone is placed
between two thin lamellae, one superficial comprised of periosteal bone, and
the other deep at the compact/spongy bone interface. The Haversian layer
forming the major part of cortical bone orients its trabeculae along the axis of
the osteons from which it is constructed.

The Benninghoff method!? explores this osteonic orientation by determin-
ing through “fissure lines” the orientation of the protein network of deminer-
alized bone which is parallel to it (Piekarski).

Using this method, Escande®* determined the existence of lines orientated
in bundles which are constantly found in the vertebral cortical bone (Fig. 6).
The corporeo-articular bundles in the cranial and caudal direction combine
with their corresponding bundles from adjacent vertebrate to surround the
intervertebral foramen. The pediclo-articular or laminar bundles on the
medial cortical bone of the neural arch, have a fan-shaped distribution, from

Fig. 5. Orientation of the spongy bone trabeculae
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Fig. 6. Osteonic bundles of the cortical bone (from Escande®). / cranial corporeo-
articular bundle, 2 caudal corporeo-articular bundle, 3 medial pediculo-articular or
laminar bundle

the implantation of the pedicles in the body towards the articular processes
and the laminae.

According to the law of maximal resistance for a minimum of bony tissue,
proposed by Roux in 1895 and reformulated by Koch in 1917, the orientation
of cortical bone osteons and of spongy bone trabeculae, is determined by the
direction of the resultant of chronic stress exerted physiologically in vivo
(Piekarski).

The vertebral body appears to have a role both in attenuating shock and in
distributing forces. The trabeculae orientated towards the neural arch demon-
strate the role of the articular processes. The vertebral body presents a fragile
anterior zone situated between two bundles of oblique trabeculae and a solid
posterior zone with a high density of compact bone, partly explaining the
frequency and the predominance of compression fractures in the anterior part
of the vertebral body during trauma.
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2.1.1.3. Vertebral Hardness

Bone resistance can be studied in a comparative fashion in all parts of the
vertebra by Vickers’ microhardness method*#°. This method used in met-
allurgy to define the “hardness” (resistance to permanent deformation) of a
material sub-divides mechanical behaviours into 3 groups: elasto-plastic
(low hardness value), brittle (high hardness value), and intermediate.

A map of vertebral microhardness has been constructed by Fournier
(Fig. 7) (Table 1):

Table 1. Hardness of the Different Constitutive Parts of the Vertebra (expressed in
Vickers units)

Vertebral body:

— ventral part of the cranial and caudal surfaces 65/70
— lateral part of the cranial and caudal surfaces 65

— dorsal part of the cranial and caudal surfaces 80

— dorso-lateral part of the caudal surface 65

— ventral part of the outer rim (with a variation of 25 in these values) 65

— lateral part of the outer rim 25/40
— dorsal part of the outer rim 80

— spongy bone 15/20
Pedicle:

— caudal surface 80/85
— medial surface -
Cranial articular process (ventral surface) 90
Cranial zygapophyseal facet 90
Caudal articular process (dorsal surface) 85
Caudal zygapophyseal facet 90/95
Transverse process:

— cranial surface 90

— caudal surface 90

— dorsal surface 85
Lateral surface of the lamina %0
Lamina-spinous process junction 90/95
Lateral surface of the spinous process 85

From Fournier*.

* Or Microdurometry.
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Zones, intermediate, [l brittle

— The neural arch is much harder than the vertebral body, especially at the
articular surfaces,

— In the vertebral body, the posterior part of the end-plates is hardest
whereas the weakest point is in the center. On the ventral and lateral surfaces
hardness is reduced at mid-height.

This vertebral microhardness has been shown by Blaimont to be in close
relation with the degree of bone mineralization. If a relationship with resis-
tance in compression is also admitted (Fournier®®), this method shows that the
elasto-plastic vertebral body plays a shock absorbing role while the essential
part of static compression is received and transmitted by the dorsal plate of
the body and by the vertebral arch.

2.1.2. The Intervertebral Discs

The intervertebral disc is the principal functional element of the articulation
joining two adjacent vertebral bodies. Stacked from C2 to S1, the 23 discs
represent altogether 20 to 33% of the total height of the spine!!l.

2.1.2.1. Eachdisc forms an entity composed’ of a central gelatinous nucleus
(nucleus pulposus) surrounded by a peripheral fibrous ring (annulus fibrosus)
and two cartilaginous end-plates above and below.

The nuclear zone, gelatinous in aspect, is actually composed of a very
hydrophilic fibrillar system. By means of its hydrostatic pressure it holds the
two adjacent vertebral bodies apart and maintains the intervertebral ligamen-
tous systems in tension.

The annular zone is made up of concentric lamellae containing oblique
fibres which are strongly anchored to the adjacent osteo-cartilaginous end-
plates, and which are orientated inversely from one layer to the next.

The cartilaginous end-plates are composed of hyaline cartilage.

2.1.2.2. The histo-chemical structure of the annulus and nucleus is, in fact,
rather similar which results in a poorly defined transitional zone between the
two elements?®.
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The proteoglycan content which is responsible for the disc’s hydrophilic
power (water makes up 85% of the disc’s volume) is four times higher in the
center than in the periphery.

Histological analysis!% reveals that collagen fibres constitute 66% of the
peripheral portion and only 22% of the intermediate portion. They are very
rare in the nuclear region.

Three-dimensional studies of collagen from the annulus show that in the
periphery the fibres are more vertical and are inserted on the sub-chondral
bone (Sharpey fibres). In the middle part they are oblique, more horizontal,
and in continuity with the collagen fibres of the vertebral end-plate. In the
center, the fibres have a more random orientation and are not in relation or
continuity with the collagen of the annulus or of the cartilaginous end-plates.

2.1.2.3. The behaviour of the various components of the disc has been
analyzed by several methods:

— Measurements of intradiscal pressure, in vivo, demonstrate values that
vary considerably with changes in posture”.

— Bortolussi'’ showed, in vitro, that pressure variation is proportional to
the force applied toward the center of the nucleus, but that pressure varies
according to the point of application of the force.

— Analysis of displacement of the nucleus within the disc, raised as a
controversy by Roaf?2, has been studied in vitro by Seroussi®> who claims
that nucleus displacement redistributes the applied stress and increases the
structure’s resistance.

2.1.3. The Vertebral Ligaments

2.1.3.1. The ligamentous systems are sub-divided into two groups (Fig. 8):

2.1.3.1.1. The disco-corporeal ligamentous system includes the anterior and
posterior longitudinal ligaments.

The anterior longitudinal ligament forms a continuous fibrous band,
which covers the ventral and lateral surfaces of the body and the discs. Made
of short fibres stretched from one vertebra to another, and long fibres
covering 3 vertebrae, the ligament adheres slightly to the discs and strongly
to the vertebral bodies especially at the end-plates. It is thicker in the thoracic
spine where the prevertebral muscles are absent.

The posterior longitudinal ligament, a scalloped fibrous band, covers the
dorsal surface of the body and the discs within the spinal foramen. It is
composed of deep, short fibres, extending between two successive discs and
long fibres which cover 3 or 4 vertebrae. Narrow and non-adherent to the
middle part of the body, the ligament widens and adheres strongly to the
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Fig. 8. The intervertebral ligaments. (a) Cervical spine, (b) thoracic spine, (c) lumbar
spine

posterior surface of the disc and paradiscal zones on the body extending to the
anterior wall of the intervertebral foramen. The ligament is thick in the
cervical and thoracic spines, and thinner in the lumbar spine.

In the thoracic region, the 2 longitudinal ligaments exchange fibres with
the fibrous covering of the costo-vertebral articulations.

2.1.3.1.2. The ligaments annexed to the vertebral arch are intersegmental.
They include the ligamentum flavum, interspinous ligament, supra-spinous
ligament, inter-transverse ligament, and also the dorso-lumbar fascia as
pointed out by Bogduk.

The ligamentum flavum forms two planes laterally, quite thick in the
lumbar spine, extending between the lower and upper edges of 2 adjacent
laminae. It is rich in elastic fibres (Morris’ “elastic syndosmosis”™). Reaching
outside and in front toward the intervertebral foramen it reinforces the medial
portion of the zygapophyseal articular capsules. The two ligamentous sheets
are continuous posteriorly with the interspinous ligament.

The interspinous ligament stretches between the inferior and superior
edges of adjacent spinous processes, increasing in thickness from the cervical
to the lumbar spine, abruptly regressing between L5 and S1. Composed of
oblique fibres which spread out like a fan with a posterior base, it facilitates
movements of flexion, by widening the space between two spinous proces-
ses. Dorsally, it becomes continuous with the supra-spinous ligament which
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forms a flattened cord, attached to the summits of the spinous processes and
formed of numerous fibres borrowed from neighboring muscles.

The intertransverse ligament is paired and lateral. Absent in the cervical
spine, it is constant in the thoracic spine extending between the extremities of
the transverse processes where the intertransverse muscles are absent. In the
lumbear spine, it is thin, very inconstant, and extends between the mamillary
tubercle below and the transverse process above of two adjacent vertebrae.

The thoraco-lumbar fascia forms a dorso-lateral fibrous layer in the
posterior lumbar region. It is formed of intercrossed insertion fibres, belong-
ing to the latissimus dorsi, gluteus maximus, and laterally to the lumbo-
abdominal muscles. Its posterior topography contributes to its important role
as a brake during flexion'6,

2.1.3.2. Histologic Structure

Most of these ligaments are made of tight collagen fibre trusses containing
scattered elastic elements. The fibres are pleated®? giving rise to transversal
folds in the fibre trusses.

Except for the ligamentum flavum, the elastic component is not homoge-
nous. It can even be absent in some bundles. In other regions it appears dense
in the form of clews especially in zones of confluence between trusses.

During elongation the collagen pleats disappear, the wavy aspect persist-
ing in certain regions only, particularly those which are rich in elastic fibres!®.

2.1.3.3. Ligamentous Behaviour

Orientated along an axis, the ligamentous structures classically respond only
to traction forces. They permit physiological mobility, the maintenance of
postural attitudes, and limit intervertebral displacements. Their action is
often in equilibrium with that of the muscles whose work they spare.

The fibrous structures might also play a role in canalizing the forces as a
sheath directing displacements!?l. By the speckle method** it is possible to
show the existence of bony structure displacements. These displacements are
less important in the disc and their direction is regular when the periosteum
and ligaments are present. Removal of the periosteal and ligamentous struc-
tures cause displacements in uncontrolled directions,

** In the speckle method, any optically diffusing object illuminated by a laser-type
coherent monochromatic beam, presents a very fine granular appearance called
speckle. During compression, displacements of the speckle are measured by a
double-exposure photographic plate.
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2.2. Stability

2.2.1. Vertical Stability: the Supporting Elements and Their Resistance
to Compression

2.2.1.1. General Architecture
2.2.1.1.1. Louis’ Three Column Concept (Fig. 9}

In the cranio-caudal direction, the weight of the head is transmitted to the axis
by two pillars situated in a frontal plane. From this level the vertebral tripod
emerges in which the bony segments are stacked to form three columns
joined together at each level and through S1, by transverse bridges, the
pedicles and the laminae. In the sacrum, forces are transmitted through the
two lateral, slightly mobile sacro-iliac joints, and further on through the two
hip joints. If the vertebra can be likened to a tripod, then the vertebral column
as a whole can be viewed as a structure with three columns: a voluminous
ventral corporeo-discal pillar and two dorso-lateral zygapophyseal pillars
arranged in a frontal plane®,

As evidenced by its volume, the anterior column supports the majority of
the load. A regular increase in axial forces is observed from the cervical to the
lumbar region (according to Vanneuville!®, the Young’s modulus doubles
from the former to the latter region). In a parallel manner, the “pondero-
vertebral index”, defined by Delmas’!, which translates the progressive
increase in volume of the vertebral segments from the upper to lower spine in

Fig. 9. The 3 supporting columns of the spine (from Louis®)
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proportion to their increasing load constitutes a functional adaptation, whose
effect is to diminish the concentration of stress on the lumbar spine (small
increase in forces applied per unit of surface area).

2.2.1.1.2. The Sagittal Curves (Fig. 10)

The three spinal supporting columns are not aligned along a vertical axis
since three alternate curves (cervical lordosis, dorsal kyphosis, lumbar lordo-
sis) are superposed in the sagittal plane.

According to Euler’s law, the presence of curves increases the resistance
to axial stress by more than 30% as compared with a rectilinear column®*.

According to Vanneuville!®, the distribution of axial forces within the
vertical tripod is different at each spinal level, the force modulus being
greater within the postero-lateral pillars, in both lordosis curves, and notably
in the lumbar spine where the distribution of forces is practically equal in the
anterior and postero-lateral columns emphasizing the important load-sup-
porting role of the posterior inter-zygapophyseal columns.

Fig. 10. The alternate spinal curves

2.2.1.1.3. Osteo-Fibrous Segmentation of the Spinal Axis

This regular alternation of osseous and fibrous segments plays a specific role
in the general distribution of load-bearing.
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Each bony structure is important in the whole spine at rest, and each
vertebral body end-plate is essential, through its orientation, to the equilibri-
um above it.

Obliquity of the vertebrae harmoniously aligned in the spinal curves, is a
mechanical factor in relieving axial stresses that are divided at each vertebra
into 2 vectors, a vertical vector in compression, and a horizental vector in
shearing. '

The most horizontally orientated vertebrae, the transitional vertebrae and
the keystone vertebrae of the curves, are the most exposed to compressive
forces. They are often the site of compression fractures.

This role of three mechanically load-supporting columns and that of
vertebral end-plate orientation has a direct application in the surgery of spinal
trauma. If the conservation and even reconstruction of the three pillars is not
solid and correctly orientated, spinal statics will be severely compromised.

2.2.1.2. Elementary Structures and Resistance During Compression

Using direct mechanical methods, White!!! and Vanneuville!% have studied
the displacement of spinal structures undergoing vertical compression.

2.2.1.2.1. The Intervertebral Disc

Subjected to a wide variety of forces and movements the disc tolerates stress
that is far greater than that simply due to the weight of the body above it.

The mechanical behaviour of the disc under compression has classically
earned it the role of shock-absorber in the transfer of axial forces. If a disc is
sliced horizontally the nucleus bulges from the plane of the slice, indicating
the existence of internal pressure, linked to its high water concentration.
When a compression force is applied to the disc through the end-plate of the
upper adjacent vertebra, the nucleus reacts by distributing the force radially
to the concentric lamellae of the annulus. Rich in water, and incompressible,
the nucleus, in physiological conditions has the essential function of distrib-
uting this stress more than of directly bearing the load. The function of load-
bearing is assured by the annulus, whose lamellae are successively distended
from the center to the periphery. The most central lamellae are considerably
deformed while those disposed in the periphery of the annulus are more
resistant and deformed only slightly (this behaviour seems to be correlated
with the difference in collagen architecture between the central third and
peripheral two-thirds of the annulus).

Biomechanical studies of disc resistance to compression employ isolated
discs placed between nondeformable plates. The compression forces applied
and their consequences on disc displacement can thus be measured:
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— The resulting graphs, which are characteristic of visco-elastic structures
(Fig. 11), roughly demonstrate an increase in disc rigidity with increasing
compressive force, the deformation being increasingly smaller in spite of
accentuation of the load. Three phases can be distinguished: (A) Elastic
behaviour phase in which the disc remains relatively deformable in response
to small loads. (B) Plastic behaviour phase in which the disc becomes
increasingly rigid with load augmentation. (C) Brittle behaviour phase in
which failure of the material occurs for small increases in load.

From these notions arose that of the “compressive pre-load” emphasized
by Janevic3* who claimed that any compressive force which accentuates disc
rigidity causes a considerable reduction in spinal flexibility.

— Among these mechanical responses certain parameters have been stud-
ied more extensively. Disc behaviour is not uniform and compression resist-
ance of the anterior elements is greater than that of the posterior elements in
segment B of the curve while it is equal in segment A, The disc’s resistance
properties are essentially due to the annulus. When subjected to compression,
the mechanical behaviour of the disc remains identical after removal of the
nucleus demonstrating the major if not exclusive role of the annulus in these
responses’’. Furthermore, it has been noted by Farfan®’ that disc rigidity in
subjects over 50 years of age is greater than in young subjects.

— Other factors can influence the disc’s mechanical responses: An in-
creased speed of load application accentuates rigid behaviour, and conse-
quently diminishes shock-absorbing capacity. While compression of short

T T T -

Fig. 11. Curve of whole disc compression (+ standard error). A elastic behaviour
phase, B plastic behaviour phase, C brittle behaviour phase
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Fig. 12. Measurement of the hysteresis effect during the compression phase of
the disc

duration is followed by rapid restitution of the disc’s initial height, with
however a certain inertia (hysteresis effect) (Fig. 12)!1% under a constant load,
the height of the compressed disc stabilizes between 35 and 70 mm (Markolf
and Morris)’°. This notion might explain the reduction in size which has been
observed between the morning and evening. Finally during a constantly
maintained deformation strain forces have a tendency to diminish with time
(load relaxation phenomenon).

The phase of least resistance (failure of material) to high loads is therefore
reached more quickly in the case of an abrupt load or when the structure
exhibits stiffer behaviour (elderly subject). On the whole, however, the disc’s
brittle limits are well beyond those of the bony supporting structures (end-
plate and vertebral body) for which the brittle phase is more quickly attained.
Associated with the radial transfer of forces by the nucleus, there is an initial
bulging of the vertebral end-plate which can result in a veritable intra-
spongious hernia (Schmorl’s nodes)®.

2.2.1.2.2. The Vertebral Tripod

Biomechanical studies of vertebral bone structures, like those of the disc, are
also based on the relationship between the amount of deformation and the
applied force®? 100

— Spongy cancellous bone behaves like a deformable structure during
physiological strain in vertical compression, and like a rigid one during
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higher forces. As in the graph for the vertebral disc, a terminal phase is noted
corresponding to the structure’s failure.

Weaver!'® showed, by axial compression of lumbar spongy bone cube
samples, that their mechanical properties are the same in all points. Vanneu-
ville et al.'% later demonstrated that spongy bone is more resistant to cranio-
caudal compression forces than to lateral or ventrodorsal ones (Fig. 13).

— In the vertebral body forces are transmitted from one vertiebral end-
plate to another by two structures: cortical and spongy bone. Their relative
importance has been quite controversial since according to Evans®: the load-
supporting part of a vertebral body is the cortical rather than spongy bone,
while for Barthley er al.? and Bell ef al.!! resistance to compression is mostly
due to spongy bone. In separate studies of cortical and spongy bone Rockoft?*
did not observe a significant difference between these two structures when

-
&

Fig. 13. Graphs of compression of cubic samples of spongy bone in three ditferent
axes (vertical — transversal — antero-posterior)
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quantifying the relative resistances of compact and spongy bone during
compression forces. It appeared to him that the resistance of the two compo-
nents together is greater than the sum of each element’s resistance alone. The
physical properties of the two bony constituents is therefore sufficiently
different so that they are not simply additive. Vanneuville er al.'" state that
the loss of resistance, after removal of the cortical shell is about 33% and that
together spongy and compact bone are also more resistant than either constit-
uent by itself. The contribution of spongy bone to vertebral resistance has
been evaluated at between 25 and 55%.

Vertebral resistance undergoes rapid decline during the aging process,
especially between 20 and 40 years, while after this period it remains
relatively stable, in the absence of pathological processes which diminish the
bone mass (osteoporosis, osteomalacia). Bell!! has thus shown that vertebral
body resistance is diminished by half when the quantity of bone tissue is
reduced by a quarter.

— Role of the vertebral arch: numerous methods have been used to study
the vertebral arch and especially to determine the loads transferred onto the
articular processes. According to Nachemson’, the vertebral arch and the
articular processes play only a minimal role (20%) in the transfer of compres-
sion forces. Farfan studying the behaviour of the spine in torsion estimates
that 45% of forces are transferred by the zygapophyseal joints. Rolander®3,
Weiss!'®, Lamy et al.’® studying the force required to rupture the pedicles
have obtained a wide range of results which depend on the direction of the
force applied and on the techniques of compression and traction.

2.2.1.3. Resistance of the Disco-Vertebral Metameres During Compression

The holographic interferometry method enables the recording and restitution
of a light wave in its amplitude and phase. This method has been used by Bleu
and Vanneuville!”! to study superficial displacements of the spine during
axial compression. A powerful laser emits a continuous beam, of which 90%
illuminates the spine and 5% forms the reference wave. Photographic record-
ings are performed on high resolution emulsions before and after compres-
sion. These measurements show that 80 to 90% of displacements are located
in the discs, but that bony structures present perceptible plasticity within the
vertebral bodies, articular processes, and spinous processes.

Displacements of entire vertebral segments of a spine undergoing vertical
compression have also been studied using direct mechanical methods (White
and Vanneuville).

— Vanneuville has thus determined the axis along which compression
forces are transferred to the interior of the spine and which is located near the
posterior plate of the vertebral body (“central axis of torque”) (Fig. 14)1%,
The forces transferred below from one vertebra to the next are distributed to
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Fig. 14. Lateral view of the vertebra showing the “central axis of torque” (plain line)
of the lower adjacent vertebra, and the forces applied to the nucleus and the right
zygapophysis (dotted line)

the nucleus and zygapophyseal joints, but differently at each level. It has been
shown that major forces are transmitted through the zygapophyseal joints,
especially in the lumbar curve summit (Table 2).

— This posterior load-bearing in axial strain has nevertheless been very
diversely evaluated. Hakim and King*’ studying lumbar functional units
during compression showed that approximately 25% of the load is trans-
ferred by the zygapophyseal joints. According to Fiorini and MacCam-
mond3® 12% of the load tolerated by the torso in 70° of flexion is borne by the
zygapophyseal joints. For Adams and Hutton!:? the load is negligible in light
flexion, but can attain 16% when combining compression and shearing.
Miller et al.” conclude that the loads transmitted by the zygapophyseal joints
are not very important when the spine is subjected to compression or flexion-
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extension loads, while they can become very important during shearing
forces. Finally, Yang and King!!* showed that the loads transferred by the
zygapophyseal joints increase with the degree of spinal extension. Excessive
loads on the articular processes cause capsular stretching which could be a
factor in lower back pain. Furthermore, intervertebral pinching increases the
load transmitted by the articular processes.

During a non-physiological axial compression of the disco-vertebral
metamere, the vertebral end-plate is first deformed??, then ruptured’”-82 100106
An initial compression of the vertebral body occurs at a force of about 560
Newtons. For higher loads the disc is still more resistant than the vertebral
body, which is abruptly fissured by the intra-spongious propulsion of disc

Table 2. Graph of the Proportion of Forces Transmitted by the Zygapophyses and
in the Intervertebral Disc
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material. A second compression is observed at a force of about 720 Newtons
which corresponds to crushing of the vertebra after evacuation of its blood
content.

2.2.2. Transverse Stability: the Elements of Cohesion and
Their Resistance to Tearing

The spinal column is capable of an array of movements which originate in the
articular space or motion segment of Schmorl and Junghans®, composed of
three articular structures. The first, anterior, disco-corporeal, and slightly
movable, is an amphiarthrosis, devoid of articular cavity, surrounded by
ventral and dorsal longitudinal ligaments which form a sheath. The other two
are postero-lateral, interzygapophyseal, diarthroses, which possess an articu-
lar cavity limited by a synovial membrane, reinforced by a capsule and
associated with intersegmental ligaments.

2.2.2.1. The direction and amplitude of movements can define the transverse
stability of the spine. Each intervertebral motion segment is capable of only
a limited number of movements which are reduced in amplitude, the sum of
which constitute the global amplitude of spinal column mobility in the three
planes.

When movement possiblities are analyzed separately for the anterior
discocorporeal articulation, the disc admits 6 degrees of freedom: flexion-
extension, antero-posterior translation, transverse translation, lateral inclina-
tion, traction-compression, and rotation. However, this large diversity of
movements permitted by the disc is limited by the zygapophyses, to a certain
sector of space for each spinal region. The essential role of the zygapophyses
is therefore to guide and limit movements so that only three types of interver-
tebral movement are possible: flexion-extension, lateral inclination, and
rotation (Fig. 15).

2.2.2.1.1. Studies performed with the aid of flexion-extension films, have
verified that flexion-extension can be assimilated to a movement of rotation
about a transverse axis (“motor axis”), which projected in the sagittal plane
is called “motor center”. This center is not located, as some have thought, in
the nucleus pulposus, but rather within the vertebral body subjacent to the
motion segment. The zygapophyseal interlining and upper surface of the disc
form the arc of a circle the center of which is this motor center. Its position
is determined by morphologic factors such as obliquity of the articular facets
and height of the zygapophyses in relation to the vertebral end-plate, as well
as sagittal dimensions of the facets.

The position of this motor center in relation to the motion segment results
in an anterior translation effect during flexion. The lower the center the
greater is this translation effect. Thus in the interpretation of X-rays one
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Fig. 15. Mobility of the vertebrae during movements of flexion (a), extension (b),
rotation (c), lateral inclination (d)

needs to be familiar with this normal physiological displacement, especially
in the cervical spine where the motor center is located at the lower part of the
subjacent vertebral body.

2.2.2.1.2. The movement of lateral inclination is also assimilable to rotation
about an antero-posterior axis. However, in the cervical and dorsal spine,
obliquity of the articular facets in the frontal plane will provoke sliding of the
superior articular facet down and backward on the side of inclination, and up
and forward on the opposite side. There is an obligatory movement of true
rotation, called automatic rotation, which is translated on AP films by lateral
displacement of the spinous processes. Kapandji*® has therefore defined an
inclination-rotation axis which is perpendicular to the plane of the articular
facets. In the lumbar spine, the articular facets are orientated in the sagittal
plane, and lateral inclination occurs by rocking between the vertical rails of
the superior facets.
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2.2.2.1.3. The movement of rotation also takes place in a horizontal plane for
which the axis of rotation has an anterior location in the cervical and thoracic
spine: the articular facets delineate the segment of an ellipse in the cervical
spine, and the arc of a circle in the thoracic spine, but the center of each is
located in the middle of the vertebral end-plate.

In the lumbar spine the axis of rotation is posterior: the articular facets
form a parabolic curve open posteriorly with its center on the spinous process
creating a major handicap for rotation because movement amplitude is
limited by the disc in front. The morphology of the lumbar zygapophyses
constitutes a veritable “anti-rotation system”.

Disco-ligamentous lesions from trauma due to shearing are much more
frequently encountered in the cervical than in the lumbar spine not only
because of the very great mobility of the cervical spine but also because of the
limitation of rotation in the lumbar spine.

2.2.2.2. The Elements Limiting Mobility

Integrity of the elements responsible for limiting segmental mobility in the

three types of movement studied, is essential to motion segment stability
(Fig. 16).

Fig. 16. Elements limiting mobility (posterior zygapophyses (a) — spinous
process (b) — vertebral end-plate and disc heights (c))
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2.2.2.2.1. The Posterior Abutments

The role of guiding movement is attributed to the zygapophyses because of
their morphology. These articular elements constitute abutments during
flexion and limit horizontal sliding (antelisthesis) due to their obliquity in the
frontal plane. In extension, the tip of the inferior articular process comes to
rest on the vertebral isthmus (articular neofacets are encountered here espe-
cially in the lumbar spine proportionate with the accentuation of lordosis). In
addition to the role in spinal kinetics suggested by the morphology of the
articulations, their sometimes different orientation between the right and left
sides, and the discordance between the movement center and the center of the
disc, all constitute factors of stability opposing movements except for those
which occur in privileged planes. Phenomena of osseous plasticity are there-
fore quite necessary and have been demonstrated using optical methods!'®.
These minor modifications in orientation permit the reconciliation of the two
imperatives, mobility and stability.

The length and obliquity of the spinous processes are also important,
notably in the dorsal spine where movements in extension are limited by this
abutment phenomenon. This same role is also encountered in hyperextension
and in the lordotic spinal curves.

2.2.2.2.2. The Anterior Limiting Factors

The form of the vertebral body. Orientation of the vertebral body facilitates
movement amplitude in the plane which is perpendicular to its largest
diameter. In the cervical and lumbar spine the quadrangular body with a large
transverse diameter facilitates flexion-extension and limits lateral inclination
(especially in the lumbar spine).

The form of the vertebral end-plates. In the cervical region, existence of
the unciform processes gives a concave aspect to the upper end-plate in the
frontal plane. The lower end-plate is also concave in the sagittal plane.This
articular configuration resembles those of a saddle articulation facilitating
movements of flexion-extension and lateral inclination.

The height of the disc relative to that of the vertebral body is also
important. In the cervical and lumbar spine this height ratio is one-third; in
the thoracic spine it is one-sixth. The higher the ratio the greater will be the
amplitude of segmental movements.

2.2.2.2.3. The vertebral environment also influences segmental mobility
notably in the thoracic spine where the costo-vertebral joints limit lateral
inclination and axial rotation. Rigidity of the thoracic column due to the
presence of the rib cage also limits movements of flexion-extension.



82 J. P. CHIROSSEL et al.
2.2.2.3. The Structures of Intervertebral Cohesion

2.2.2.3.1. The Intervertebral Disc

In axial traction. These studies were conducted on specimens obtained,
either by longitudinal sections, or by conserving the vertebral bodies above
and below the disc to be stretched (Fig. 17).

Two notions become clear in these studies. The disc tolerates compression
better than traction. While the ventral portion of the disc resists compression
better, the dorsal portion is more resistant in traction. Furthermore, Galante*?
has shown that in stretching specimens of annulus fibrosus in different
directions, maximal resistance is observed when pulling at 15° to the hori-
zontal.

In torsion. These studies were conducted using machines to produce
cyclic movements of the superior end-plate at variable angles of rotation.
Farfan?’ measured the force required to produce torsion. The resulting curve
presents three phases: in the initial phase of 0° to 3°, rotation causes minimal
torsion; in the intermediate phase of 3° to 12°, torsion is practically propor-
tional to rotation; and in the final phase of 12° to 20°, torsion increases only
slightly. Beyond 20°, the mechanical structures fail. Moreover, he showed
that the resistance of a normal disc is 25% greater than that of a degenerated
disc. However, Adams et al.! and Liu et al %3 affirmed that torsion cannot play
arole in disc pathology, since the vertebral arch is always damaged before the
disc, particularly at the lumbar level.

In shearing. These studies were performed on machines which enable the
upper end-plate to effect movements of translation parallel to the lower end-
plate. The results show that resistance of the disc to shearing is relatively low
in absolute value, but too high to be encountered in pathological circum-
stances.

—— Ventral =
——— Dorsal —+

Fig. 17. Ventral and dorsal curves of lumbar disc traction
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2.2.2.3.2. The Ligamento-Capsular Apparatus

The ligaments work in a couple with the articular elements to assure horizon-
tal stability of the motion segment by acting as a passive brake. Their
arrangement is longitudinal and they work principally in tension.

Both anterior and posterior ligament systems share the work of maintain-
ing intervertebral cohesion.

— The anterior ligament complex, longitudinal and continuous, seems to
consolidate the anterior column by forming a ligamentous sheath. The ventral
longitudinal ligament as well as the ventral part of the annulus fibrosus
classically acts by controlling extension movements. The dorsal longitudinal
ligament is particularly well represented in the cervical spine where its
integrity is indispensable to the horizontal stability of the motion segment.

— A second functional entity, extending between each set of two verte-
brae, assures cohesion of the motion segment posteriorly. The intertransverse
ligaments, notably in the thoracic spine, are placed in tension during move-
ments of lateral inclination. The ligamentum flavum, with longitudinal pos-
terior interlaminar fibres, is the only ligament whose characteristics approach
those of an elastic body during relaxation. It is highly resistant and its role as
a braking system during movements of flexion is coupled with the abutment
phenomenon of the zygapophyses. Due to a high elastin content it exhibits a
recall response at the end of flexion, which spares muscular energy. Meyer
(1873) observed that the ligamentum flavum is in a permanent state of
tension in the neutral position (positive resting tone) and is relaxed during
extension. The inter- and supra-spinous ligaments are the most posteriorly
situated and play a role in the control of flexion movements.

b —

Fig. 18. “Typical graph” of elongation of a ligament (example of tension elongation
curve)



84 J. P. CHIROSSEL et al.

— Associated with this ligamentous system is the passive braking system
of the dorsal and ventral parts of the annulus fibrosus during movements of
flexion-extension (notably in the lumbar spine where their section provokes
an increase in mobility by 50%). During rotational movements, all means of
intervertebral union participate in the braking role. The collagen fibres which
are arranged obliquely in the annulus fibrosus, are especially important in
limiting rotation.

Studies of mechanical resistance were performed in traction. However, it
is probable that components of compression, torsion, and shearing intervene
to produce proprioceptive stimuli during movement. The first results were
reported by Nachemson and Evans™, and by Tkaczuk in 1968%. In 1980,
Vanneuville et al., followed by Chazal et al. in 19842, studied all of the
spinal ligaments using a traction machine. Graphs of traction versus length-
ening (Fig. 18) show an italic S aspect typical of visco-elastic materials for
all ligaments. Bourges'® performed a histological study of ligaments in the
3 segments of the curve: the sinuous aspect of collagen fibres disappears in
segment A, elastin fibres rupture in segment B, and the ligament ruptures in
segment C.

Each ligamentous structure has its own specific properties but all have the
same curve of force versus lengthening (sigmoid aspect), which explains
their high capacity of deformation for physiological movements permitting
easy mobility. However, their heightened resistance to deformation when
physiological amplitudes are exceeded, serves to protect the contents of the
spinal canal. Their physical properties, illustrated by the sigmoid curve, are
in every way comparable to those of other constituent elements of the spinal
column (cancellous bone and disc), with a similar Young’s modulus, attest-
ing to their aptitude for deformation. According to Chazal®®, the most resist-
ant ligaments are those which contribute to the formation of the walls of the
spinal canal, the dorsal longitudinal ligament and the ligamentum flavum (as
well as the intertransverse ligament in the dorsal spine).

The longitudinal ligaments annexed to the vertebral body have an elastic
behaviour and lengthening capacity much higher than called upon in these
studies which respect physiological possibilities. Their mechanical braking
action in extension is limited.

On the contrary, the ligaments of the neural arch, which have a very
limited lengthening capacity, are in pre-tension at rest and therefore consti-
tute active brakes to flexion, lateral inclination, and rotation of the spine
through early and effective tightening.

By means of this passive braking system, the ligaments contribute to
horizontal stability, and also offer resistance when a load is placed on the
disc, protecting it against excessive stress (Chazal shows that when the
posterior elements are removed, posterior flexion of greater than 15° results
in rupture of the disc).
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2.2.2.3.3. The Osteo-Cartilaginous Insertions

According to White and Panjabi!!!, the rupture of a ligament or of its bony
insertion is dependent on the speed of the force responsible: ligament rupture
results from abrupt strain, while avulsion of the insertions occurs during more
progressive forces.

2.2.3. Global Stability: Elements of Mechanical Strain and
Their Controlling Factors

Most biomechanical studies have been carried out using isolated structures or
segments containing two or three vertebral metameres. Indeed, diminishing
the number of parameters facilitates understanding of equilibrium phenome-
na. However, the spinal column is a composite and anisotropic structure
enclosed within an intricate anatomical complex capable of movement, a
reality which cannot be circumvented. Therefore, any elaborated hypothesis
is automatically schematic and reductionist.

2.2.3.1. Osto-disco-ligamentous embedding is the mechanical resultant of
the characteristics of each element:

Although composite in nature, vertebral material is made up of a visco-
elastic continuum whose quality depends on that of the mechanical compro-
mise between its rigid and flexible characteristics. There are some differenc-
es in the relative proportion of these two parameters which mechanically
mark the osseous or fibrous alternation in spinal segmentation. Any major
stress will have a more or less rapid effect, depending on the structure
implicated, of increasing rigidity. The material’s visco-elastic nature renders
it capable of absorbing stress.

The anatomical structure is organized not only to attenuate strain but also
to distribute it:

— the vertebra acts along the force lines of its bony trabeculae as a
distributor of stress diffusing it to all of its elements.

— the disc also distributes forces radially to the intercrossed fibres of the
annulus and to the vertebral end-plates which it deforms.

— the longitudinal ligaments which form a sheath surrounding the disco-
corporeal column, appear to play a role in canalizing stress. In their presence,
forces remain parallel and homogenously distributed while their removal
causes disorganised distribution!®!,

Plasticity even of the osteo-discal elements contributes to their geometric
fitting. Disco-ligamentous structures sustain 80 to 90% of observed deforma-
tions, and the bony structures 10 to 20%. These deformations predominating
in the disc also contribute to mechanical anchoring of structures because of
opposing orientations of the vertebral tripod’s articular surfaces.
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All of these mechanical properties of shock absorbance and force distribu-
tion constitute an effective adaptation of an anisotropic structure to stress.

Each bony or fibrous structure has its own tolerance threshold for mechan-
ical stress. A heterogenous solidity is thus organized, specific to certain
components, and underlining their preponderant role.

In proportion with increasing strain, the risk of rupture is hierarchically
distributed even within the same anatomical structure, vertebra, disc, or
ligament system.

In the pathology of trauma, lesions follow this same hierarchy, making it
possible not only to determine the sequence of ruptures in a vertebra, but
also to define the “key structures” by their high resistance such as the
posterior plate of the vertebral body or the dorsal longitudinal ligament,
structures which have been long considered as the essential elements in
spinal stability.

2.2.3.2. Spinal Equilibrium and Stability

Mechanical equilibrium of the spine is closely dependent on factors of
vertical and horizontal stability. However, all of these factors are solicited to
provide stability depending on particular situations of equilibrium which are
themselves affected by posture, movement, and the spinal level in question.

Louis’ theory of “bi-orthogonal articular triangulation™® further empha-
sizes this functional synergy within the vertebral tripod. It demonstrates an
orthogonal articular system between the articular interlining and the plane of
the disc. Depending on the position of the spinal axis with respect to the
applied forces, the anterior and posterior articulations share the load differ-
ently.

— Inthe standing position, forces of gravity, coupled with muscular forces
result in a compression effect on the intervertebral disc, and a shearing effect
on the zygapophyses.

— When lifting a weight, with the trunk in horizontal position, the zyga-
pophyses receive a compression load and the disc a shearing load, in addition
to an axial compression effect originating from the muscles.

This theory of bi-orthogonal triangulation, is supported by the often
divergent orientation of the zygapophyseal articular surfaces. If this orienta-
tion changes gradually throughout the spinal column, as Kapandji®® had
shown, it favours stability to the detriment of mobility which requires the
intervention of bone plasticity and ligament laxity in certain planes of
movement.

Traumatic forces can specifically involve factors of either vertical or
horizontal stability. These factors can also be involved conjointly, associat-
ing lesions of load-supporting structures with those assuring the maintenance
of intervertebral cohesion.
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This possible predominance of traumatic injury to either disco-corporeal
or discoligamentous structures, or both together, is the basis of our anatomo-
radiological approach to spinal trauma.

2.2.3.3. Active Factors in Regulation

The spine is stable due to its osteo-disco-ligamentous components, but as has
been noted by White and Panjabi!!!, a simple load of 20 Newtons applied to
T1 disrupts equilibrium, thus illustrating the determining role of the spinal
musculature.

2.2.3.3.1. The Muscular Apparatus

The muscles act on the spinal column by means of two mechanically opposed
groups: .

— The extrinsic muscles are situated far from the intervertebral centre of
movement. Their contraction determines spatial orientation of the organism
by movements of high power and amplitude. These especially include the
ham-string, gluteal, abdominal and lumbar muscles, and particularly the
psoas major and latissimus dorsi.

— The intrinsic muscles located in the posterior or lateral vertebral
grooves include: (i) The long muscles, fairly superficial, bridging several
vertebral segments. (ii) The short muscles, deep, pauci- or uni-segmental.
During contraction they cause vertebral adjustments to re-establish static and
dynamic equilibrium.

The muscular main-stay, particularly in the posterior region of the lumbar
spine, renders the column rigid during work, by reinforcing the passive action
of the posterior osteo-ligamentous structures!#!7:83,

The muscles play a very important role in spinal stability as has been
shown in experiments on weight-lifters!®, Lifting a load of 1000 Newtons on
the shoulders in the squatting position does not produce important radiolog-
ical modifications in the thoraco-lumbar spinal curves when compared with
the resting position. It should simply be noted that in trained subjects, tilting
the pelvic girdle at the hip joints renders the sacral end-plate horizontal'®.
Experiments conducted on the effects of carrying back-packs on the back®,
confirm the importance of the spinal musculature in the rigidity of the
column, and the fairly small role of mechanisms of passive transfer towards
the shoulders (suspenders), or the pelvic girdle.

Biomechanical study of the musculature is complex, even with high
performance electro-myography® using implantable bipolar electrodes. The
muscle models described by Hill’°, Huxley>?, or Goubel*, which take force
and elasticity into account can only be used if positioning is perfectly
established, and the directions of the force and muscular momentum are
determined.
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2.2.3.3.2. Factors of the Spinal Environment

Tissue pressure represents a veritable hydraulic buffer system, because of the
adaptability of the arterial and venous systems®?, which probably play an
essential role in abrupt loads and “acute” strain.

Abdominal pressure contributes to the rigidity of the spine by a mecha-
nism of “inflatable structure’°. This pressure is adaptable by muscle contrac-
tion of the abdominal wall, perineum, and diaphragm’-'3.

Thoracic pressure is less important in spinal mechanics, because of the
relative rigidity of the sterno-costo-chondral complex and the cyclic charac-
ter of ventilation. However, in the thoracic segment, a part of the vertebral
body forces are transferred to the sterno-costo-chondral system!?2. Therefore,
if sternotomy is performed in a patient with thoracic kyphosis, this causes
abrupt exacerbation of the kyphosis®3.

The resultant of all of these phenomena has been analyzed in different
postures, by measuring discal pressure in vivo at the L3-L4 disc™. It was
shown that the lower lumbar discs tolerate a load of between 90.7 and
120.2 kgs in the standing subject.

2.2.3.3.3. Control Mechanisms

Proprioceptive elements permit multi- and pauci-segmental finely tuned
regulation.

Sensory transducers are distributed around the vertebra. Dorsally, the
neuromuscular spindles of the paravertebral muscles are connected to the
posterior spinal roots in the posterior vertebral notches>. Posterolaterally, the
zygapophyseal joint capsules are rich in mechanoreceptors’®-1%. Ventrally,
where the muscles are few in number, sometimes non-existent in the thoracic
spine, capsule-shaped mechanoreceptors are found in the anterior longitudi-
nal ligament*3-6%.78,

2.3. Spinomedullary Dynamics

The osteo-ligamentous sheath represented by the spinal canal is deformable
in normal mechanical conditions of movement. The requirements of move-
ment are thus naturally and passively sustained by the spinal cord and nerve
roots. During non-physiological conditions of excessive amplitudes, the
nervous structures can be subjected to strain which exceeds their capacity to
adapt. Not only the possible consequence of abnormal demand, excessive
strain can also result from structural “borderline conditions” due to patholog-
ical alterations or constitutional anomalies.
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2.3.1. Behaviour of the Spinal Canal During Movement
2.3.1.1. Transverse Modifications

Each surface of the spinal canal presents a specific behaviour during move-
ment and can be responsible for transverse deformation of the neural axis.

On the ventral surface of the cervical and lumbar spine the discs increase
roughly in height from 2 to 8 mm between C2 and S1%. Their edges are flat
in the young subject, and become rounded and more or less bulging in the
adult, especially in the lower lumbar spine. The dorsal canal surface is
dihedral, open anteriorly where the laminae alternate with the ligamenta
flava. In extension these latter two structures form a cushion, and become
equally responsible for the canal stenosis which results in this position. In
flexion, on the other hand the diameter of the canal increases by effacement
of the discs and ligamenta flava, which are stretched!®2*.

2.3.1.2. Longitudinal Modifications

Movement amplitude is maximal for the whole spine during flexion-exten-
sion in the sagittal plane.

These highest amplitude movements can serve as references for the
analysis of osteo-ligamentous deformation and of possible displacement of
the spinal cord and nerve roots. Many authors have studied the vertebral
column’s movement amplitudes either for each of the 3 segments, or for each
of the intervertebral spaces?®3%73, Results vary with age, constitution, and
physical condition of the subject.

Nevertheless, the lumbar and especially the cervical spine exhibit the
highest mobility, while the longer thoracic segment, is almost twice less
mobile than either of the other two segments (Table 3). These highly mobile
spinal segments contain the cervical and lumbar spinal cord enlargements,
and the cauda equina.

The principal consequence of these flexion-extension movements is a
modification in the length of the spinal canal. These length variations have

Table 3. Amplitudes of Spinal Movement

Flexion Extension Total
Cervical 45° 75° 120°
Thoracic 30° 20° 50°
Lumbar 53° 30° 83°
Total 128° 125° 253°

From Louis®’.
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Table 4. Length Modifications Measured in the Vertebral Canal

Flexion Extension Total
Cervical 27.,5/28 -15 43
Thoracic 85/3 -3 6
Lumbar 30 /28 =20 48
Total 59 38 97

From Louis®®.

Fig. 19. Vertebro-medullary dynamics (from Louis®). " Osteo-ligamentous elon-
gation from extension to flexion. © Medullary elongation from extension to flexion
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been analyzed by Louis. From extension to maximal flexion, the spinal canal
lengthens between 5 and 9.7 cm depending on individual variation (Table 4).
These measurements were made during dissection of unfixed cadavers usu-
ally of elderly subjects. The dorsal surface of the spinal canal was exposed
after resection of the muscles, and articular and ligamentous elements of the
posterior arches. Passive movements are dependent on the forces developed.
Such non-physiological factors influence the absolute values, but the relative
values between each of the segments and vertebral spaces are respected. The
results are also in agreement with those from other radiological or clinical
measurements in vivo?$4%,

For each of the cervical, thoracic and lumbar spinal segments, movement
amplitude is unequally distributed between each of the intervertebral spaces
(Fig. 19). Spaces exhibiting the highest mobility are C5—-C6 and C6-C7, with
6 to 8 mm of lengthening for each, and L5-S1 with 10 mm of lengthening.
The least mobile spaces are located between TS5 and T11 which lengthen
between 0 and 1 mm.

2.3.1.3. Volumetric Behaviour of the Lumbar Canal

Volume of the lumbar canal is variable according to this segment’s position.
This has been verified in 5 anatomical preparations of isolated lumbo-sacral
columns after removal of the cauda equina. The dura mater which lines the
canal is left in place and filled with liquid. Measurement of the relative
variations of volume between the extreme positions of flexion extension
shows a mean reduction of 36.7% in lumbar canal volume during extension
as compared with flexion (Table 5).

Table 5. Volumetric Variations of the Lumbar Canal During Movement (measure-
ments in 5 anatomical preparations)
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These results accord with the observation that clinical symptoms due to
lumbar canal stenosis are improved by the kyphotic posture, and illustrate the
quantitative importance of longitudinal and transverse transformations of the
spinal canal during movement.

2.3.2. Mechanical Behaviour of the Neural Tissue

The spinal cord is a visco-elastic tissue, exhibiting two adaptive properties in
response to mechanical solicitations?.

The elastic property permits rapid adaptation. It is attributed to the pleated
aspect of the connective tissue fibres, as in an accordion, when the medullary
tissue is relaxed and the spine is in extension. These same fibres become
rectilinear when the spinal cord is stretched and the vertebral column is in
flexion.

During extension, the spinal cord and meninges exhibit fine folds on their
surface, their diameter is maximal‘®, the cauda equina is relaxed and its nerve
bundles have a sinuous trajectory. Inversely, during flexion, the spinal cord
surface becomes smooth, its diameter decreases, and the bundles of the cauda
equina are stretched and rectilinear.

In the pia-mater, fibres are organized in a diamond-shaped trellis-work.
The losenges become longer if the spinal cord is stretched, and shorter and
more regular if traction ceases. This difference in tissue stress between
extension and flexion has been studied by recording pressure variations using
intra-medullary transducers. This elastic response is immediate and essen-
tially due to the connective tissue.

The second type of adaptation acts in response to slow phenomena such as
compression, and involves tissue modifications in the form of liquid and
protein flux. This adaptation increases in importance toward the centre of
compression. Flux is directed away from the central zone towards the mar-
ginal zones, resulting in a decrease in cell body volumes and in fibre
diameters.

Slow localised compression of the spinal cord, even if caused by a blunt
surface, can progress towards rupture of the cellular structures in its path,
starting in the centro-medullary region and proceeding towards the periphery
when the stress persists.

This phenomenon of slow adaptation with deformation of the medullary
cylinder is well known in clinical practice during chronic compressive
pathologies.

2.3.3. Reciprocal Behaviour

Both myelographic and magnetic resonance imaging show a pre- and retro-
medullary “margin of security” in the spinal canal, normally constant in the
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neutral, upright position. The spinal cord comes into contact with the convex
surface of the canal both during flexion and extension movements?®. This
phenomenon exists spontaneously in the neutral position of the column when
there is a tethered cord. In constitutional or acquired stenoses, the “margin of
security” surrounding the neural tissue is either diminished or absent. The
spinal cord or the cauda equina come in contact with the canal wall in the
neutral position. Movements of extension increase protrusions of parietal
structures into the canal accentuating wall strain on the contents, as opposed
to flexion which relieves wall strain. Traumatic stenoses introduce an addi-
tional acute strain factor without the possiblity of nervous system adaptation
through its viscous biomechanical component, and any uncontrolled move-
ment can be an aggravating factor.

In order to adapt to variations in spinal canal length, the spinal cord and
meninges exhibit properties of elasticity. However, the elongations sustained
are not uniformly distributed throughout their entire length, nor do they
completely compensate for spinal canal modifications. The entire neuro-
meningeal structure adapts by more harmoniously distributed stretching: the
greatest elongation between two vertebral levels (C6-C7 and L5-S1) corre-
sponds to the most important meningeal and medullary stress (Fig. 19):

— However, for a 50.4 mm elongation of the lumbo-sacral canal, the dura
mater varies by only 39.3 mm. The difference of 11 mm is compensated by
stretching and cranial ascension of the sacral dura-mater, and stretching and
caudal traction of the thoracic dura-mater, with convergence towards the
space of greatest mobility, either L5-S1 or L4-L5 depending on the individ-
ual. Similarly, in the cervical spine, converging toward C5-C6, the upper
cervical and especially thoracic dura-mater behave like a meningeal mobility
reserve, while the corresponding osseous structures are practically immobile
in flexion-extension. The point of minimal stress is medio-thoracic (T6)
where the osteo-neuro-meningeal relationships remain constant. Studies of
metameric length variations reveal that the dural segment lengthens by 15%
in L1-L2, and by 30% in L5-S1.

— The vertebral column transmits its length and curve variations to the
spinal cord, from the occipital foramen where junction with the medulla is
stationary®4, to the end of the spinal cord. However, spinal cord movements
conform with those of the meninges due to numerous attachments between
these two structures, such as the filum terminale, the nerve roots, and the
dentate ligaments. During flexion, both structures exhibit the same phenom-
ena of adaptation with maximal stretching of metameres located in the most
mobile vertebral segments and converging axial displacements towards these
highest amplitude segments. The filum terminale and the cauda equina adapt
in the same manner.

Spino-medullary dynamics can be transformed during spinal osteo-syn-
thesis. Using the same methodology as that of Louis, these modifications in
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Fig. 20. Neuro-meningeal dynamics. —0« Translation in hyperflexion. [ Meta-

meric elongations from hyperextension to hyperflexion. (a) Without vertebral fixa-

tion 80° movement amplitude from T7 to S1. (b) With short fixation between T12

and L2 65° movement amplitude. (¢) With long fixation between T10 and L2 45°
movement amplitude
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neuro-meningeal dynamics according to the length of osteo-synthesis were
analyzed (Fig. 20):

— fixation by short osteo-synthesis (3 vertebrae) modifies segmental
neuro-meningeal stretching only slightly, resulting in the conservation of
practically physiological dynamics (Fig. 20b).

— long fixation, however, profoundly disturbs spino-medullary dynam-
ics. Vertebral immobilization in 5 successive levels (Fig. 20c) gives rise to
stresses and supra-physiological mobility of the upper and lower spaces
adjacent to the immobilization during flexion-extension amplitudes which
are almost two times less than normal. The corresponding neuro-meningeal
structures undergo the same phenomena. The stationary zone behaves like a
slightly mobile segment, equivalent to the thoracic column, and the corre-
sponding neuro-meningeal entity becomes an elongation reserve in order to
respond to demands above and below the osteosynthesis with traction forces
diverging from the middle of the immobilization.

— Excessive stresses of the spinal cord in upper and lower regions adja-
cent to osteosynthesis have also been suggested as the cause of adhesion
fixation subsequent to arachnoid-epidural scar tissue which can disturb
physiological medullary dynamics.

Traumatic spinal cord lesions result, above all, from acute compressive
phenomena giving rise to commotion, contusion, or medullary attrition. In

Fig. 21. (a) Bipedicular fracture at C2. (b) Normal myelogram. (¢) MRI: intra-
medullary hypointense signal at C5
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clinical practice, however, medullary elongation can also explain certain
traumatic quadriplegias. This mechanism is encountered in the child and
young adult associated with upper spinal lesions (C2) or even in the absence
of lesions of the osteo-ligamentous container. Two demonstrative cases from
our experience can be recalled: a child presenting a fracture of the odontoid
process with C7-type quadriplegia; and an adult with a bipediculate fracture
of C2 and a Brown-Séquard syndrome at C6. In both cases MRI showed
intra-medullary signal modifications distant from the vertebral lesions in the
lower cervical spinal cord (Fig. 21). This medullary elongation lesion was
located at the level of maximal elongation. Sub-occipital bone lesions only
attest to the violence of the trauma and spinal elongation. Cases of isolated
medullary lesions in C6—C7 without osteo-ligamentous injury have been
described previously®. It was assumed that trauma had occurred in hyper-
extension with shock to the ligamenta flava. The medullary elongation
phenomenon would appear to be mechanically more plausible.

This elongation behaviour may also intervene in certain aspects of thera-
peutic management such as cervical traction which is routinely employed in
clinical practice. Breig has shown that cervical traction of 5 kg lengthens the

Fig. 22. Inappropriate cervical traction in a severe C5~C6 sprain
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cervical canal by 10 mm, and that strain on the edges of a partial medullary
wound occurs at 2 kg. Cervical traction which is poorly controlled can
therefore result in secondary aggravations (Breig) especially in the case of
severe disco-ligamentous lesions in which the involved intervertebral space
can become seriously distended (Fig. 22).

3. Anatomo-Radiologic Classification

The following classification of traumatic spinal injuries is inspired by contin-
uous practice in this field over the last 15 years. The case-frequency numbers
cited in the text were drawn from a recruitment of 474 cases over a S-year
period between 1987 and 1991. The thoraco-lumbar spine is involved in 233
cases and the inferior cervical spine in 241 cases.

A protocol of lesion analysis more than a general review of case reports is
presented for the thoraco-lumbar injuries. Data from previous studies are also
included.

Neurological correlations are not considered in the section on the thoraco-
lumbar level. Neurological severity at this level is based much more on the

Fig. 23. Distribution of neurological complications in 57 cases of dorso-lumbar
spine injuries. (a) No neurological deficit, (b) incomplete neurological syndrome,
(c) complete section syndrome
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nature of the neural structure involved (spinal cord, or cauda equina roots)
than on the character of the vertebral column lesions (Fig. 23). In the cervical
spine, however, the severity of neurological involvement can have direct
correlation merely with medullary strain. There is a significant correlation
between neural complications and the severity of osteo-ligamentous injury
which are graded in our classification.

Although the same types of lesion can be found at each level of the spinal
column, each spinal segment has its own particular characteristics in re-
sponse to trauma and should therefore be studied separately. The distribution
of different lesion subgroups is in fact highly specific for each vertebral level.

3.1. The Thoraco-Lumbar Spine

At this level the load-supporting role of the vertebral column is strongly em-
phasized in trauma since disco-corporeal compression type lesions concen-
trate here (197 out of 233 cases or 84.5%). On the other hand, transverse
lesions of the disco-ligamentous type are rare (6%). The model of mixed
lesions is that of the Chance fracture? first described as a compression-dis-
traction lesion. Generally speaking, these lesions predominate in the 20 to 30
year age group and are on the average twice as frequent in men than in women.
The occurrence of these lesions is concentrated in the transitional thoraco-
lumbar spine as has already been very classically described (Fig. 24).

Fig. 24. Distribution of lesions in 233 cases of dorso-lumbar spine injury
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3.1.1. Group of Disco-Ligamentous Lesions

The first group is represented by the “disco-ligamentous lesions™ individual-
ized by their predominant involvement of the elements of intervertebral
union represented by Junghans’ motion segment and reuniting the discal,
capsulo-ligamentous structures and their osteo-cartilaginous insertions. In
this group classically are included the severe sprains, dislocations, and
fracture-dislocations. These lesions are rarely encountered at the thoraco-
lumbar level in our series.

Radiological diagnosis bears on the loss of normal anatomical relation-
ships between reciprocal articular surfaces which defines dislocations, or on
the osseous avulsions of ligamentous insertions known as fracture-disloca-
tions. This group of bone lesions is represented specifically here by the

Fig. 25. Fracture-dislocation T11-T12. (a) Lateral view: antelisthesis of T11 —slice
fracture of T12 —locked facet. (b) AP incidence: sign of the empty interlaminar space
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articular process fractures or by partial bevel corporeal avulsions of the
inferior osteo-cartilaginous insertions of the disc which Holdsworth’! called
a “slice fracture” (Fig. 25). These lesions are either strictly anterior, or
sometimes lateralized by a rotation mechanism.

Standard X rays generally suffice in the diagnosis of these lesions. Dy-
namic flexion-extension views are dangerous at the dorso-lumbar level and
formally contra-indicated for this group.

— In the lateral view forward slip of the upper adjacent vertebral segment
is a revealing sign of the lesion. Anomalies of the articular processes such as
sub-luxations, confrontations of the facet tips, locking of the facets, or
fractures are usually detected instantly in the lateral view. The “slice frac-
ture” of the vertebral body should be distinguished from a simple anterior
marginal fracture or cuneiform compression fracture of the vertebral body:
the bevel in fact involves only a middle-sized fraction of the antero-posterior
diameter of the vertebral end-plate, and never the whole diameter®’.

— On the frontal view, a major sign for us, rarely absent in this type of
lesion, is represented by gaping of the interlaminar space responsible for the
image of “empty interlaminar space”. Even when other X-ray views are
unavailable, the diagnosis can be confirmed by this finding which alone
represents the severe character of the lesion. In the same way, a lateral bevel
tear of the vertebral end-plates can also confirm the lesion (slice fracture).

Indeed, these simple radiological findings provide evidence of the total
rupture of intersegmental fibrous structures. Veritable vertebral transection,
the disruption even extends most frequently to the aponeuroses and peri-
spinal muscles. Subcutaneous hematoma in the vicinity of the injury is a
characteristic clinical sign of this lesion type.

The instability induced by these lesions is severe. It is acute, occurring
immediately upon injury, horizontal and menacing to the neuraxis by shear-
ing. It persists even in the long term, due to the poor mechanical holding
power of the fibrous scar.

In these lesions, and particularly in the case of articular locking any
positioning or manipulation in lordosis is strictly prohibited because of its
stenosing action on the spinal canal with resulting neural compression, as can
be shown in an anatomical preparation (Fig. 26).

This diagnosis therefore implies transporting the patient in slight kyphosis
to the operating table where positioning is undertaken in the same manner.

Ensuring restoration of the spinal canal not only involves surgical reduc-
tion of displacements, but also demands that any disc fragments, sometimes
detached by avulsion and enucleated into the spinal canal, be carefully sought
for and removed. Following reduction of locking facets, lordosis becomes
possible and is implicit in final reduction.

Stabilization of this vertebral transection requires osteosynthesis either by
screw-fixation of the pedicles, the only fixation technique possible in the case
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HYPERLORDOSE

Fig. 26. Anatomical model of luxation with locking facets (T11-T12). (a) Dorsal
decubitus. (b) Hyperlordosis manoeuvre

of associated laminectomy, or at best when the vertebral laminae are con-
served, by compression fixation using Kempt or Cotrel Dubousset-type pre-
loaded rods over two levels (one single level on either side of the transection).

3.1.2. Group of Disco-Corporeal Lesions

The second group is represented by the “disco-corporeal lesions” character-
istic, whatever their degree of severity, by their primary involvement of the
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anterior load-supporting column. The classical compression and comminu-
tive fractures (“Burst fracture” of Holdsworth 1963)°! belong in this group.
They result from a violent axial impact, more or less associated with anterior
flexion.

Proportionately to the degree of impact it is possible to follow a regular
progression of structural damage which ranges from compression to burst
fracture of the vertebral body and ends in the collapse of one or both pedicles,
the most resistant elements of the vertebra, and always involved last. In
general, these lesions are easily analyzed on simple standard X-rays. How-
ever, computed tomography (CT) has the advantage of providing more detail.

Compression fracture of the vertebral body occurs initially. It proceeds
through three stages of increasing severity (Fig. 27):

1. Compression of the disc first provokes avulsion of the marginal rim in
the annular periphery. This is the classical anterior marginal fracture which in
fact involves the whole antero-lateral epiphyseal “horse-shoe”, as can be

Fig. 27. Disco-corporeal lesions: corporeal compression fracture. Stage /: antero-

lateral marginal (axial and lateral view). Stage 2: wedge compression fracture

(+ marginal fracture). Stage 3: interpedicular fragment (+ compression fracture
+ marginal fracture)
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Fig. 28. Antero-lateral marginal fracture in CT

observed in CT (Fig. 28). When isolated, this lesion is fundamentally benign
and does not require specific treatment.

2. Collapse of the epiphyseal end-plate occurs next, especially in the
anterior part (cuneiform compression fracture), sometimes lateral or even in
the centrum (diabolo shaped). It is always associated with the marginal
fracture which preceded it. This collapse disturbs vertical alignment, and is
more or less tolerable depending on the degree of sagittal or frontal angula-
tion. Estimating the spontaneous outcome toward a permanent degree of
angulation must take into account the supplementary loss of angle to be
expected after the upper adjacent disc gives way when deprived of its osteo-
cartilaginous support.

3. The supplementary degree of end-plate compression is manifested
posteriorly at the inter-pediculate rim (Fig. 29). A postero-superior inter-
pediculate bone fragment tips backward and protrudes to a greater or lesser
degree into the spinal canal®’. The fragment usually remains sub-ligamen-
tous, in front of the posterior longitudinal ligament (posterior common spinal
ligament). Rarely the fragment originates from the postero-inferior edge of
the end-plate.

Being only slightly mobile, this fragment usually does not aggravate
strictly vertical instability which is already induced by end-plate rocking.
However, it represents a neural risk from canal stenosis. Nevertheless, this
lesional stability will be absent when rupture of the dorsal longitudinal
ligament is associated!!?,

The comminutive or burst fracture is provoked by higher impact forces
and occurs when all of the preceding lesions have been established. After
sinking of the end-plate and tipping of the posterior interpediculate fragment,
the nucleus which has already formed an intra-spongious hernia through the
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Fig. 29. (a) Posterior interpedicular fragment, (b) without bursting of the vertebral
body in CT

end-plate, drives itself like a wedge into the vertebral body and causes it to
burst®2, When in these forms a corporectomy must be performed, the surgeon
often finds disc tissue in the sagittal fracture of the spongy core. In a
preliminary study of 66 cases of burst fracture we distinguished the following
grades of severity (Fig. 30):

1. Simple more or less sagittal fissure limited only to the vertebral body,
the lesion can be suspected when a slight widening of the interpediculate
distance is observed on the standard AP film (“pre-comminutive form™)
(4 cases) (Fig. 30a).

2. The burst fracture of the vertebral body next propagates to the neural
arch. Initially this lesion exclusively involves the anterior cortical shell, as in
a greenstick fracture. The fracture line is well visible on standard frontal
X-rays or tomograms, but is not apparent during surgery during exposure of
the neural arches (28 cases) (Fig. 30b).

3. The fracture line more often involves both ventral and dorsal cortical
layers of the vertebral lamina, or can even extend across the spinous process
producing a complete separation of the vertebral ring (“split fracture™)
(Fig. 30c). The intracorporeal diastasis is variable and easily detected on
standard AP X-rays by a widened interpedicular space (when “looking the
vertebra straight in the eyes”, Roy-Camille) (34 cases) (Fig. 31).

Major displacements can cause veritable “dislocations” of the vertebral
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Fig. 30. Disco-corporeal lesions: vertebral bursting. Stage /: vertebral body fissure.
Stage 2: bursting of the vertebral body and “greenstick™ fracture of the neural arch.
Stage 3: complete bursting of the vertebra (“split fracture™)

structure (‘“unstable burst fracture” of McAfee, 1983)7L, for which standard
X-rays or CT can be helpful in recognizing all the preceding elementary
lesions which are accumulated, and thus avoid confusion with certain severe
fractures of the preceding group involving a large corporeal wedge.

The ultimate degree of severity is represented by collapse of the posterior
plate of the vertebral body within its zone of highest resistance, at the
insertion points of either one or both pedicles (2 cases).

This injury progression is remarkable in its consistency. It enables a
methodic analysis of radiographic films, each stage prompting one to look for
the sign which corresponds to the lesion of the next higher severity. Each sign
of one stage, signifies automatically that all of the components preceding it in
that hierarchy are also present.

In these forms, the instability is anterior, and vertical, linked with tipping
of the epiphyseal end-plate (Fig. 32) progressively followed by pinching of
the space left by the upper adjacent lacerated disc, whose biology was
compromised by fracture of its osteo-cartilaginous anchorage. Horizontal
instability resulting from the burst fracture is usually minor, but in any case
easy to estimate by the importance of inter-fracture diasthesis. Torn liga-
ments were infrequently encountered and occur in conjunction with major
bone damage which is obvious on the X-rays (Fig. 33).
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Fig. 31. Standard X-ray (AP incidence): vertebral bursting of T12 is certain: inter-
pediculate widening and median fracture of the neural arch

Development of the neurological risk can be understood in terms of the
elementary lesions which develop anteriorly, posteriorly or in the center of
the vertebral canal:

— The anterior neural risk represents that of the “saw-horse” formed in
front of the neural axis (Fig. 32) and which is the sum of the anterior sagittal
angulation and of the detached interpediculate bone fragment protruding
posterior to the upper vertebral end-plate. Sagittal tomograms analyze the
resulting stenosis with respect to the antero-posterior diameter of the canal.
CT provides a more precise evaluation with respect to the canal’s cross-
sectional surface area (Fig. 34).

— The posterior neural risk depends on the degree of burst fracture
extension to the neural arch (Fig. 35) since this extension is often associated
with tearing of the underlying meningeal sheath. Nerve root branches can be
trapped in these posterior fractures. This ever-present risk imposes a great
deal of caution during laminectomy, which begins away from the fracture
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Fig. 32. Comminutive fracture of L1 (anatomical slice): — sagittal angulation by
corporeal compression fracture, — anterior overriding with posterior interpedicular
fragment (high neural risk)

lines so as not to surgically damage these nerve root branches which are lying
exposed in the epidural space.

— A “central” neural risk can be added to these lesions by the possible
constitution of a compressive arachnoidal cyst™, common in the dorso-
lumbar spine, but whose presence cannot really be correlated with the injury.

Therapeutic management of these forms should concentrate on realigning
the vertebral axis by reduction of the corporeal burst fracture. The hyper-
lordosis manoeuvre introduced by Boehler!s is known to be very effective in
corporeal reconstruction. Reconstruction of the spinal canal is effected by
decompressive laminectomy and/or reduction or resection of the posterior
stenosing interpedicular bone fragment. Reduction must be maintained until
consolidation (Boehler plaster cast, or osteosynthesis). An anterior surgical
approach to resect the bone fragment and perform an interbody bone graft,
can be considered.
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Fig. 33

Fig. 34
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Fig. 35. Comminutive fracture: CT with frontal reconstruction in order to study the
neural arch burst fracture

3.1.3. Group of Mixed Lesions

The third group is represented by the “mixed lesions™ (22 cases / 9.4%) in
which are regrouped both anterior compression lesions of the corporeo-discal
column and posterior vertebral transection lesions by distraction®’-#!. These
composite forms present particular characters depending on the level involved:

In the lumbar spine, “the seat-belt fracture”, first described by Chance
(1948) is the typical mixed form found essentially in the lumbar and dorso-
lumbar transitional spine (Fig. 36), associating:

— A compression fracture of the vertebral body, most often moderate, in
which there is slight wedging of the vertebral body preceded by antero-lateral
marginal fracture of the epiphyseal end-plate. More severe stages of corpo-
real burst fracture are exceptional in these cases.

— A posterior hemitransection, particular in its transosseous passage in a
more or less horizontal plane across the laminae, sometimes the spinous
processes, and especially the pedi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>