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Abstract
Invasion of the cavernous sinus by pituitary adenomas impedes complete surgical resection, compromises biochemical
remission, and increases the risk of further tumor recurrence. Accurate preoperative MRI-based diagnosis or intraoperative
direct inspection of cavernous sinus invasion are essential for optimal surgical planning and for tailoring postoperative
therapeutic strategies, depending on whether a total resection has been achieved, or tumoral tissue has been left in surgically
inaccessible locations. The molecular mechanisms underlying the invasive behavior of pituitary adenomas remain poorly
understood, hindering the development of targeted therapies. Some studies have identified genes overexpressed in pituitary
adenomas invading the cavernous sinus, offering insights into the acquisition of invasive behavior. Their main limitation
however lies in comparing purely intrasellar specimens obtained from invasive and non-invasive adenomas. Further, precise
anatomical knowledge of the medial wall of the cavernous sinus is crucial for grasping the mechanisms of invasion.
Recently, alongside the standard intrasellar surgery, extended endoscopic intracavernous surgical procedures with systematic
selective resection of the medial wall of the cavernous sinus have shown promising results for invasive secreting pituitary
adenomas. The first- and second-generation somatostatin agonist ligands and cabergoline are used with variable efficacy to
control secretory activity and/or growth of intracavernous remnants. Tumor regrowth usually requires surgical
reintervention, sometimes combined with radiotherapy or radiosurgery which is applied despite their benign nature.
Unraveling the molecular pathways driving invasive behavior of pituitary adenomas and their tropism to the cavernous
sinuses is the key for developing efficient innovative treatment modalities that could reduce the need for repeated surgery or
radiotherapy.

Introduction

Cavernous sinus invasion by pituitary adenomas remains a
significant predictor of incomplete surgical resection, failed

clinical and biochemical remission, and tumor regrowth
[1–4]. The presence of residual, inaccessible tumor within
the cavernous sinus often necessitates multimodal ther-
apeutic approaches, combining medical and radiation-based
interventions [5]. Consequently, an accurate preoperative
diagnosis of cavernous sinus invasion is crucial before
considering any surgical strategy. Intraoperative and histo-
pathological evaluations of cavernous sinus invasion can
provide valuable insights for predicting postoperative hor-
monal control and tumor recurrence. Additionally, these
data could potentially be further integrated into the
decision-making algorithm for postoperative therapies.

Herein, we aim to summarize the current understanding
of the prevalence, pathophysiology, diagnosis, clinical and
therapeutic implications of cavernous sinus invasion by
pituitary adenomas. Additionally, we explore the research
perspectives on promising endoscopic intracavernous sur-
gical procedures and medical therapies targeting
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intracavernous tumoral remnants. This comprehensive
overview seeks to contribute to a deeper insight into the
complexities of cavernous sinus invasion by pituitary ade-
nomas and to shed light on evolving tools for its diagnosis
and management.

Definition/diagnosis

Preoperative diagnosis

Accurate preoperative diagnosis of invasion is essential for
prediction of surgical outcomes. Various radiological clas-
sifications have been proposed, with the Knosp and revised-
Knosp classifications being the most widely accepted
[1, 6, 7]. These classifications rely on preoperative magnetic
resonance imaging (MRI) for assessment. Engelbert Knosp
introduced a classification system using lines drawn thought
the intracavernous portion of the internal carotid artery to
estimate the likelihood of invasion preoperatively [7].
Adenomas are graded as follows: Knosp 0 if the adenoma is
medial to the medial tangent of both internal carotid arteries
on coronal cuts, Knosp 1 if it extends between the medial
tangent and the intercarotid line, Knosp 2 if it extends
between the intercarotid line and the lateral tangent, Knosp
3 if it extends lateral to the lateral tangent, and Knosp 4 if
the adenoma completely encases the internal carotid artery
[7]. The use of the Knosp classification has also been
validated as a prognostic marker of surgical remission
[8, 9]. The revised-Knosp classification further refines
Knosp 3, categorizing it into Knosp 3A when the adenoma
is above the intracavernous carotid artery (superior com-
partment) and Knosp 3B when below (inferior compart-
ment) [1].

Occasionally, 3 Tesla MRI can directly visualize per-
forations of the medial wall of the cavernous sinus [7].
Seven Tesla MRI, which is currently not available for
routine clinical care, has a superior spatial resolution and
increased signal-to-noise and contrast-to-noise ratios, and
can thus provide more accurate information on cavernous
sinus invasion [10]. In clinical studies, this technique
improved the agreement between intraoperative observa-
tions and preoperative radiological findings [10].

Intraoperative diagnosis

In the original Knosp classification, intraoperative assess-
ment of cavernous sinus invasion relied on an operative
microscope, which was the standard tool for transsphenoi-
dal surgery (TSS) at that time [7]. However, the operative
microscope has limitations in directly visualizing the medial
wall of the cavernous sinus. With the evolution toward
endoscopic endonasal approaches, significant improvement

in exposure within the sellar space was achieved. This shift
allowed for the direct inspection of both medial walls of the
cavernous sinus, leading to the revision of their classifica-
tion by Knosp et al., based on endoscopic assessment dur-
ing TSS, now considered as the gold-standard [1].

More recently, thorough microanatomical studies of
parasellar ligaments have enabled the safe intraoperative
resection of the medial wall of the cavernous sinus when
invasion is suspected [11, 12]. Meticulous histological
examination has confirmed pathological invasion of the
wall in 78% of the cases where invasion was intraopera-
tively asserted by the surgeon [13].

Epidemiology

The prevalence of cavernous invasion by pituitary adeno-
mas remains uncertain, primarily due to inconsistencies in
assessment techniques and definitions. Direct intraoperative
observation reports cavernous sinus invasion in 9–30% of
adenomas, while preoperative radiological assessment pre-
dicts invasion in 30–63% of cases [14–18]. This dis-
crepancy suggests that the radiologically diagnosed
invasion in non-operated pituitary adenomas is likely
overestimated. Using histologic examination as a reference,
the intraoperative endoscopic evaluation of medial wall
invasions yields a positive predictive value of 78% [13].
However, histologic examination might provide false
negative results due to incomplete sampling, thus under-
estimating the prevalence of cavernous sinus invasion.
Moreover, the prevalence of cavernous sinus invasion may
also vary based on the histotype of pituitary adenomas.
Members of the PIT-1 family, particularly somatotrophs,
have exhibited a propensity for dural invasion of the
cavernous sinus, as compared to those expressing the T-box
transcription factor (TPIT) and steroidogenic factor (SF-1)
[13, 19].

Pathophysiology

Invasive behavior of pituitary adenomas

Pituitary adenomas are benign tumors that usually tend to
displace rather than invade the surrounding anatomical
structures. However, despite the benign nature of these
tumors, some pituitary adenomas infiltrate beyond the
physiological anatomical confines of the pituitary gland
comprising the sellar diaphragm, basal dura and the medial
wall of the cavernous sinuses [20]. The underpinning
mechanisms of this invasive behavior remains unclear. High
expressions of matrix metalloproteinase-2 (MMP-2) and -9
(MMP-9), enzymes known to degrade the extracellular
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matrix, have been associated with the invasiveness [21–25].
Beyond the MMP system, serine proteases like the
urokinase-type plasminogen activator (uPA), involved in
cancer cell growth, migration, epithelial-mesenchymal
transition and angiogenesis, are overexpressed in pituitary
tumors in comparison to normal anterior pituitary tissue.
Notably, invasive non-secreting tumors exhibit an over-
expression of uPA compared to their non-invasive coun-
terparts, suggesting a potential role of the uPA in the
acquisition of the invasive behaviors [26]. Microarray
analysis of non-functioning pituitary adenomas has uncov-
ered a molecular signature that grossly differentiate invasive
tumors from non-invasive ones, and has highlighted
MYO5A protein, a member of the myosin family implicated
in actin-dependent molecular motor functions, as a poten-
tially valuable marker of invasiveness [27]. Additionally,
adenomas that invade the cavernous sinus show higher
expression of vascular endothelial growth factor (VEGF)
and VEGF receptor 1 (VEGFR1), both playing a role in
angiogenesis, as well as of programmed death-ligand 1 (PD-
L1), well-known for its roles in the maintenance of immune
tolerance, along with a higher number of tumor-associated
macrophages [28]. Other proteins such as bromodomain-
containing protein 4 (BRD4), an epigenetic regulator that
leads to the transcriptional activation of oncogenes, is
overexpressed in non-secreting invasive pituitary adenomas
[29]. The main limitation of these studies is the comparison
of purely intrasellar specimens obtained from invasive and
non-invasive adenomas as this approach does not take into
consideration the intra tumoral heterogeneity of those tumor
[30, 31]. Also, a deeper insight into the contribution of each
component would be gained by using single cell based
molecular analyses. The tumoral microenvironment of
pituitary adenomas is composed of vascular structures, non-
tumoral immune cells, tumor-associated fibroblast,
folliculo-stellate cells and non-cellular components, namely,
the extracellular matrix [25, 32]. Growing evidence sug-
gests that the tumoral microenvironment plays significant
roles in the biological behavior and therapeutic responses of
invasive pituitary adenomas [24, 33, 34]. Tumor-associated
macrophages, the most prevalent immune cells in pituitary
adenomas, have been linked to the size, proliferation, and
most importantly, their invasive characteristics [24]. Addi-
tionally, somatotroph pituitary tumors induced by mutations
in the aryl hydrocarbon receptor interacting protein (AIP)
exhibit a greater macrophage infiltration compared to
sporadic tumors, further reinforcing the suspicion of the
microenvironment’s involvement in the tumor’s invasive
nature [35]. Other components, such as tumor-infiltrating
lymphocytes, vessels and the extracellular matrix, have also
been implicated in the invasion characteristics of pituitary
adenomas, with substantial interactions between these ele-
ments [24]. Moreover, treatments targeting at various

elements of the tumor microenvironment, such as immune-
checkpoint inhibitors and bevacizumab, have already
demonstrated effectiveness in managing invasive pituitary
adenomas and carcinomas [25, 36–40]. Thus, a better
comprehension of the underpinnings driving cavernous
sinus invasion may pave the way for identifying innovative
therapeutic targets.

Weakness of medial wall of the cavernous sinus

The contrast between the histologically benign nature of
pituitary adenomas and their frequent extension into the
adjacent cavernous sinus has prompted anatomical studies
of the medial wall of the cavernous sinus. These studies
have shed light on its significant mechanical weakness
compared to sinus’s other walls [41, 42]. The medial wall of
the cavernous sinus has two parts: the sellar and the sphe-
noidal. The sellar part, covering the lateral surface of the
anterior lobe of the pituitary gland, is distinct from the
pituitary gland’s capsule [42]. It is formed by a single thin
dural layer, unlike the cavernous sinus’s other, thicker
walls, which can be anatomically and histologically divided
into two layers (Fig. 1) [43]. The monolayer character
complicates the preoperative identification of the medial
wall, as compared to anterior, inferior, and posterior sur-
faces [7, 44]. Additionally, the lateral aspect of the pituitary
fossa lacks an osseous wall, in contrast to its anterior,
inferior, and posterior surfaces. This absence of bone
explains the tendency of pituitary tumors to extend laterally
into the cavernous sinus [42].

Further cadaveric studies have observed the dis-
appearance of the sellar part of the medial wall at the pos-
teroinferior face of the gland’s capsule, where a weblike
network of fibrous tissue connects the capsule to the carotid
artery, venous plexus, and the dura of the middle fossa [45].
Some studies have noted micro-protrusions of the pituitary
gland within the cavernous sinus in healthy human cada-
vers, suggesting that pre-existing weaknesses in the medial
wall could facilitate tumor invasion [41, 46]. While it is
widely acknowledged that the medial wall of the cavernous
sinus is thinner and has fewer collagen layers than the other
walls, most recent studies do not identify any significant
macro- or micro-scopic defects in its integrity [42, 47].

Clinical consequences of cavernous sinus
invasion

The cavernous sinus houses several critical neurovascular
structures, including the internal carotid artery and the ocu-
lomotor, trochlear, abducens nerves and the two first bran-
ches of the trigeminal nerve [48]. Despite the well-known
vulnerability of these cranial nerves, ophthalmoplegia is only
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exceptionally observed in cases of cavernous sinus invasion
by pituitary adenoma, except when suddenly compressed by
apoplexy [49]. It has been suggested that cavernous sinus
invasion may be a risk factor for pituitary apoplexy, although
no convincing mechanism has yet been proposed [50, 51].
Moreover, unlike other tumors that invade the cavernous
sinus, such as meningiomas, pituitary adenomas almost never
cause internal carotid artery stenosis, even in cases of com-
plete encasement [52]. Therefore, cavernous sinus invasion
by pituitary adenomas is usually clinically silent.

Therapeutic approaches of cavernous sinus
invasion

Standard intrasellar surgery

Historically, pituitary adenomas invading the cavernous
sinus were deemed inaccessible for complete surgical
resection. However, partial surgical resection of the intra-
sellar and suprasellar compressive tumor portions remains
indicated to preserve or restore vision, regardless of the
tumor’s invasive status [53]. Additionally, debulking sur-
gery can help to reach biochemical control in secreting
pituitary adenomas invading the cavernous sinus by soma-
tostatin receptor ligands or dopaminergic agonists [54–61].

Intracavernous postoperative tumoral remnants of non-
secreting adenomas show 2- and 5-years regrowth rates of
30 and 70%, respectively [62]. In case of tumor regrowth
from the intracavernous remnant, novel surgical resection,

medical treatments, and/or adjuvant radiotherapy may be
considered [53, 63].

Intracavernous surgery

During transsphenoidal surgery of a parasellar invasive
pituitary adenomas, surgeons would attempt to reduce also
the volume of the intracavernous portion by tracing the
tumor with great caution from the sella through the pre-
existing perforations in the medial wall of the cavernous
sinus [54]. Conversely, recent literature reports extended
intracavernous approaches aiming at hormonal control in
secreting pituitary adenomas [5]. Indeed, in these cases,
some authors advocate for deliberate, systematic selective
resection of the medial wall of the cavernous sinus,
achieving higher resection and remission rates [12, 13]. This
surgical technique can only be safely performed by
experienced endonasal skull base teams. Aggressive trans-
sphenoidal resection of intracavernous adenomas (Fig. 2)
have been reported with high remissions rates and accep-
table morbidity rates [8, 11–13, 64–72]. The use of high-
field intraoperative MRI during transsphenoidal reoperation
for non-functioning pituitary adenomas leads to higher
gross total resection rates [73, 74]. Although, most studies
have focused their analysis on the role of intraoperative
MRI in non-functioning adenomas, some authors have also
described improvement in remission rates in patients with
acromegaly who underwent first-time transsphenoidal sur-
gery using a 1.5 Tesla intraoperative MRI [75, 76]. The
objective of such intracavernous surgery is not necessarily a

Fig. 1 Illustration of the sellar and parasellar region on a coronal
section. The dura of the lateral and upper walls of the CS is shown to
be divided into a meningeal layer (red) and an endosteal layer (green).
The medial wall of the CS is only composed of a meningeal layer and
is not adherent to the pituitary capsule (black). A Left pituitary

microadenoma. B Large pituitary macroadenoma invading the left
cavernous sinus and compressing the optic chiasm. C Illustration of a
postoperative intracavernous tumoral remnant. (CS cavernous sinus,
ICA internal carotid artery)
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complete cleaning of the cavernous compartment from the
adenomatous tissue but this aggressive approach shows
promise for more long-standing effects on improved tumor-
growth control rates and remission from functioning tumors
that could be valuable in some clinical situation, such as in
pregnancy seeking patients with residual corticotroph ade-
nomas, in whom steroidogenesis inhibitors are contra-
indicated [72, 76].

Adjuvant therapies for intracavernous remnants

No specific drugs have been so far developed to target
intracavernous tumor remnants. Two recent studies,
however, suggest that dopamine agonist therapy is asso-
ciated with a decreased prevalence of residual tumor
enlargement in patient with non-secreting adenomas,
especially when treatment is initiated before tumor rem-
nant growth is detected [77–79]. The first- and second-
generation somatostatin agonist ligands have a variable
efficacy on growth and secretory properties of cavernous
sinus remnants [80].

Finally, when tumor regrowth occurs – especially in case
of aggressive tumors, external beam radiotherapy or ste-
reotactic radiosurgical techniques may be considered as an
alternative to surgical reintervention or be applied after
repeated debulking surgery [32]. External beam radio-
therapy, delivering a total dose of 40–45 Gy in fractions, has
demonstrated long-term durability with low morbidity rates
in most patients up to 30 years after treatment [5, 81, 82].
However, external beam radiotherapy cannot provide the
accuracy that stereotactic radiosurgery offers [5]. For non-
secreting adenomas, the antitumoral effects of conventional
radiotherapy are comparable to those of stereotactic radio-
surgery [83, 84]. In secreting pituitary adenomas, stereo-
tactic radiosurgery’s efficacy appears lower than
conventional radiotherapy, especially in Cushing’s disease

[83, 85]. However, stereotactic radiosurgery provides a
more rapid efficacy and a lower rate of hypopituitarism [83].

Conclusions and perspectives

In conclusion, cavernous sinus invasion stands as a critical
prognostic indicator for both secreting and non-secreting
pituitary adenomas. There is a clear need for innovative
multimodal strategies to address this significant, albeit often
overlooked and under-investigated clinical challenge. Recent
decades have seen a rise in the use of extended endoscopic
surgical procedures, rendering intracavernous aggressive
resection safer in experimented hands. Nevertheless, the
molecular mechanisms driving cavernous sinus invasion
remain largely elusive, representing a fertile ground for the
development of promising new medical therapies. A deeper
understanding of these mechanisms is key to better target and
manage this complex aspect of pituitary adenoma pathology.
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