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Abstract

Purpose of Review The aim of this review is to summarize characteristic imaging findings of common skull base lesions. In
addition, this study aims to review the literature regarding important and interesting new advancements in imaging of the anterior

and central skull base.

Recent Findings Imaging techniques including magnetic resonance elastography, indocyanine green fluorescence, Gallium-
DOTATATE PET/CT, peptide receptor radionucleotide therapy, and 3D printing are being used to advance the care of patients

with skull base pathology.

Summary Characteristic CT and MRI findings can be used to narrow the differential diagnosis and plan treatment for anterior and
central skull base lesions. New imaging techniques show promise in improving the care of patients with skull base lesions.

Keywords Anterior skull base imaging - Endoscopic skull base surgery - Magnetic resonance elastography - Indocyanine green
fluorescence - Gallium-DOTATATE PET/CT - 3D printing - Extended endonasal approach

Introduction

The skull base is a complex anatomic region at the intersection
of the sinonasal cavity, orbits, and anterior/middle cranial fos-
sa. The anterior skull base extends from the posterior table of
the frontal sinus to the anterior clinoid processes [1] while the
central skull base makes up the floor of the middle cranial
fossa and is comprised of the sella and clivus in the midline
sagittal plane [2]. Tumors of the anterior and central skull base
are heterogeneous including neoplasms that are neurogenic,
chondro-osseous, and sinonasal in origin. Imaging of skull
base tumors is helpful in narrowing a differential diagnosis,
and characterizing the extent of a lesion to create a treatment
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plan. In operative planning, imaging plays a critical role in
treatment planning by elucidating the relationship of the mass
with critical neurovascular structures. Finally, it is also useful
in post-operative assessment and surveillance of recurrence.
Computed tomography (CT) and magnetic resonance im-
aging (MRI) are complementary modalities and serve as the
workhorse imaging studies for visualizing the anterior and
central skull base. Obtaining pre-operative imaging allows
for better characterization of disease and allows for intraoper-
ative stereotactic guidance and navigation [3¢]. CT provides
improved bony anatomic detail and distinctly shows presence
of bony invasion and remodeling, and calcification, and iden-
tifies fibro-osseous lesions. In contrast, MRI is superior in
illustrating soft tissue pathologic conditions and illustrating
extent of disease. This includes delineating the soft tissue—
tumor interface and better illustrating the extent of invasion
into nearby structures such as the dura or brain parenchyma,
the orbit, or cavernous sinus. Finally, a discussion about tu-
mors is not complete without mention of non-neoplastic
sinonasal etiologies such as allergic fungal sinusitis, fungal
ball or mycetoma, and mucocele. These entities are important
to keep on the differential diagnosis as they can mimic neo-
plasm and even be a concurrent finding in the context of
neoplasm. MRI is helpful in distinguishing tumor from these
non-neoplastic entities and will be briefly covered in this re-
view. Angiography, including CT angiography or time-of-
flight MR angiography, helps define the relationship of the


http://crossmark.crossref.org/dialog/?doi=10.1007/s40136-020-00277-8&domain=pdf
mailto:Choby.Garret@mayo.edu

Curr Otorhinolaryngol Rep (2020) 8:120-128

121

mass with important vascular structures and assists in charac-
terizing the blood supply to hypervascular tumors. This is
especially useful when addressing pathology in close proxim-
ity to the internal carotid artery and basilar artery systems.
Additional studies can be utilized as clinically indicated and
in unique circumstances. Recent findings include use of spe-
cial imaging protocols and novel uses of existing technology
in a unique way to give the clinician additional information.
This includes the use of MR elastography, indocyanine green
fluorescence, Gallium-DOTATATE, peptide receptor
radionucleotide therapy, and 3D printing.

The purpose of this review is to discuss the differential
diagnosis, and characteristic imaging findings of common
skull base lesions. In addition, this review emphasizes inter-
esting new findings and aims to bring the reader up-to-date on
imaging of the anterior and central skull base.

Technical Considerations

All skull base imaging including CT and MRI should be ob-
tained with small slice thickness because of the small size of
neurovascular structures being studied and the varying course
of the skull base. CT is typically obtained in 0.5—1-mm slice
thickness in bone and soft tissue algorithms and reconstructed
in multiple planes. Contrast-enhanced CT imaging can be
used to clearly delineate vascular structures and help better
characterize a mass. MRI should be obtained in small slice
thicknesses as well, typically <3 mm. The sequences obtained
in a skull base protocol can vary by institution but typically
include at minimum T1, T2, and post gadolinium contrast T'1
sequences. Additional sequences can be utilized in the study
including high-resolution T2 constructive interference in
steady-state (CISS), diffusion-weighted imaging, and STIR
(short tau inversion recovery) [4]. Different sequences can
be utilized to study different aspects of the tumor-specific
properties. T1-weighted imaging may reveal bone marrow
invasion and is excellent for showing presence or loss or fat
or melanin. T2-weighted imaging demonstrates the CSF inter-
face with surrounding structures, mucosal structures in the
paranasal sinuses, and the water content of skull base lesions.
T2 CISS uses CSF as a contrast agent to demonstrate cranial
nerves and vessels. In other imaging manufacturers, this se-
quence may be called FIESTA or T2*. T1 post gadolinium is
most sensitive in identifying perineural spread and can differ-
entiate tumor from peripherally enhancing inflammatory
sinonasal disease. On diffusion-weighted imaging (DWI), ma-
lignant tumors tend to have more restricted diffusion than
benign disease with the exception of cholesteatoma and epi-
dermoid cysts. STIR may reveal bone marrow invasion and
may show metastatic lymph nodes. Post-contrast imaging that
utilizes fat suppression may have limited utility in the skull
base as there is a potential risk of incomplete fat suppression

mimicking tumor enhancement. It should be noted that more
is not necessarily better in MRI when the tesla power is con-
cerned, 3-T exams introduce artifact at the skull base and most
often imaging is perhaps even better with 1.5-T resolution
imaging as this minimizes the effect of air and bone at the
skull base for tumors. [5]

Anterior Skull Base Tumors
Anatomy of the Anterior Skull Base

The anterior skull base is the junction of the anterior cranial
fossa and what lies inferior—the sinonasal cavity and orbits.
At the center of the anterior skull base is the cribriform plate
which houses the olfactory groove and allows transmission of
the olfactory nerves from the olfactory blub cranially to the
nasal cavity caudally. Extending out peripherally, the anterior
skull base is made up of the posterior table of the frontal sinus
anteriorly and the sweeps back to the anterior clinoid process-
es posteriorly. The lateral limits are the orbital plates of the
frontal bone.

Differential Diagnosis of Lesions of the Anterior Skull
Base

The differential diagnosis for anterior skull base tumors is
wide and includes neoplastic and non-neoplastic etiologies.
Neoplastic lesions of the anterior skull base can be classified
by location of origin. Some originate inferiorly in the
sinonasal cavity or orbit and extend intracranially, some can
be intrinsic to the bone of the skull base, and others originate
superiorly and be neurogenic in origin. Non-neoplastic entities
include post-obstructive insipissated secretions, mucocele,
fungal ball, and infectious etiologies including abscess or even
invasive fungal rhinosinusitis.

Imaging Characteristics of Anterior Skull Base Tumors

Imaging characteristics of pertinent tumors and lesions of the
anterior skull base are listed in Table 1 [6-9]. Imaging of
chondro-osseous tumors is covered in the discussion of imag-
ing of the central skull base.

Relative to the skull base, inferiorly based malignant neo-
plasms are typically sinonasal in origin. They are diverse and
include squamous cell carcinoma, lymphoma, adenoid cystic
carcinoma, and esthesioneuroblastoma (ENB), amongst
others. Squamous cell carcinoma is the most common
sinonasal malignancy. Bone window CT may show erosion
of bone and MRI may show solid enhancement and interme-
diate to low T2 signal. Other common malignancies such as
lymphoma and adenocarcinoma will have non-specific imag-
ing features. Adenoid cystic carcinoma, which has perineural
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spread as a characteristic feature, may show enhancement of
peripheral nerves on MRI. ENB shows heterogeneous con-
trast enhancement due to hypervascularity and mild T2
hyperintensity. These lesions are found in the olfactory
groove, may exhibit bony destruction in contrast to meningi-
oma, and may have a “dumbbell shape” if it has both intracra-
nial and sinonasal extension.

Benign neoplasms of the sinonasal cavity include inverted
papilloma (IP) and juvenile nasopharyngeal angiofibroma
(JNA). When evaluating an adolescent male with recurrent
epistaxis, the clinician should have a suspicion for JNA
(Fig. 1a). Characteristic imaging features of this entity include
amass or lesion arising from the sphenopalatine foramen with
MRI showing internal flow voids, avid enhancement, and T1
hypointensity. The “Holman-Miller” sign refers to the widen-
ing of the pterygopalatine fossa and anterior bowing of the
posterior maxillary sinus wall from the JNA. IP will show a
mass with soft tissue density on CT imaging. CT may also
reveal a focus of hyperostosis which suggests the point of
attachment of the lesion. On MRI, IP will be T1 isointense
and show heterogeneous enhancement.

Benign sinonasal disease can present unilaterally and mim-
ic a neoplastic process. However, they have their own imaging
features and careful review of these lesions can often separate
them from a true neoplastic process. Fungal ball or mycetoma

can present as opacification of a single, unilateral sinus—most
commonly the maxillary sinus but also in the sphenoid sinus.
Characteristic imaging features include CT soft tissue hetero-
geneity with characteristic hyperdensities from iron elements.
Allergic fungal rhinosinusitis will show hyperdense material
on CT and can show expansion and even remodeling of and
thinning of involved sinus walls. T1- and T2-weighted se-
quences on MRI will be hypointense and while the mucosal
lining will show gadolinium enhancement, the center of the
sinus contents will no show enhancement, in contrast to neo-
plasms. A mucocele will show complete opacification of a
sinus, expansile thinning of walls on CT. MRI findings de-
pend on if the contents are rich in protein or water. If rich in
water, the contents will be T1 hypointense and T2 hyperin-
tense but if rich in protein, the contents will be T1 hyperin-
tense and T2 hypointense.

Neurogenic tumors are superiorly based and in the anterior
skull base, meningioma, and schwannoma are high on the
differential. With a meningioma, hyperostosis may be noted
on CT. On MRI, these lesions show avid contrast enhance-
ment with dural tails and T1 and T2 isointensity (Fig. 1b).
Schwannoma will show smooth remodeling of adjacent bone
and intense contrast enhancement on CT. MRI will show T1
isointensity to hypointensity, and heterogeneous enhance-
ment, and may have cystic structures.

Fig. 1 a Juvenile Nasopharyngeal Angiofibroma. Axial T2 MRI with fat
suppression shows T2 intermediate signal and internal flow voids.
Extension into the pterygopalatine fossa is seen. b Planum sphenoidale
meningioma showing avid contrast enhancement and enhancing dural tail
on coronal T1-weighted MRI with gadolinium. ¢ Chordoma. Coronal T2-
weighted MRI shows a lobulated, heterogeneously hyperintense tumor. d

Fibrous dysplasia. Axial CT soft tissue window shows ground glass
appearance and mixed areas of sclerosis and lucency. e Pituitary
adenoma. MR elastography shows a soft tumor. f Axial Gallium-
Dotatate PET/CT in the setting of metastatic esthesioneuroblastoma
showing multiple foci of somatostatin avid disease in the skull base and
left temporal lobe
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Central Skull Base Tumors
Anatomy of the Central Skull Base

The central skull base makes up the floor of the middle cranial
fossa [4]. It contains the sella turcica and clivus at its center,
and laterally, it includes the petrous ridge and temporal bones.
The central skull base is a portal for the passage of critical
neurovascular structures to and from the cranial cavity
through structures such as the optic canal, superior orbital
fissure, foramina rotundum, ovale and spinosum, cavernous
sinus, vidian canal, and carotid canal.

Differential Diagnosis of Central Skull Base Tumors

Like the anterior skull base, the differential diagnosis for lesions
of the central skull base is wide and can be classified by loca-
tion of origin. Neurogenic lesions including sellar-based lesions
can originate superiorly in the cranial cavity. A number of
chondro-osseous bone lesions can arise from the skull base.
Uniquely, the primitive notochord courses through this area
and can give rise to chordomas, most commonly of the clivus.
Inferiorly, nasopharyngeal carcinoma may be found along with
benign and malignant pathologies of the sinonasal cavities.

Imaging Characteristics of Central Skull Base Tumors

Imaging characteristics of pertinent tumors and lesions of the
central skull base are listed in Table 2 [10-12].

Sella-based lesions include pituitary microadenomas, which
on MRI will have reduced gadolinium signal compared to nor-
mal gland. In addition, it may show low T1 signal and variable
T2 signal. A pituitary macroadenoma may show a “snowman”
morphology if extending to the suprasellar compartment. A
craniopharyngioma may show calcifications and a cystic—solid
component on CT while there may be low T1 signal on MRI.

Chordomas arise from the primitive notochord and are lo-
cally invasive neoplasms that demonstrate erosion and de-
struction within the clivus. They are technically considered
to be malignant, although the risk of metastasis is very low.
On CT, they show local bony destruction and sometimes cal-
cification intrinsic to the tumor, commonly at the midline
clivus. MRI shows a mass with heterogeneous enhancement
and high T2 signal (a hallmark of Chordoma) (Fig. 1c).

There are a variety of chondro-osseous lesions of the skull
base. An osteoma may show a single focus of sclerotic bone
while an osteosarcoma will show a mixture of lysis and scle-
rosis on CT and a variable MRI signal depending on extent of
mineralization. It will show less contrast enhancement than a
chondrosarcoma, which has low T1 signal and high T2 signal.
Many of the features will overlap with a chordoma but only a
chondrosarcoma will clearly spare the clivus, tending to arise
off midline near the petroclival junction, often with a

@ Springer

chondroid matrix. Fibrous dysplasia will show a ground glass
appearance on CT and low T1 and T2 signal on MRI (Fig. 1d).

Recent Findings

Recent advancements have been made in imaging of the an-
terior skull base specifically in the techniques of MR
elastography, indocyanine green fluorescence, Gallium-
DOTATATE, peptide receptor radionucleotide therapy, and
3D printing, which will be reviewed here.

MR Elastography

Magnetic resonance (MR) elastography is a technique by
which imaging is used to assess the mechanical properties of
soft tissue, specifically how soft or firm a tissue may be and
also may be able to tell us if something is adhered to a neigh-
boring structure [13]. With the ability to assess the mechanical
qualities of tissue, MR elastography can be thought of as the
imaging equivalent to palpation or “palpation by imaging.”
Applications of this imaging technique have been explored
in imaging pathologies of the breast, liver, skeletal muscle
heart, and brain. In the breast, this technique has shown prom-
ise in helping to improve breast cancer diagnosis in patients
who have mammographically dense breast cancer tissue
where usual screening imaging techniques have a more limit-
ed role [13]. In the liver, hepatic MR elastography has been
pursued as one of the tools for evaluating fibrosis and has been
shown to perform as well or better to transient ultrasound
elastography by capturing a wider field of view, and not being
limited by anatomic factors such as ascites or obesity [13].

The protocol for MR elastography starts by first providing
some sort of stress or motion that deforms the tissue. For
example, an acoustic frequency from an internal source such
as the heartbeat, or patient humming or an external source in
the form of pneumatically powered actuators, and piezoelec-
tric bending elements have been used. Next, the tissue is im-
aged using a sequence that synchronizes to the frequency of
the motion or stress that was given to the patient. Finally, an
algorithm is used to generate and display images that give a
representation of the mechanical properties of the tissue in
question (Fig. le).

A study at our institution showed the ability to measure
pituitary tumor density using MR elastography [14e¢]. This
study proposed potential utility in pre-operative assess-
ment of pituitary tumors prior before transsphenoidal re-
section of a pituitary tumor. Knowing the density of a pi-
tuitary tumor will alert the pituitary surgeon to potentially
more difficult cases where tumors are not soft and suction-
able and allow the surgeon to make a surgical plan accord-
ingly by preparing more time for the case or discuss a
higher risk profile with the patient.
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Indocyanine Green Fluorescence

Indocyanine green (ICG) angiography is an imaging tech-
nique where [15] a near-infrared fluorescent dye
(C43H47N2Na068S2) is used for visualization of vascular
structures as well as perfusion. In 1959, it was approved by
the Food and Drug Administration for liver diagnostic and
cardiocirculatory diagnostic uses. It has since found wide
use in neurologic surgery and is finding growing application
in the field of endoscopic skull base surgery. A few applica-
tions are highlighted here.

ICG is injected intravenously and remains in the intravascular
space by binding to large plasma proteins. This dye is exclusive-
ly processed by the liver and has a plasma half-life of 2.5 min
and is not metabolized by the body. While the maximum ab-
sorption wavelength in water is 780, the binding of the dye to
serum proteins cause a spectral shift that causes the florescence
in blood to be at a wavelength of 820 nm. Different manufac-
turers have endoscope-integrated indocyanine green fluores-
cence systems that include a light source that at the excitation
wavelength of the dye and a light filter that allows passage of
near-infrared light at the emission wavelength of ICG.

In endoscopic skull base surgery, ICG has been used to
identify critical vascular structures, and to potentially identify
normal pituitary tissue from neoplastic tissue; however, this is
in its infancy. Hide et al. utilized an ICG endoscope system to
identify the internal carotid artery and patent cavernous sinus in
real time [16°¢]. They suggested that by having real-time visu-
alization of the vasculature supplying the pituitary gland will
help to preserve the function of the pituitary gland. Litvack
et al. and Verstegen et al. took intraoperative visualization of
the pituitary gland a step further and utilized endoscopy with
ICG fluorescence to distinguish normal pituitary gland from
pathologic [15, 17] In addition, they hypothesized the use of
it in identifying dural invasion. Kerr et al. utilized ICG fluores-
cence to identify the nasoseptal artery when harvesting the
nasoseptal flap [18]. While intraoperative Doppler has histori-
cally been used to approximate the location of the nasoseptal
artery, it provides poor spatial resolution. In the setting of revi-
sion surgery, ICG fluorescence can be helpful in verifying that
the nasoseptal artery has not been compromised in a previous
procedure and that the nasoseptal flap is still viable. This will
allow the surgeon to appropriately modify the surgical plan and
harvest alternate flaps or grafts if needed. Lavigne et al. utilize
the ICG endoscope system to visualize the internal maxillary
artery in the pterygopalatine fossa, allowing for proximal vas-
cular control during endoscopic skull base surgery [19].

While the localization of ICG is not specific to the intra-
vascular space, Cho et al. discussed use of tumor specific
dyes, specifically OTL38, a folate analog that is conjugated
to an analog of ICG. The idea is that for adenomas with high
folate receptor expression, the dye will be able to help identify
tumor margins intraoperative [20].
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%8Gallium-DOTATATE and Peptide Receptor
Radionucleotide Therapy with 177Lu-DOTATATE

1,4,7,10-Tetraazacyclododecane-1,4,7,10-tet-raacetic acid
(DOTA)—octreotate (DOTATATE) is a somatostatin analog
that can be used in conjunction with radiodyes such as gallium
for diagnosis and characterization of neuroendocrine tumors
such as ENB (Fig. 11). It can also be used in conjunction with
radionucleotides such as '""Lutetium to treat neuroendocrine
tumors as part of peptide receptor radionucleotide therapy.

Somatostatin receptors (SSTRs) are present on the surface
of neuroendocrine cells and provide a biologic target for im-
aging and treatment. While somatostatin is the peptide hor-
mone that largely binds this receptor and is responsible for its
physiologic functions, it has been found that octreotide, a
synthetic somatostatin receptor analog, also binds SSTRs.
Early use of this relationship for imaging occurred in 1983
when octreotide was first radiolabeled with 111In and imaged
using a nuclear medicine gamma camera [21¢¢]. This was the
beginning of the use of conjugated somatostatin analogs in
diagnostic imaging and therapeutic management.

In the present day, Dotatate is conjugated to Gallium 68
(®®Ga) and used in positron emission tomography (PET)/com-
puted tomography (CT). In contrast to prior nuclear imaging
using gamma camera, Gallium-DOTATATE PET/CT provides
superior anatomic detail and correlation [21e¢]. Gallium 68 has
a short half-life of 68 min, and a PET/CT is performed 45—
60 min after the injection of the radiotracer. With this protocol,
Gallium-DOTATATE PET/CT allows for whole body imaging
of somatostatin receptors and detail characterization of neuro-
endocrine tumors [21e¢]. In the skull base, Gallium-
DOTATATE can be used for diagnosis of neuroendocrine tu-
mors including ENB [22]. In addition, this modality allows for
further characterization of a mass found on MRI which can
allow a clinician to confidently diagnose or exclude a neuroen-
docrine tumor when there is high enough suspicion [23].

DOTATATE that is conjugated to radioneucleotides may be
helpful in treatment of ENB in the form of peptide receptor
radionucleotide therapy (PRRT). It has been used in standard
practice in other neuroendocrine tumors; however, its routine
use has not been established for ENB. Czapiewski et al. found
that ENB express the somatostatin 2a receptor frequently and
is a target for PRRT [24]. DOTATATE can be conjugated with
L utetium to be '"’Lu-DOTATATE. Several case reports
describe the treatment of ONB using '’’Lu-DOTATATE
[21ee, 23, 24, 25-27]. Schneider et al. found that histological-
ly, treatment with '”’Lu-DOTATATE results in radiation ne-
crosis [26]. Makis et al. describe use of both 111In-octreotide
over 8 months and 3 treatments of 177Lu-DOTATATE to
improve tumor symptoms. However, this treatment did not
result in disease control [25]. Sabongi et al. report tumor con-
trol with '”’Lu-DOTATATE in a 74-year-old female patient
with recurrent and unresectable ONB [27]. Finally, assessing
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the degree of Gallium-DOTATATE can be used to predict
response to 77 u-DOTATATE. The Krenning scale, a scale
that compares uptake to that of the liver, is used to measure
uptake. Lasocki et al. found that if the tumor demonstrates

uptake greater than the liver, there is better response to
""" u-DOTATATE [23].

3D Printing

Imaging of the anterior skull base can be used to construct 3D
printed models [28] that can be useful in the care of patients of
the anterior skull base for pre-surgical planning, patient edu-
cation, and trainee education [29].

For use in 3D printing, high-resolution computer tomogra-
phy or magnetic resonance imaging is acquired in the axial
format with thin slices, ideally 0.75 mm or smaller. If obtained
with CT, it should be reconstructed and reformatted in the
coronal and sagittal planes using a soft tissue algorithm. The
images are then imported into a computer-aided design
(CAD). At our institution, the CAD program we use is
Mimics (Materalise, Plymouth, MI). This image set then un-
dergoes further image transformation, first by a process called
segmentation, which defines the anatomic area of interest
through both manual and automated thresholding. Next, the
raw volumetric data is imported into another image processing
program for further refinement of triangular mesh data using
smoothing techniques. There are a number of different tech-
nologies for printing that vary by the type of material and
colors used, cost, and post-production processing [28].

In pre-surgical planning, surgeons have used 3D printed
models to assess a proposed surgical corridor approach and
determine and potential limitations of exposure that may im-
pact the type of approach taken. In addition, authors have
found that the ability to manipulate a model with their hands
in 3 dimensions helps them perform surgery with more effi-
ciency and confidence. In trainee education, multiple surgical
simulation models have been developed to offer high fidelity
models to develop surgical approach and skills. Models have
been used to develop endonasal drilling skills [30], and simu-
late endoscopic carotid injury management [31, 32] and en-
doscopic pituitary tumor resection [33].

Nasoseptal Flap Enhancement in Post-operative MRI

T1 post gadolinium MRI has been used examine the vascular-
ity of nasoseptal flap in the post-operative setting [34]. Using
this imaging technique, a study was able to compare primary
nasoseptal flaps to delayed nasoseptal flaps. This imaging
supported the conclusion that delayed nasoseptal flaps main-
tain vascularity and are a viable reconstructive option for sellar
and parasellar skull base defects.

Conclusion

CT and MRI are the workhorse imaging modalities of the
anterior and central skull base. Together, they help narrow a
differential diagnosis and plan treatment. Recent advances in
the use of MR elastography, ICG fluorescence, Gallium-
DOTATATE, PRRT, and 3D printing show promise in im-
proving the care of patients with pathology of the anterior
and central skull base.
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