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Editorial



Why the Craniovertebral Junction?

Massimiliano Visocchi

Abstract The craniovertebral junction (CVJ) has unique
anatomical bone and neurovascular structure architecture. It
not only separates the skull base from the subaxial cervical
spine but also provides a special cranial flexion, extension
and axial rotation pattern. Stability is provided by a complex
combination of osseous and ligamentous supports, which
allow a large degree of motion. Perfect knowledge of CVJ
anatomy and physiology allows us to better understand
instrumentation procedures of the occiput, atlas and axis,
and the specific diseases that affect the region. Therefore, a
review of the vascular, ligamentous and bony anatomy of the
region, in relation to all possible surgical approaches to this
anatomically unique segment of the cervical spine, appears
to be absolutely mandatory in order to preview and to over-
come possible anatomy-related complications of CVJ sur-
gery; moreover, knowledge of the basic principles of
instrumentation and of the kinematics of the region, since
they interact with the anatomy, seems to be strategic in pre-
operative planning.

Historically considered a no man’s land, CVJ surgery, or
the CVJ specialty, has recently attracted strong consideration
as a symbol of challenging surgery as well as selective top-
level qualifying surgery.

Although many years have passed since the beginning of
this pioneering surgery, managing lesions situated in the
anterior aspect of the CV]J still remains a challenging neuro-
surgical problem. Many studies are available in the literature,
aiming to examine the microsurgical anatomy of both the
anterior and posterior extradural and intradural aspects of the
CV], as well as the differences in all possible surgical expo-
sures obtained by the 360° approach philosophy. In this
paper the author provides a short but quite complete at-a-
glance tour of personal experience and publications and the
more recent literature available.

M. Visocchi
Institute of Neurosurgery, Catholic University of Rome,
Rome, Italy

®

Check for
updates

Keywords Instrumentation and fusion Endoscopy
Transnasal approach - Transoral approach - Extreme lateral
approach - Far lateral approach - Craniovertebral junction

This special Acta Neurochirurgica supplement is entirely
dedicated to the craniovertebral junction (CVJ). Anatomy,
physiology, embryology, malformations, microsurgery and
endoscopic surgery, as well as instrumentation and fusion
procedures of the CVJ, are the main topics of the
supplement.

Many national and international contributors have been
invited to provide their experience and to highlight tips and
tricks in their surgical practice according to the trends at their
own schools and the worldwide interest in this special topic.

At present, if we do keyword searches in PubMed we can
find 837 papers on ‘craniovertebral junction’, 558 on ‘crani-
overtebral junction surgery’, 311 on ‘craniovertebral junc-
tion abnormalities’, 470 on ‘craniovertebral junction
anatomy’, 102 on ‘craniovertebral junction transoral
approach’, 40 on ‘craniovertebral junction transnasal
approach’, 27 on ‘craniovertebral junction far lateral
approach’ and 5 on ‘craniovertebral junction extreme lateral
approach.’

Obviously such a search must be considered unreliable
since it does not reflect the exact number of specific papers
dealing with the topic. Nevertheless, the proliferation of spe-
cial issues on CVJ in different journals, as well as local soci-
eties and the international CVJsociety (i.e. the Craniovertebral
Junction and Spine Society), demonstrate that such a scien-
tific topic deserves strong consideration in the neurosurgical
and spine community.

Schematically, we can divide the topic into direct and
oblique approaches.

M. Visocchi (ed.), New Trends in Craniovertebral Junction Surgery, Acta Neurochirurgica Supplement, Vol. 125, 3
https://doi.org/10.1007/978-3-319-62515-7_1, © Springer International Publishing AG, part of Springer Nature 2019
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Direct Approaches

These are the transnasal and transoral anterior approaches,
and the suboccipital midline approaches for decompression,
instrumentation and fusion of the CV]J.

Endoscopically Assisted Endonasal
Procedures

The introduction of video-assisted procedures in pituitary
surgery and for treatment of skull base lesions latu sensu has
allowed the publication of many anatomical and clinical
studies dealing with the endoscopic endonasal approach to
different areas of the midline skull base (from the olfactory
groove to the CVJ) in recent years. Historically, the very first
cadaver and clinical study publication line started in 2002
with Alfieri and then continued with Jho; by means of one or
two nostril routes, both of them performed a totally transna-
sal endoscopic odontoidectomy [1]. Most important, Rodlens
endoscopes were used: 2.7 or 4 mm in diameter and 18 cm in
length, with 0°, 30° and 70° lenses. The surgical landmarks
leading to the CVJ were considered the inferior margin of the
middle turbinate, the Eustachian tubes and the nasopharynx.
To identify the nasopharynx, the inferior margin of the mid-
dle turbinate was assumed to be a reference point. The junc-
ture between the clivus and atlas was indicated by a line
drawn between the Eustachian tubes. Alfieri et al. [2] con-
cluded that “contrary to a conventional transoral approach,
this endoscopic endonasal approach provides unlimited
access to the midline clivus and a potential of carrying out
surgical decompression at the ventral craniocervical junction
without adding C1-2 instability”. Three years later, Cavallo
confirmed such an observation in a cadaver study [3, 4]. The
first surgical case of fully transnasal endoscopic resection of
the odontoid was performed by Kassam in 2005; the patient
was a 73-year-old woman affected by rheumatoid arthritis.
Kassam’s equipment consisted of (1) a 0° endoscope; (2) a
navigation system; (3) an ultrasonic aspirator; (4) a long
angled endonasal drill; and (5) bayoneted handheld microin-
strumentation. Soon after his very first experience, Kassam
reported that “the defect created by transnasal approach is
above the level of soft palate and should not be exposed to
the same degree of bacterial contamination” [5]. Nevertheless
he concluded that the transoral approach still remains the
gold standard.

Although some studies have concluded that the endo-
scopic endonasal approach provides less morbidity than the
transoral approach, this matter is still under discussion,
which is consistent with our personal experience [6, 7].

The ‘nasopalatine line’ (NPL) concept was conceived in
2009 by Kassam’s group in order to predict possible surgical
problems related to anatomical limitations. The line was cre-
ated by connecting the most posterior point on the hard pal-
ate in the midsagittal plane with the most inferior point on
the nasal bone.

The intersection of the so-called Kassam line with the
CVIJ is measured relative to the inferior aspect of the body of
C2 along its posterior surface. A preoperative radiological
study of the possible anatomical limitations of the endonasal
approach is mandatory in predicting the maximal extent of
inferior dissection and the efficacy of odontoid surgery.
Again, Kassam’s conclusions were that the transnasal
approach is indicated in selected cases as a valid alternative
to the transoral microscopic approach for dealing with CVJ
and should be performed only by dedicated endonasal sur-
geons after consistent cadaver anatomy training [8].

Endoscopically Assisted Transoral
Procedures

In order to avoid full soft-palate splitting, hard-palate split-
ting, or an extended maxillo/mandibulotomy, use of a 30°
endoscope has been proposed for the transoral approach. The
introduction of the endoscope in such challenging surgery
has changed the modern transoral philosophy; the operator
gains access in all directions by rotating the instrument,
thereby avoiding more destructive manoeuvres. In more
detail, abnormalities, as in the high midclivus, can be visual-
ized with the aid of an endoscope, without extensive soft- or
hard-palate manipulation [5, 8]. Superior illumination can be
obtained by the light source being located at the level of the
abnormality.

One of our cadaver studies comparing the transnasal and
transoral approaches demonstrated that the surgical exposi-
tion obtained using the endoscope in the transoral approach
appears to be wider than that obtained using the transnasal
approach in both the anterior and lateral projections: (1) in
the coronal plane, both in coronal exposition (transnasal
inferior to transoral from 50.77% to 83.88%, average
70.34%) and in the coronal surgical angle (from 65.58% to
86.71%, average 76.70%); and (2) in the sagittal plane, both
in the vertical surgical angle (from 22% to 77.42%, average
56.53%) and in vertical exposition (transnasal inferior to
transoral from 5.89% to 76.48%, average 35.89%). The sur-
gical domain in the sagittal plane was found to span from the
middle third of the clivus to the NPL with the transnasal
approach and from the inferior third of the clivus to C3 with
the transoral approach. Our conclusions were, and still are,
that (1) with the aid of the endoscope and image guidance, it
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is possible to approach the ventral CVJ completely; (2) the
inferior third of the clivus overlapped the surgical domain
areas of the transnasal and transoral approaches; and (3) tran-
sorally it is possible to gain access to the CVJ with minimal
tissue dissection, no palatal splitting and no compromise of
surgical freedom, thanks to angled-lens endoscopes, which
significantly improve the exposure of the clivus without
splitting of the soft palate [9-12].

Endoscopically Assisted Transcervical
Procedures

In 2007 an alternative endoscopic route to the anterior CVJ
with the endoscopic transcervical approach was described
by Wolinsky [13]. The choice of this option is strictly related
to the limitation of the transpharyngeal approaches. With
use of the transnasal and transoral (i.e. transpharyngeal)
approaches, in the case of dura laceration, contamination
with oral flora is likely to occur, tremendously increasing
the risks of infection, meningitis and poor pharyngeal heal-
ing. Moreover, transcervical exposure is quite familiar to
neurosurgeons and is mainly used in screw fixation of trau-
matic odontoid fractures. Such a ‘revised’ strategy has been
proposed by the author for the surgical treatment of down-
seated CV]J lesions. Since the postoperative recovery time is
shorter, it is possible to allow patients to consume food
orally shortly after removal of the endotracheal tube.
Moreover, in this surgery there is no need for a tracheos-
tomy or a gastric or duodenal feeding tube as a result of the
procedure in patients without preoperative dysphagia. On
the other hand, CVJ decompression is too oblique and insuf-
ficient because there is very little control of the C1 ring,
making this surgery uncomfortable and challenging. In fact
the unfavourable angle of the C1 ring matching makes it dif-
ficult or impossible to dissect this portion, which needs to be
removed to gain access to the lower clivus, increasing the
risk of damage. Basilar impression and other high patholo-
gies do not seem suitable for this approach [13].

The Navigated Transoral Approach

The surgeon’s ability to visually reconstruct the imaging-
magnified three-dimensional anatomy is greatly improved
by the use of image guidance, allowing a thorough inspec-
tion in multiple reconstructed views of the anatomical images
before and during the surgical procedure. In order to better
plan the surgical technique, preoperative and intraoperative
use of neuronavigation is helpful and allows fluoroscopy to

be avoided. It takes no more than 5—10 min to perform the
registration procedures. The calculated accuracy is less than
1 mm, but the error associated with a spinal shift is not com-
pletely eliminated. There is increasing acceptance of robotic
surgical technology, which holds promise for use in a grow-
ing number of applications. Nevertheless, its indications in
head and neck surgery are limited so far. Use of robotics
along with neuronavigation allows (1) performance of two-
handed surgery through small openings; (2) use of articu-
lated instruments; and (3) improved fine motor control with
a tremor filter [9—-11].

Sublaminar Instrumented Wiring Versus
Lateral Mass Screw Implants

In 1939 Gallie reported his method of laminar wiring. Bone
grafts from the patient’s iliac crest were put over the C2 spi-
nous process against the C1 posterior arch. In 1971 Barbour
first introduced anterior transarticular screw fixation of C1—
C2, and it was used to stabilize the lateral atlantoaxial joints
in cases of odontoid fractures. In 1975 Tucker introduced the
concept of applying interlaminar clamps to the atlantoaxial
joint, and in 1988 Holness described the first case of it. In
1979 Magerl introduced the transarticular screw technique,
which, for the first time, enabled complete obliteration of the
rotational movement and could be used when the posterior
axis was damaged. In 1978 Brooks and Jenkins offered an
alternative to address this rotational instability problem; two
iliac crest grafts were placed between the C1 and C2 arches
and stabilized with two wires, one on each side. In 1984 Goel
introduced C1 lateral mass screws and C2 pedicle screws
(CILMS, C2PS); subsequently Harms and Melcher substi-
tuted the plates used by Goel with rods and contributed to
popularization of the method [14]. In 1991 Dickman and
Sonntag published a modification of the wiring techniques in
an attempt to solve the disadvantages of the two previously
described techniques by using only one self-locking titanium
cable [15]. In 2002 Benzel et al. published a different entry
point: through the posterior arch. In the same year Wright
developed the translaminar screw (TLS) for C2; such a pro-
cedure is less stable biomechanically and poses a very small
risk to the vertebral artery. Several clinical studies have been
reported, stating that the results achieved by lateral mass
screw implants are better than those achieved by sublaminar
instrumented wiring [16]. However, complications reported
at the very beginning of the experience (e.g. 30% of screws
pulling out in the suboccipital area and a mortality rate of up
to 9% after complex spine decompression and fixation) dis-
couraged mainly paediatric spine surgeons [17].Very inter-
estingly, a 100% rate of fusion and a 10.4% rate of
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complications, including vertebral artery injuries, have been
reported with lateral mass screw implantations in a paediat-
ric population [14]. Otherwise, both lateral mass screw
implantations and sublaminar instrumented procedures have
apparently resulted in the same 100% rate of fusion in more
recent experiences [17]. According to our personal experi-
ence, good mechanical properties with low complication
rates are offered by sublaminar instrumented wiring proce-
dures, and so far they can be considered an excellent simple
method for stabilizing the upper cervical spine and the
CV]. Wiring, augmented with external immobilization, pro-
duces good stiffness, according to the number of vertebrae
enclosed in instrumentation, and can be associated with a
100% rate of bone fusion. Despite clear advantages of screw-
ing techniques in terms of blood loss, surgery duration and
postoperative immobilization, the complication rates in
terms of infection seem to be similar [18].

Oblique Approaches

These are the anterolateral (extreme lateral) and posterolat-
eral (far lateral) approaches.

In 1972 Hammon first described the far lateral approach
(posterolateral approach) (FLA) for vertebral artery aneu-
rysms; this approach has since undergone numerous modifi-
cations, including drilling of the occipital condyle, removal
of the laminas of the upper cervical vertebrae and so on.
Also, the range of indications has increased exponentially.
George described a vertebral artery (VA) medial mobiliza-
tion from C2 to its dural entrance point, with ligation of the
sigmoid sinus and without condyle drilling [19]. The FLA,
as originally described, is a surgical approach through a lat-
eral suboccipital route, directed behind the vertebral artery
and the sternocleidomastoid muscle, just medial to the atlas,
the occipital condyles and the atlanto-occipital joints. The
standard suboccipital approach can be considered the precur-
sor of the FLA, which was conceived in order to maximize
the exposure of the CVJ, mainly in the lateroventral aspect.
Bone removal improves the angle of view by removing the
posterior arch of C1 and the most lateral part of the inferior
occipital squama, following a basic principle of cranial base
surgery. Various portions of the occipital condyle are drilled,
thus increasing the exposure. On rare occasions the vertebral
artery is transposed in order to improve tangential lateroven-
tral cervicomedullary area exposition for an unobstructed
view of the CVJ more consistent with better management of
the huge and heterogeneous spectrum of different pathologi-
cal patterns involving this area.

The transcondylar, supracondylar and paracondylar
approaches are considered expressions as well as variants of

the FLA, all devoted to more effective surgical control of
intradural, anterior and anterolateral CVJ lesions. Exposure
of the upper cervical spine, the foramen magnum and the
lower third of the clivus can be obtained without a significant
decrease in the stability of the CVJ. Minimization of morbid-
ity is possible because of watertight dural closure, far from
contaminated regions.

Excellent exposure of extradural lesions located in the
ipsilateral anterolateral aspects of the CVJ and anterior to the
extradural region is provided by the far lateral atlanto-
occipital transarticular approach. On the other hand, the so-
called extreme lateral atlanto-occipital transarticular
approach provides excellent surgical exposure extending
across the midline to the medial aspect of the contralateral
atlanto-occipital joint and the lower clivus.

The extreme lateral approach (anterolateral approach), as
originally described, is a direct anterolateral approach behind
the internal jugular vein along the front of the vertebral artery
and deep to the anterior part of the sternocleidomastoid muscle.
This term dates back to 1990 when Sen and Sekhar depicted an
alternative way to handle meningiomas and schwannomas
located anteriorly at the cervicomedullary junction [20].

The extreme lateral approach (ELA) is generally consid-
ered a more aggressive extension of the FLA. By drilling the
condyles at the atlanto-occipital joints also in the ELA, it is
possible to widen the surgical view but with a different expo-
sure angle because of the differences in the direction of the
approach.

The FLA and ELA variants of the atlanto-occipital trans-
articular approach to the anterior extradural structures at the
CVIJ provide an effective alternative to the classic transoral
approach. In fact, with both of the latter approaches
described here, it is possible to (1) avoid the contaminated
nasopharynx; (2) reduce the incidence of cerebrospinal fluid
leakage; (3) provide a shorter surgical route; and (4) allow
the lateral limitations of the atlanto-occipital joints to be
overcome.

The posterolateral and anterolateral approaches and their
modifications should be strongly considered in the armamentar-
ium of all surgeons dedicated to approaching lesions of the CV1J.

Conclusion

Although it has appeared to be quite detailed, this brief tour
around the world of the craniovertebral junction has pro-
vided merely a glimpse of this world, which is full of no
man’s lands that deserve to be better investigated and stories
that need to be continued.

The craniovertebral junction is one of the most fascinat-
ing surgical fields of the future.
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The Craniovertebral Junction and Laboratory Experience:

The Italian Paradox

Francesco Signorelli

Current neurosurgical training can rely on innovative meth-
ods that have been provided, especially in recent years, by
the remarkable and constant evolution of surgical techniques,
instruments and additional dedicated tools. Moreover, the
increasingly widespread access to educational material in the
forms of lectures, surgical videos and anatomical dissections
represents an innovative and helpful resource, which is eas-
ily available to young surgeons. Nevertheless, the interna-
tional scientific literature agrees that anatomical dissection
of cadavers remains fundamental in the long process of neu-
rosurgical education and constitutes an invaluable tool for
anatomical and surgical research.

The craniovertebral junction (CVJ) is a complex anatomi-
cal region frequently affected by different pathologies, which
can be either congenital or acquired. Because of its regional
complexity, practical knowledge and full mastery of cranio-
cervical anatomy—which can be mostly achieved only
through direct anatomical dissection—are required to safely
perform surgical procedures in this intricate area.

In this scenario, Italy nowadays represents a paradox:
despite the secular tradition of anatomical dissection begun
by Leonardo da Vinci and moved forward by authorities such
as Vesalius and Golgi, surgical training in anatomical labora-
tories is an opportunity that is seldom exploited and is
obstructed by the constraints of a lacking and fragmentary
legislative framework and by the absence of body donation
programmes for study and research purposes. Because it is
so difficult to perform cadaver dissections in Italy—the cra-
dle of anatomical studies in the sixteenth century—Italian
surgeons often need to go abroad to attend rather expensive
training courses in anatomical dissection laboratories.

The legal procedure to become a donor is hindered by some
unresolved cultural issues such as the ‘ownership’ of cadavers,
how consent is to be given during the donor’s life and which
Institution has the responsibility for conservation of the body
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Institute of Neurosurgery, Catholic University School of Medicine,
Rome, Italy
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[1]. The current legislation actually makes it impossible to use
cadavers for anatomosurgical dissection. In particular, the main
legal reference point dates back more than 80 years [2]. The
article regulates religious sentiment and pity for the deceased,
punishing anyone who dissects or, in any other way, uses a
corpse or part of it for scientific or didactic purposes in cases
not allowed by law. An almost contemporary decree (Regio
Decreto of 31 August 1933) establishes that only bodies not
recognized by the deceased person’s relatives within six degrees
of consanguinity can be used for scientific purposes. Such a
regulation, which is still in force, is never applied in actual prac-
tice. Moreover, the legitimacy of using unclaimed bodies has
exposed vulnerable groups to dissection without their consent
[3]. In the absence of a consistent legislative framework, a num-
ber of centres for body collections and programmes for body
donations have only recently been established [4].

A craniovertebral junction surgery research centre was
established in March 2015 at the Catholic University School
of Medicine in Rome (Rector’s Decree No. 1674). The
research centre and its laboratory are located at the Section
of Legal Medicine and Insurance, Institute of Public Health,
at the University. In this setting, to maximize the dissection
experience and to overcome the lack of anatomical speci-
mens, we have used—in addition to fresh cadavers—injected
head and neck specimens:

1. Fresh cadavers of individuals who have died between 24
and 48 h beforehand in non-traumatic circumstances,
only in those cases in which a diagnostic examination is
required and in which there is a specific indication to dis-
sect the neck for forensic—legal reasons: Special authori-
zation has already been obtained from the ethics
committee (protocol no. P663/EC/2010, approved on
28 July 2010; subsequent amendment no. P437/CE 2012,
approved on 2 May 2012). Fresh cadavers have mostly
been used to perform an anterolateral (extreme lateral)
approach, transcervical retropharyngeal approach, and
transoral or transnasal approaches to the CVJ.

M. Visocchi (ed.), New Trends in Craniovertebral Junction Surgery, Acta Neurochirurgica Supplement, Vol. 125, 11
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2. Fresh-frozen specimens that are later injected with a
silicone solution to perfuse the venous and arterial sys-
tem, purchased from private companies: With the aim
of cost reduction, we have carried out all phases of
specimen preparation (i.e. thawing, irrigation, fixation,
perfusion and storage) according to a protocol devel-
oped at our research centre. On these specimens, poste-
rior and posterolateral approaches to the CVJ, as well
as other keyhole approaches, have been performed with
the aid of neuronavigation, visual magnification of 3.5x
offered by binocular lenses, a microscope and an
endoscope.

To conclude, anatomical dissections play an irreplaceable
role in the training of residents and young specialists, espe-
cially when they are approaching an anatomical region that
is among the most complex in the entire body, such as the
craniovertebral junction. Accordingly, promotion of dona-
tion programmes is crucial to allow Italian universities to
keep up with the training provided by the most prestigious
European and American higher education centres.
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Introduction

The craniovertebral junction is an intricate anatomical region
frequently affected by neoplastic, vascular, traumatic, con-
genital and degenerative pathology. Because the topography
of this region is complex, direct knowledge and full mas-
tery of craniocervical anatomy is mainly obtained through
anatomical dissections performed in neuroanatomical
laboratories.

In neurosurgery, scientific knowledge and manual skills
must converge; therefore, anatomical dissection of cadavers
remains the cornerstone of neurosurgical education and rep-
resents an invaluable tool for research.

Nowadays, in Italy—despite the secular tradition of ana-
tomical dissection practised by pioneers such as Mondino de
Luzzi, Leonardo da Vinci, Andreas Vesalius, Giovanni
Battista Morgagni, Antonio Pacchioni, Luigi Rolando,
Camillo Golgi and many others—surgical training in ana-
tomical laboratories is rarely performed, being halted by the
restrictions of disconnected legislative regulations and the
absence of donation programmes for bodies to be used for
study, training and research purposes.

In this paper we outline our experience in establishing an
equipped craniovertebral junction laboratory for anatomical
dissection, with a specific focus on some aspects concerning
the preparation of specimens.
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Methods

Laboratory Environment

Most of our equipment has been purchased with funds from
the Craniovertebral Junction Surgery Research Centre,
established in March 2015 at the Catholic University School
of Medicine in Rome (Rector’s Decree no. 1674), and from
the “Master on Surgical Approaches to the Craniovertebral
Junction” fund of the University. All phases of the studies are
conducted at the Section of Legal Medicine and Insurance,
Institute of Public Health, at the University. The Institute has
two dissection stations, which mimic the operating room
environment, and a dedicated computed tomography (CT)
station. Each dissection station houses a scialytic lamp with
a video capture unit, which allows recording of both still
images and video for archival purposes. The laboratory is
equipped with the following instruments: binocular lenses
(visual magnification 3.5x), 420 mm; 0° and 30° rod lens
endoscope (Storz, Tuttlingen, Germany); neuronavigation
(Medtronic StealthStation Treon Plus); high-speed drill
(Storz); vacuum aspirator (Super Vega Battery); digital cam-
era (EOS 7D telescopic lens image stabilizer ultrasonic
macro 100 mm; Canon, Tokyo, Japan); operating microscope
(Zeiss, Oberkochen, Germany); microsurgical instruments;
and stainless steel headholder.

Cadaver Specimens

With the aim of providing the best possible dissection expe-
rience, two kinds of anatomical specimens are used: fresh
cadavers and injected ‘head and neck’ specimens.

M. Visocchi (ed.), New Trends in Craniovertebral Junction Surgery, Acta Neurochirurgica Supplement, Vol. 125, 13
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Fresh Cadavers

These are cadavers of individuals who have died in non-
traumatic circumstances between 1 and 2 days beforehand
and for which a diagnostic examination is needed, with a
specific interest in the neck area. Special authorization has
already been obtained from the ethics committee (protocol
no. P663/EC/2010, approved on 28 July 2010; subsequent
amendment no. P437/CE/2012, approved on 2 May 2012).
The surgical approaches (all targeting the CVJ region) that
are performed on the fresh cadavers are the anterolateral
(extreme lateral) approach, transcervical retropharyngeal
approach, and transoral or transnasal approaches.

Injected ‘Head and Neck’ Specimens

Fresh-frozen specimens have been purchased from private
companies, but, to reduce the costs involved in the necessary
specimen preparation, we have directly performed all of the
processing—including the phases of thawing, irrigation, fix-
ation, perfusion and storage—according to a protocol devel-
oped at our research centre. The thawing solution and the
phases of preparation of the specimen are summarized in
Table 1 and in Figs. 1 and 2.

Thawing (72 hrs at 0—4 °c)

Y

Vessels cannulation

Y

Irrigation

Y

Indirect evaluation of vascular system

Y

Fixation (4% formaldehyde for 6 days)

Y

Perfusion (250 mL of low viscosity, rapid catalysis
silicon injected in 20-30 mins)

Fig. 1 Phases of preparation of anatomical specimens

Thawing

CT without contrast medium

Fixation

CT with contrast medium

Perfusion

Fig.2 Timing of execution of computed tomography (CT) scan of ana-
tomical specimens

The purchased specimens have been serologically tested and
certified for human immunodeficiency virus (HIV)-1, HIV-2,
hepatitis B and hepatitis C; death certificates and informed
consent from the donors’ families have previously been
obtained in accordance with the Uniform Anatomical Gift
Act and in compliance with all national and international
laws governing the recovery and distribution of anatomical
specimens.

We perfuse the vascular system with coloured silicone
solutions: blue-coloured for the venous system and red-
coloured for the arterial system. Before being perfused,
the formalin-fixed specimens undergo a high-definition
CT scan with Iomeprol (Iomeron®) 375 mg/mL—a mono-
meric contrast medium iodinated, diluted at a ratio of 3:1
and injected at an approximate rate of 1 mL/s. The imag-
ing data (saved in DICOM [Digital Imaging and
Communications in Medicine] format) are stored on com-
pact disc (CD) and imported into the neuronavigation
workstation (Medtronic Treon) to perform three-dimen-
sional reconstructions.

Then—with the aid of neuronavigation, the visual magni-
fication of 3.5x offered by the binocular lenses, the micro-
scope and the endoscope—posterior and posterolateral
approaches to the CVJ, as well as other keyhole approaches,
are performed.
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Discussion

Although they were probably introduced for cultural and
religious reasons, embalming techniques have ultimately
been shown to have huge scientific and educational value.
Embalming prevents putrefaction of corpses, and dissec-
tion can be done in a methodical way and shown to other
people. In our studies the use of a solution of formalde-
hyde, ethanol and glycerol for thawing preparations and for
conservation after fixation, together with a low concentra-
tion of formaldehyde (4%), results in an optimal state of
preservation and hydration of the specimens. The injection
of silicone solutions with low viscosity and quick harden-
ing allows optimal vascular perfusion, extending also to the
microcirculation.

Anatomical dissections have always provided a useful
tool for neurosurgeons to enhance their anatomical knowl-
edge and microsurgical skills [1-3].

The addition of a surgical skills laboratory can augment
the surgical training experience, as trainees are able to gain
better understanding of surgical anatomy and approaches
without the constraints of the operating room atmosphere.
Moreover, by exploiting adjunctive image guidance systems
such as the endoscope and neuronavigation, which are now
consolidated instruments of the neurosurgical armamentar-
ium, the quality and learning outcomes of anatomical dissec-
tion can be enormously enhanced. Different points of view
provided by the microscope and the endoscope can help in
acquiring better spatial orientation, especially in a deep and
curvilinear space such as the CVJ [4].

In addition, neuronavigation can provide real-time posi-
tional information, which allows precise localization, thus
dramatically improving the reliability of the approach [5].
An essential condition for neuronavigation is execution of a
high-quality CT scan of the anatomical preparations; for the
sake of better identification of vascular structures—that is,
preliminary to the execution of the surgical approach—we
perform a study with contrast medium by injecting a mixture
of water and iodized water-soluble monomeric low-viscosity
contrast medium, with satisfactory impregnation not only of
the vascular tree but also of the subarachnoid cisterns. Few
studies have reported the use of contrast medium for cerebral
anatomical preparations, and in many cases they have used
solutions—generally with high viscosity—that were detri-

mental for the impregnated preparation, which was thus
eventually no longer available for anatomical dissection [6].
This event has not occurred in our experience.

Conclusions

Our studies confirm the paramount importance of anatomical
dissections in the training of residents and young neurosur-
geons, with particular reference to complex spinal surgery at
the craniovertebral junction level because of its inherent ana-
tomical complexity.

Further studies are needed to develop an optimal impreg-
nation contrastographic protocol for the study of cadavers or
anatomical specimens for which a diagnostic examination or
anatomical dissection is planned.
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Abstract Background: The craniovertebral junction (CVJ)
can be affected by a variety of congenital or acquired anoma-
lies. Because of its complexity, a careful evaluation of bones
and ligamentous structures in all three planes is required.
This can be achieved by studying the CVJ in terms of several
anatomical and radiological lines that have been visualized
to facilitate understanding of its surgical anatomy. In this
study we aimed to review the state-of-the art craniometric
CVI lines and approaches.

Methods: In December 2016 a PubMed search was per-
formed, including the search terms ‘CVJ surgical approach/
line’, ‘cervical approach’, ‘craniometric measurement’,
‘CV] anatomy’ and ‘ventral/dorsal/far-lateral approach’.
Anatomical and radiological lines and angles evaluated on
traditional radiography, computed tomography (CT) scan-
ning or magnetic resonance imaging (MRI) in the axial/sag-
ittal/coronal views were included and described.

Results: Several measurements and radiological land-
marks were included to evaluate the anatomy of the
CVI. They were fully described and categorized on the basis
of the anatomical plan and the surgical or diagnostic purpose
they are used for.

Conclusion: Among the numerous radiological measure-
ments described, it has been shown that McRae’s line,
Chamberlain’s line, McGregor’s line, the Redlund-Johnell
method and Ranawat’s line are the most widely used and
reliable ones for evaluating skull base craniometry. Secondly,
the hard palate line (HPL), nasoaxial line (NAxL) and pala-
tine—inferior dental arch line (PTA) are used to preoperatively
assess the ventral endonasal or transoral surgical approaches.
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Thirdly, the C7 slope has been demonstrated as a reliable
predictor of occipitocervical and spinopelvic alignment in
CV]J fusion.
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Introduction

The craniovertebral junction (CVIJ) defines a complex ana-
tomical area where the occiput, atlas and axis interrelate with
each other. This area contains neural and vascular structures
and gives motion to the skull and the upper segment of the
spine [1, 2]. Its unique range of motion is ascribed to the
articulation between segments and their anatomical proper-
ties. At the atlanto-occipital joint (CO—C1), the atlas joins the
occiput through the occipital condyles and surrounds the
foramen magnum. At the atlantoaxial junction (C1-C2), the
atlas, lacking a vertebral body, joins the odontoid process of
the axis. Thus articulated by the CVJ, the cervical spine
range of motion consists of 33—47° in flexion/extension, 90°
in rotation and up to 12.2° in lateral bending [1].

The CVJ can be affected by a variety of congenital or
acquired anomalies that result in its instability; given its
involvement in wide angles of neck movement, those condi-
tions pose a challenging problem [3]. Among these anoma-
lies, congenital bone malformations, intradural and extradural
tumours, inflammatory diseases such as rheumatoid arthritis
or ankylosing spondylitis, and traumatic injuries still repre-
sent a surgical challenge because of their high mortality and
morbidity [4-6]. Since the onset of neurological symptoms
related to the cervical spinal cord, brainstem, cerebellum,
cervical nerve roots, lower cranial nerves, and vasculature
represents a poor prognostic factor for those conditions,
early surgery is advocated to safeguard the vital structures
housed in the CV]J [7].
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Because of its complexity, the surgical anatomy of the
CVIJ and the skull base has attracted increasing interest in
order to gain better access to lesions affecting this region [8].
For this reason, careful evaluation of bones and ligamentous
structures in all three planes is required, through use of con-
ventional radiography of the skull and upper cervical spine,
and through computed tomography (CT) and magnetic reso-
nance imaging (MRI). On the basis of imaging it is possible
to measure several craniometrical indexes to estimate the
best surgical approach [9].

Over the decades, several surgical routes and
approaches have been proposed in order to gain functional
and safe exposition of the CVJ. They can be divided into
ventral approaches (transoral, transnasal, transmaxil-
lary, transpalatal, transmandibular and extended open-
door maxillotomy), the endoscopic endonasal skull base
approach, the endoscopic endonasal transclival transo-
dontoid approach [10], the far/extreme lateral approach
(paracondylar, transcondylar) [8] and the dorsal approach
(midline and dorsolateral) [11].

To diagnose and classify CVJ anomalies, to assess the
severity of disease, to verify the feasibility of surgical
approaches and to evaluate new routes for newer and more
sophisticated surgical devices, several anatomical and radio-
logical lines have been visualized and compared to facilitate
understanding of CVJ surgical anatomy. In this study we
aimed to review the state-of-the art craniometrical CVJ lines
evaluated in surgical, anatomical and radiological studies.

Materials and Methods

The aim of this review was to identify and describe the most
widely used and reliable radiological and surgical lines and
angles for analysing CVJ anatomy. It was intended to pro-
vide a synoptic view of the craniometric landmarks and mea-
surements that can be evaluated on conventional radiography,
CT scanning and MRI, and on the surgical field, in order to
provide an up-to-date diagnostic instrument for preoperative
assessment in CVJ surgery.

In December 2016 a PubMed (http://ncbi.nlm.nih.gov/
pubmed) search was performed, including the search terms
‘CVIJ surgical approach/line’, ‘cervical approach’, ‘cranio-
metric measurement’, ‘CVJ anatomy’ and ‘ventral/dorsal/
far-lateral approach’. Cadaver studies, radiological retro-
spective studies and reviews were included. The criteria for
exclusion were papers in which only surgical procedures or
anatomical dissection were described without mentioning
lines and landmarks, papers in which no anatomical line or
craniometric landmarks were described, and papers not pub-
lished in English. For papers that were considered potentially
eligible, the full-text versions were sought. When the full-

text versions had been obtained, the papers were further
investigated for eligibility: only anatomical and radiological
lines and angles evaluated on traditional radiography, CT
scanning or MRI in the axial/sagittal/coronal views were
included and described.

Results

A wide variety of anatomical landmarks and radiological
lines were found. The most clinically useful and frequently
employed ones in radiological and neurosurgical practice are
discussed below.

Assessment of Craniovertebral Junction
Anatomy and Surgical Approaches

Sagittal Plane

McRae’s Line

This is a line drawn across the foramen magnum from the tip
of the anterior margin (basion) to the tip of the posterior mar-
gin (opisthion), and it determines the anteroposterior dimen-
sion of the foramen magnum [7, 9, 12-15].

Chamberlain’s Line

This is a line drawn from the posterior edge of the hard pal-
ate to the posterior border of the foramen magnum (opis-
thion). Usually the odontoid process is located +3 mm
around this line. When it extends more than 6 mm above
Chamberlain’s line, this signifies basilar invagination [2, 7,
9,12, 14, 15].

McGregor’s Line

This is a line drawn from the posterior pole of the hard palate
to the lowest point of the occipital curve on the midline. This
makes it easier to identify on a standard lateral radiograph
than Chamberlain’s line. The mean distance between
McGregor’s line and the odontoid tip is 1.45 mm in males
and 0.44 mm in females; a distance greater than 4.5 mm sig-
nifies a diagnosis of basilar impression [2, 7, 12, 14, 15].

Ranawat’s Line

This is a perpendicular line drawn from the centre of the C2
sclerotic ring (representing the radiographic projection of the
pedicles) to the transverse axis of the atlas, measured along
the axis of the odontoid process on conventional radiographs.
The mean length is 17 mm in males and 15 mm in females.
The midpoint of the C2 base is used as a landmark on CT
scanning since the C2 sclerotic ring is not applicable (the
modified Ranawat’s line) [7, 14, 15].
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Modified Ranawat’s Line

This is a perpendicular line between the midpoint of the base
of the C2 end plate and the transverse axis of the atlas, drawn
from the centre of the anterior arch to the centre of the poste-
rior arch of C1 [7, 14].

Wackenheim’s Clivus Base Line

This is a line drawn along the clivus and extending inferiorly
into the upper cervical canal. It should be tangential to the
posterior aspect of the tip of the odontoid process. When it
intersects with the body of the odontoid process, this signi-
fies anterior cervical dislocation [2, 7, 9].

Redlund-Johnell Method
This method measures the minimum distance between the

midpoint of the base of the C2 end plate and McGregor’s line
[7, 14].

Odontoid Length
This is the distance from the midpoint of the base of the C2
end plate to the odontoid tip [7].

Clivus—Canal Angle

The clivus—canal angle (CCA) is the angle formed by
Wackenheim’s line and a line drawn along the posterior sur-
face of the odontoid process and the inferodorsal portion of
the C2 body. This angle ranges from 150° in flexion to 180°
in extension. If this angle is less than 150°, ventral spinal
cord compression may occur [2, 9, 16].

Occipitocervical Angle

This is an angle measured at the intersection of a line drawn
along the inferior end plate of C2 and the occiput line, or
alternatively using Chamberlain’s line, McRae’s line or
McGregor’s line. It has been shown that the occipitocervical
angle is most reliably reproduced when McGregor’s line is
used [17].

Effective Canal Diameter

The effective canal diameter (ECD) is the distance from the
posterior surface of the odontoid process to the nearest pos-
terior bony structure (the foramen magnum or the posterior
arch of the atlas). The ECD is measured on CVJ CT scans in
a neutral view and represents the space occupied by the buf-
fer space (which permits neck movements without compro-
mising neural structures) and the cord itself [18].

Welcher’s Basal Angle

This is the angle formed at the intersection between the
nasion—tuberculum line and the tuberculum—basion line. On
average it measures about 132° and should be not more than
140°. A wider angle results from abnormal skull base flatten-
ing [2, 16].

Clivodens Angle

This is the angle formed by the intersection of a line drawn
along the long axis of the clivus and one drawn along the long
axis of the odontoid process on a midsagittal reconstructed
CT scan. Its mean value is 135.8°, and a diagnosis of basilar
invagination is suggested by an angle less than 125° [19].

Atlantodental Interval

The atlantodental interval (ADI) is the distance between the
posterior border of the anterior arch of the atlas and the anterior
border of the odontoid process, measured on a midline recon-
structed CT scan [16]. An ADI greater than 3 mm in adults and
5 mm in children is diagnostic of atlantoaxial dislocation [9].

Posterior Atlantodental Interval
The posterior atlantodental interval (PADI) is the distance
between the posterior border of the odontoid process and the
anterior border of the posterior arch of the atlas. On average
it is greater than 13 mm; a measure shorter than 13 mm is
suggestive of canal narrowing [9].

Grabb-Oakes Method

This measures the distance from a line perpendicularly
drawn from the most posterior region of the dura mater cov-
ering the odontoid process to a line drawn between the infe-
rior surface of the basion and the posteroinferior aspect of
the C2 vertebral body. It is used to measure ventral cervico-
medullary encroachment by the odontoid process [16].

Transcondylar Angle

This is the angle measured between a reference line, drawn
tangentially to the posterior aspect of the occipital condyle
and to the posterior rim of the foramen magnum, and a line
drawn from the medial edge of the nearest two-thirds con-
dyle after theoretical drilling to the farthest point on the cli-
vus, intersecting with the reference line [8].

Boogard'’s Angle
This is the angle measured between a line drawn from the
dorsum sellae to the basion and McRae’s line [20].

Coronal Plane

Atlanto-occipital Joint Axis Angle

This is the angle formed between lines drawn parallel to the
atlanto-occipital joints, which usually intersect at the centre
of the odontoid process when the condyles are symmetrical.
On average it ranges from 124° to 127°, and it is wider in
cases of occipital condyle hypoplasia [2].

Axial Plane

Paracondylar Angle

This is the angle measured between a reference line, drawn
tangentially to the posterior aspect of the occipital condyle
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and to the posterior rim of foramen magnum, and a line
drawn from the posterior edge of the occipital condyle inter-
secting with the reference line [8].

Assessment of the Ventral Craniovertebral
Junction Approach

Coronal Plane

Hard Palate (Palatine) Line

The hard palate (palatine) line (HPL) is a line drawn along
the plane of the hard palate toward the craniovertebral junc-
tion on a sagittal CT image. It is used to determine the feasi-
bility of the endonasal approach if a lesion lies above or
under this line [10, 21].

Nasopalatine (Kassam’s) Line

The nasopalatine (Kassam’s) line (NPL) is a line drawn from
the most inferior point on the nasal bone (rhinion) toward the
posterior edge of the hard palate, extending to the craniover-
tebral junction, on the midsagittal radiological plane. It is
used to assess the maximal inferior extension of dissection
[10, 21-23].

Nasopalatine Angle

This is the angle created between the NPL and the plane of
the hard palate (HPL), which defines the surgical exposure to
the CV]J through the endonasal approach [22].

Nasoaxial Line

The nasoaxial line (NAxL) is a line drawn from the mid-
point between the rhinion and the anterior nasal spine of the
maxillarybone, running through the posterior edge of the-
hard palate to the C2 vertebral body [10, 21, 23]. It has
been shown that the NAxXL more accurately predicts the
lowest limit of the endoscopic endonasal approach to the
CVIJ [24].

Mandibulopalatine Line/Palatine Inferior Dental Arch
The mandibulopalatine line/palatine inferior dental arch
line (PIA) is a line drawn from the inferior dental arch to
the posterior aspect of the hard palate, measured on a lat-
erolateral conventional radiograph with a wide-open
mouth [10].

Rhinopalatine Line
This is a line drawn from the point that corresponds to two
thirds of the distance between the rhinion and the anterior
nasal spine of the maxillary bone, to the posterior nasal spine
of the palatine bone and then extends posteriorly and inferi-
orly to the CVJ [21].

Atlantosuperior Dental Arch Line

The atlantosuperior dental arch line (ASA) is a line drawn
between the superior dental arch and the anterior base of the
atlas on a laterolateral conventional radiograph with a wide-
open mouth [10].

Superior Nostril Hard Palatine Line

This is a line drawn from the inferior edge of the nostril
toward the posterior edge of the hard palate, extending to the
craniovertebral junction, on the midsagittal radiological
plane. Actually, it seems that this line is not a reliable predic-
tor for the endoscopic endonasal approach, because it under-
estimates its inferior limit [24].

Coronal Plane

Inter-Eustachian Line

This is a line drawn between the Eustachian tubes, which
corresponds to the atlantoaxial (C1-C2) joint. This line and
the middle turbinates, on the aspect of the nasopharynx, rep-
resent surgical landmarks of the CVJ [23].

Assessment of Occipitocervical Alignment

Sagittal Plane

C2-C7 Cobb’s Angle

This is an angle measured at the intersection of a line parallel
to the C2 inferior end plate and a line parallel to the C7 infe-
rior end plate [25].

C2-C7 Harrison’s Angle

This is an angle measured at the intersection of a line drawn
parallel to the C2 posterior border and a line drawn parallel
to the C7 posterior border [25].

C7 Slope

This is the angle measured at the intersection between a line
parallel to the superior end plate of C7 and a horizontal refer-
ence line measured on a midsagittal CT scan or laterolateral
conventional radiograph. It has been proposed as a novel
parameter for the assessment of spinopelvic alignment, since
it is correlated with cervical alignment, the occipitocervical
angle and the spinal slope [25].

C1-C2 Angle

This is the angle measured between a line drawn parallel to
the inferior aspect of C1 and a line drawn below the inferior
end plate of C2 [25].

Cervical Lordosis
This is the angle measured between a line drawn from the
most inferodorsal to the most superodorsal part of C2 (the tip
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of the odontoid process) and a line drawn along the posterior
aspect of the C7 vertebral body [20].

Discussion

The CVIJ is a complex anatomical structure, which can be
involved in several primary malformations and acquired
pathological alterations. Thus far, numerous measurements
and craniometric landmarks have been proposed to assess
the functional state of the CV]J, to plan the best surgical strat-
egy and to follow up its anatomy after the procedure [15].
The former measurements, such as Chamberlain’s,
McGregor’s and McRae’s lines [12], used to be evaluated on
plain conventional radiographs for the pathological first
assessment and diagnostic purposes [15]. However, conven-
tional laterolateral radiography makes it difficult to identify
bony landmarks and to accurately evaluate CVJ] measure-
ments because of the low imaging resolution and the super-
imposition of several structures [7]. Therefore, multislice CT
scanning and MRI have been tested for the assessment of
CVIJ anatomy and used instead of conventional radiography
because of their superior resolution and three-dimensional
views [12]. Using these techniques, the accuracy of the for-
mer radiological lines has been re-evaluated and new ones
have been studied for both surgical and diagnostic purposes
[7,12].

In recent years, different studies using CT scanning and
MRI have confirmed the surgical reliability of McRae’s,
Chamberlain’s, McGregor’s and Ranawat’s lines, which
have been demonstrated to be the most sensible and widely
used ones in diagnosing CVJ anomalies and basilar impres-
sion [15]. The availability of CT and MRI allows better
delineation of CVJ anatomy and better diagnosis of occipito-
cervical diseases, providing more detailed imaging of soft
tissues and bony details [12]. In a cross-sectional imaging
study by Kwong et al., McRae’s line was demonstrated to be
the most concordant one on both radiographic and CT mea-
surements, although the identification of its landmarks seems
difficult on plain radiographs [7]. However, McRae’s line
has been confirmed as the easiest measurement to use for
assessing basilar invagination according to the distance of
the odontoid tip (mean value 5.8 = 1.6 mm) [7]. On the other
hand, McGregor’s and Chamberlain’s lines (with mean val-
ues of the extension of the odontoid tip of 1.6 + 2.8 mm and
2.3 + 2.6 mm, respectively), which have mostly been used on
plain radiographs, seem to be less reliable on CT scanning
and MRI because of the frequent exclusion of the hard palate
in the field of view [7]. Also, the Redlund-Johnell method
(mean value 37.5 = 4.0 mm) and the modified Rawanat’s line
(mean value 29.7 + 2.6 mm) have found wide agreement on
CT scanning with respect to the plain radiographic counter-

part [7]. It has been demonstrated that some differences exist
between CT measurement and radiographic measurement of
Chamberlain’s and McGregor’s lines [7]. Moreover, McRae’s
and Ranawat’s lines appear to be more reliable and easier to
measure, for these reasons they should be preferred [15].

With regard to CVJ surgery, several anterior approaches
have been proposed to expose the cranial base and the upper
cervical spine [26, 27]. The ventral approach has been mostly
carried out through the transoral route and has been improved
in recent years by use of transnasal routes. The high risks of
surgical complications and morbidity related to microsurgi-
cal ventral approaches have recently been overcome by the
use of the endoscopic endonasal approach (EEA) and the
transoral approach (TOA) to the skull base [10, 23]. The
EEA provides wide access to the midline clivus and the CV]J,
but entails the necessity of using surgical instrumentation
with a precise range of motion in a confined space. In the
preoperative assessment, the feasibility of the endonasal
approach instead of the TOA can be determined by evalua-
tion of the level of the lesion in regard to the HPL [10, 21].
Evaluation of the extension of the dissection in ventral endo-
scopic surgery can be performed on plain radiographs by
open-mouth evaluation of the NAxL and PIA. While the
NPL overestimates the caudal exposure of the CVJ and the
superior nostril-hard palate line (HPL) underestimates it
[24], it has been shown that the NAXL is a reliable predictor
of the maximal caudal extension of the endonasal approach
[23, 27]. In preoperative assessment of ventral CVJ surgery,
the PIA reliably marks the cranial extension of the TOA [23].

With regard to CVJ stabilization and occipitocervical and
spinopelvic interdependence, Matsunaga et al. reported a
higher incidence of subaxial cervical malalignment in the
case of occipitocervical fusion in an abnormal position [28].
On the basis of this evidence, a study by Nuifiez-Pereira et al.
aimed to evaluate the range of compensatory mechanisms
for successful occipitocervical fusion [25]. To identify these
compensatory mechanisms and assess a reliable measure-
ment to evaluate appropriate cervical alignment, several
parameters were verified. Among these, the C7 slope was
demonstrated to be a reliable and useful indicator of cervical
alignment and sagittal thoracolumbar balance, since it was
shown that it correlates with the CO-C2 angle, C2—C7 angle,
spinal slope and C7 sagittal vertical axis, and acts as a link
between the cervical and thoracolumbar spine [25].

Even if some of the relevant studies present several limi-
tations, such as the lack of a standardized neck position [7],
within the wide variety of radiological measurements and
surgical landmarks, some of them deserve to be pointed out.
In fact, Chamberlain’s, McGregor’s and McRae’s lines, the
Redlund-Johnell method, Ranawat’s line on plain radio-
graphs and the modified Ranawat’s line on CT scans still rep-
resent the most widely used radiological measurements in
the assessment of skull base craniometry and CV]J diseases,
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whereas in the microsurgical or endoscopic ventral approach,
the preoperative plan can be easily evaluated on plain radio-
graphs of the skull and cervical spine using the HPL, NAXL
line and surgical PIA as state-of-the-art ventral CVJ
landmarks.

Conclusion

The craniovertebral junction (CVJ) is a complex anatomical
area whose structures are involved in a wide angle of neck
movement. It can be affected by several congenital or
acquired anomalies that bring about CVJ instability. Thus,
several approaches have been proposed to gain functional
and safe exposition of the CVJ, and anatomical and radio-
logical lines have been studied. Among these, McRae’s line,
Chamberlain’s line, McGregor’s line, the Redlund-Johnell
method, Ranawat’s line and the modified Ranawat’s line are
the most reliable ones for diagnosis of basilar invagination.
Secondly, in the ventral approach to the CVJ, the hard plate
line allows us to determine the feasibility of the endonasal or
transoral approaches, while the nasoaxial line is used to pre-
dict the maximal caudal extension on the endonasal approach
and the surgical palatine inferior dental arch line marks the
cranial extension of the transoral approach. Thirdly, in occip-
itocervical fixation and in cervical spine surgery, the C7
slope can be easily evaluated and is a reliable predictor of
occipitocervical and spinopelvic alignment, and of thoraco-
lumbar sagittal balance.
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Abstract Introduction: Surgical anterior decompression is
the treatment of choice for symptomatic irreducible ventral
craniovertebral junction (CVJ) compression. Along with the
classic transoral approach, the endoscopic endonasal
approach has evolved and is gaining growing success.

Materials and Methods: In this work we discuss the
surgical technique, give a complete step-by-step descrip-
tion of dissection of the craniovertebral junction and report
a specific case of endoscopic endonasal odontoidectomy
with use of a high-definition (HD) three-dimensional (3D)
endoscope.

Discussion: The extended endonasal approach exploits an
anatomical corridor to the odontoid process, involving only a
small incision in the nasopharynx and sparing palate integ-
rity. The most important limitation of the technique is 2D
visualization, which hinders correct recognition of anatomi-
cal structures.

Conclusion: The endoscopic endonasal route to the odon-
toid process has proven to be a feasible, safe and well-
tolerated procedure. Anatomical study is very important for
better understanding of the 3D anatomy of the CVJ and rela-
tion of critical neurovascular structures to specific bony and
muscular landmarks.

Keywords Odontoidectomy Endoscopic Endonasal
approach - CV]J stability - Anatomical study

P. Pacca (0X<)
Division of Neurosurgery, Department of Neurosciences,
University of Turin, Turin, Italy

SC Neurochirurgia U, Presidio Molinette Dipartimento di
Neuroscienze e Salute Mentale, Citta della Salute e della Scienza,
Turin, Italy

V. Tardivo - D. Garbossa - A. Ducati - F. Zenga
Division of Neurosurgery, Department of Neurosciences,
University of Turin, Turin, Italy

G. Pecorari
Ist ENT Division, Department of Surgical Sciences, University of
Turin, Turin, Italy

Introduction

The craniovertebral junction (CVJ) is a complex transition
area between the skull and the upper cervical spine, and it
provides stability and motion [1-3]. Biomechanical studies
have confirmed that the majority of spine flexion, extension
and rotation occur at this level [4-6]. Moreover, vital neuro-
logical and vascular structures are housed in the CVJ. Different
pathologies may affect the CVJ, leading to impairment/limi-
tation of its physiological function with loss of mobility and
eventually compression of neurovascular structures. Prompt
surgical intervention is required when these disorders cause
symptomatic high spinal cord or brainstem compression.
Focusing on the pathology of the odontoid process, if such
disorders are not treated, they may cause ventral brainstem
and spinal cord compression with subsequent neurological
deficits. In addition, if the ligaments are disrupted (especially
the transverse ligament), instability and subassial atlo-occipi-
tal dislocation may occur. Rheumatoid arthritis, metastasis
and congenital deformities represent the most frequent disor-
ders involving the CVJ and the odontoid process [7]. In cases
of irreducible ventral compression at the CVJ, anterior
approaches offer direct access to the lesion without the need
for neural tissue retraction, with a consequently low rate of
lower cranial nerve injury [8]. Along with the classic transoral
approach, the endoscopic endonasal approach has evolved
and is gaining growing success. The latter, in fact, has been
shown to be safe and effective, avoiding the need for tongue
retraction, upper airway swelling, and the need for palate
splitting [9]. The surgical field has anatomical limits dictated
by the osseous structures of the region (the nasal and palatine
bones), which form two lines: the Kassam line and the naso-
axial line, which define a triangle-shaped surgical corridor
[10]. The most important limitation of the technique is two-
dimensional (2D) visualization, which hinders correct recog-
nition of anatomical structures. The high-definition (HD) 3D
endoscope is a new instrument that overcomes this problem,
thus giving the transnasal approach enormous and growing
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importance in surgery in this region [11, 12]. This paper dis-
cusses our experience with the extended endoscopic endona-
sal approach (EEA) to the craniovertebral junction, using a
specific case to provide a complete step-by-step description
of the surgical technique used for the dissection, and dis-
cusses the advantages and limitations of this approach.

Dissection

Access to the foramen magnum and the CVJ requires a low
trajectory in comparison with sellar approaches [13]. The
posterior nasal septum, inferior sphenoid wall and vomer
are removed so the rhinopharyngeal part of the clivus can
be reached [14]. The inferior third of the clivus is drilled
away to improve the exposure of anterior CVJ. The lateral

limits of the exposure are determined by the carotid protu-
berance, foramen lacerum, vidian canal and Eustachian
tube. The nasopharyngeal mucosa is removed, widely
exposing the underlying basipharyngeal fascia and the
median raphe covering the prevertebral muscles (Fig. 1).
Two muscles cover this area anterior to the foramen mag-
num and extend from the clivus downward: the longus
capitis and rectus capitis anterior (RCpA). The longus capi-
tis is removed and has multiple bellies (Fig. 1). The atlanto-
occipital membrane (AOM) is a broad fibrous structure,
which extends from the anterior edge of the foramen mag-
num to the superior edge of the anterior arch of the atlas
(Fig. 2). The median raphe is a band of connective tissue,
which is attached to the clivus and continues as the anterior
longitudinal ligament (Fig. 2). It is necessary to remove the
AOM and the anterior median raphe to expose the foramen
magnum and the anterior arch of C1 (Fig. 3). The alar and

Fig. 1 Stepwise endoscopic approach to the foramen magnum and cra-
niovertebral junction. (a) View of the mucosa of the rhinopharynx (green
arrow) with the Eustachian tubes (ET) and the fossa of Rosenmiiller (RF)
as the lateral limits of this exposure. (b) Floor of the nasal cavity (blue
arrow). The nasopharyngeal mucosa has been removed, exposing the
basipharyngeal fascia overlying the longus capitis muscle (red arrow) and

the median raphe attached to the pharyngeal tubercle on the midline (AL).
(¢) The longus capitis muscle (red arrow) can be seen after removal of the
fascia. It is attached laterally to the pharyngeal tubercle along the superior
clival line. (d) The longus capitis muscle has multiple bellies and is
attached in layers to the clivus, as can be seen after partial removal from
the right side (purple arrow). (AM) anterior atlantooccipital membrane
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Fig.2 Stepwise endoscopic approach to the foramen magnum and the
craniovertebral junction. (a) Both sides of the longus capitis are
removed, exposing the median raphe part of the anterior longitudinal
ligament (AL) attached to the pharyngeal tubercle and laterally forming
a thick, broad membrane called the anterior atlanto-occipital membrane
(AM). (b) Both the longus capitis and the anterior atlanto-occipital
membrane have been removed, exposing the anterior longitudinal liga-
ment on the midline (AL) and the atlanto-occipital joint. The rectus
capitis anterior muscle can be seen laterally attached along the clivus
from the inferior clival line to the foramen magnum (purple arrow).

apical ligaments are located within the space between the
foramen magnum and the anterior arch of C1. To view the
odontoid process and the ligaments it is necessary to partly
remove the anterior arch of C1 (Fig. 3). The atlas has two
lateral masses: an anterior arch with a midline anterior
tubercle, and a posterior surface (Fig. 3). The alar liga-
ments are fibrous bands arising from the lateral surface of
the odontoid process and ascending toward the alar tubercle
on the medial side of the occipital condyles (Fig. 3). The
apical ligament of the odontoid process has a cartilaginous
base arising from the apex of the dens and coming up to the
anterior edge of the foramen magnum. The posterior sur-
face of the dens also has a posterior facet, which articulates

(¢) Extended endonasal approach to the clivus (CV); the sphenoid stage
of dissection has been completed. On the right side, the infratemporal
fossa has been dissected, showing the path of the Eustachian tube and
the branches of the mandibular nerve in depth (V3). (d) The anterior
longitudinal ligament and rectus capitis anterior have also been removed
here, exposing the foramen magnum and the arch of C1 with both
atlanto-occipital joints (white arrow). The gap between the C1 arch and
the foramen magnum is filled with dense connective tissue, which also
encloses the apical and alar ligaments attached to the dens of C2. The
pharyngeal tubercle can be seen here (red arrow)

with the cartilaginous facet on the anterior surface of the
cruciform ligament (Fig. 4). The anterior cortical surface
and the core of the dens are drilled, leaving only a thin shell
of bone, which can be removed with rongeurs. Removal of
the dens exposes a thick, strong, white band called the
transverse ligament, which arches posteriorly the dens and
holds it in position. It extends from the tubercles on the
medial side of the lateral mass of the atlas (Fig. 4). The
transverse ligament is the horizontal part of the cruciform
ligament, which has two upper and lower vertical bands.
The tectorial membrane, a broad fibrous band that spans the
area between the medial edges of the occipital condyles, is
a rostral extension of the posterior longitudinal ligament,
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Fig.3 Stepwise endoscopic approach to the foramen magnum and cra-
niovertebral junction. (a) The foramen magnum after removal of the
anterior longitudinal ligament and the anterior atlanto-occipital mem-
brane. The supracondylar groove can be identified laterally with the
rectus capitis anterior muscle (red arrow). (b, ¢) The clivus after
removal of the muscles, showing the superior and inferior clival lines
(red arrow). The inferior clival line corresponds to the supracondylar

which attaches to the axis inferiorly and the clivus superi-
orly (Fig. 4). It is separated from the dura by the epidural
venous plexus. Once the dura is opened, the junction of the
spinal canal with the medulla, which is defined as being at
the level of the origin of the C1 ventral root, is exposed.

Case lllustration

The patient was a 71-year-old woman affected by an odon-
toid lesion. Because of radiological evidence of C1 myelopa-
thy associated with both lower and upper limb weakness, she
had undergone posterior C1-C2 laminectomy in November
2010 at another hospital.

groove laterally. The anterior arch of Cl1 is partly removed (white
arrow), exposing the odontoid process (OP). (d) The alar ligaments
(AR), which are thick fibrous bands that attach to the posterolateral
roughened surface of the odontoid process and ascend obliquely and
laterally to attach the alar tubercles located on the medial side of the
occipital condyles. Odontoidectomy begins with drilling of the central
core, as seen here

After some months of disease stability she experienced
worsening of limb weakness, with development of spastic
paraparesis and gait impairment. Her reflexes were overreac-
tive. She also complained of paraesthesia. Brain—cervical
spine magnetic resonance imaging (MRI) (Fig. 5a, b) and
computed tomography (CT) scanning (Fig. 6a, b) were per-
formed. The radiological exams showed worsening of
myelopathy without lesion growth.

Therefore, the patient underwent endoscopic endonasal
odontoidectomy. The surgical procedure was uneventful, and
postoperative CT scanning confirmed the success of the pro-
cedure. After 1 week a posterior CO—C2 arthrodesis was per-
formed with an occipital plate and a C2 transcortical screw.
Another cervical spine CT scan was performed to check for
correct screw positioning.
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Fig.4 Stepwise endoscopic approach to the foramen magnum and cra-
niovertebral junction. (a) The alar ligaments (AR), which are thick
fibrous bands that attach to the posterolateral roughened surface of the
odontoid process and ascend obliquely and laterally to attach the alar
tubercles located on the medial side of the occipital condyles (OC).
Odontoidectomy begins with drilling of the central core, as seen here
(OP). (b, ¢) Once the dens is removed, the transverse ligament (blue
star) can be seen extending between the transverse tubercles on the

The hospital stay was uneventful, and the patient was dis-
charged after the second surgery. The histological diagnosis was
an odontoid G2 chondrosarcoma. An intensive rehabilitation
programme was useful to help the patient to reduce her gait
impairment. MRI (Fig. 5¢c, d) and CT scans (Fig. 6c, d) were per-
formed postoperatively, showing complete decompression of the
dura. After 6 months a large area of arthrodesis was evident.

Surgical Technique

The procedure was performed with the assistance of neuro-
physiological monitoring. Somatosensory and motor-evoked
potential data were collected for the patient. The surgical

medial side of the C1 lateral masses (CC). The tectorial membrane
(green arrow) can be seen extending from the transverse ligament (blue
star) to the foramen magnum. (d) Final image of the extended endona-
sal approach to the clivus (CV) when the sphenoid stage of dissection
has been completed. The right and left infratemporal fossae have been
dissected, showing the path of the Eustachian tube (ET) and the
branches of the mandibular nerve in depth (V3). Complete dissection of
the craniovertebral junction has been performed

team was composed of a neurosurgeon and an ear, nose and
throat surgeon. The surgery was done with a Visionsense III,
3D endoscope (Visionsense Ltd, Petach Tikva, Israel).
Everyone in the surgical theatre wore passive polarized
glasses to obtain a stereoscopic view [15, 16].

The patient was placed in a supine position with the head
fixed in a three-pin head holder (Mayfield Infinity Skull
Clamp; Integra LifeSciences Corporation. We positioned the
head slightly tilted to the left on the coronal plane and
slightly flexed to slide up the dens. All positioning manoeu-
vres were performed under neurophysiological monitoring.
The nasal cavities were prepared preoperatively with 2 mL
of 10% carbocaine (mepivacaine) with adrenaline, which
was applied topically with patties. A binostril 4-hand tech-
nique was used routinely. Once the surgeons entered the
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Fig.5 (a, b) Preoperative magnetic resonance image (MRI) showing a complex craniovertebral junction malformation with a lesion of the odon-
toid process. (¢, d) Postoperative MRI showing good spinal cord decompression
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Fig. 6 (a, b) Preoperative computed tomography (CT) scan showing a complex craniovertebral junction malformation with a lesion of the odon-
toid process. (¢, d) Postoperative CT scan showing good bone decompression

right nostril, the inferior and middle turbinates were dis-
placed laterally to widen the surgical corridor (Figs. 7 and 8).
The inferior margin of the middle turbinate, the nasophar-
ynx, and the Eustachian tubes were the surgical landmarks
that led the surgeons to the craniocervical junction. We usu-
ally do not remove the turbinates to preserve physiological
airflow. The inferior margin of the middle turbinate was then
followed until the nasopharyngeal cavity was entered. To
enable use of both nostrils, the posterior third of the nasal
septum was removed (Fig. 9). The junction between the cli-
vus and the atlas was grossly defined by a line connecting the
Eustachian tubes. The anatomical boundaries of the surgical

field were defined by the floor of the sphenoidal sinus supe-
riorly, the upper part of the oropharynx inferiorly, and the
Eustachian tubes and the fossa of Rosenmiiller laterally. The
neuronavigation system provided significant help for identi-
fication of the anatomy at this point, especially concerning
the vertical tracts of the internal carotid arteries. An inverted
U-shaped flap of nasopharyngeal mucosa and muscular lay-
ers was harvested with the laser (CH fibre laser; Dornier
MedTech, Munich, Germany) (Fig. 9). The Eustachian tubes
had to be considered the most lateral margin of the incision
because they identified the parapharyngeal segment of the
carotid artery. The craniocaudal extension of the flap involved
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Fig. 7 (a, b) In the right nostril, the inferior and middle turbinates are displaced laterally to widen the surgical corridor. (¢, d) Identification and
initial opening of the ostium of the sphenoid sinus

the inferior third of the clivus superiorly and the C2 vertebral
body inferiorly, and the lateral margin of the surgical expo-
sure included the lateral masses of the C1 vertebra.
Skeletonization of the anterior arch of C1 and the odontoid
process was then carried out in a subperiosteal fashion. The
lowest part of the clivus and the C1 anterior arch were then
removed [17].

We checked the correct surgical position with the naviga-
tion system. A 3-mm coarse diamond burr was used to enter
the anterior cortex of the odontoid process (extra-long high-
speed microdrill; The Anspach Effort, Inc., Palm Beach
Gardens, FL, USA). We proceeded with excision of patho-
logical tissue between the odontoid process and the dura of
the pontomedullary junction. An ultrasonic bone curette was
then used to remove the tip of the odontoid process (Sonopet
Omni ultrasonic surgical system; Stryker, Inc., Kalamazoo,
MI, USA). Finally, the residual shell of the odontoid process
could be removed by sectioning of the apical and alar
ligaments, and separation of the process from adhesions to
surrounding tissues [18].

Exposition of the dura anterior to the pontomedullary
junction that was covered by inflammatory tissue. At the end
of the procedure, image guidance was helpful for assessment
of the effectiveness of the decompression. Furthermore, the
integrity and the pulsatility of the dura were checked to rule
out the risk of cerebrospinal fluid (CSF) leakage.

After the procedure, the inverted U-shaped mucosal naso-
pharyngeal flap that had been harvested at the beginning of
the procedure was retrieved to cover the surgical cavity and
fixed with fibrin glue. A Foley catheter was used to hold it in
place for 2 days to promote the healing process. Both nostrils
were packed with nasal swabs.

Discussion

‘Craniovertebral junction’ is a collective term that refers to
the occipital bone, atlas and axis with supporting ligaments
and membranes that provide stability and mobility to this
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Fig.8 (a, b) Opening of the ostium of the sphenoid sinus. (¢, d) Identification of the sphenoid sinus and clivus

critical crossroads of the central nervous system at the brain-
stem transition to the spinal cord. Different surgical
approaches have been described for exposing the CVIJ,
depending on the location of the pathology. If irreducible
ventral compression of the brainstem occurs, an anterior
route is the gold standard for obtaining straightforward
access to the lesion without the need for neural tissue retrac-
tion [19]. The transoral, endonasal and transcervical
approaches represent the three main options for performing
odontoidectomy [4, 5, 8, 20]. The first approach to be
reported was the transoral—transpharyngeal route to the ven-
tral CV], described by Kanavel in 1917 [21]. Despite the
wide surgical exposition (from the clivus to C2-C3) pro-
vided by this approach, it carries the risk of bacterial con-
tamination, prolonged postoperative intubation, nasogastric
tube feeding, tongue swelling and nasopharyngeal incompe-
tence after transoral surgery [22]. The refinement of transs-
phenoidal endoscopic approaches to midline skull base
lesions has led to the introduction of an endonasal route as a
less invasive approach to the CVJ [23-25]. The extended
endonasal approach exploits an anatomical corridor to the

odontoid process, involving only a small incision in the
nasopharynx and sparing palate integrity, without exposure
to saliva and oropharyngeal bacteria, and therefore with a
theoretically lower infectious risk [24, 26]. The endoscopic
approach can provide access to the entire skull base, extend-
ing from the anterior cranial fossa to the body of C2 on the
midline. The lateral exposure is limited here by the Eustachian
tube, medial pterygoid plates and paraclival internal carotid
arteries (ICAs). The muscles of the ventral CVJ are thin and
have an avascular plane on the midline that can be used to
retract them laterally or remove them as a U-shaped flap for
later reconstruction. The anterior tubercle of CI is a useful
midline landmark, which can be confirmed with image guid-
ance. A cadaver study by Baird et al. [27], comparing the
endonasal, transoral and transcervical endoscopic
approaches, showed that the EEA offers a shorter distance to
the surgical target. Moreover, with the endonasal approach,
the trajectory is entirely top down; thus, it is favourable to
achieve better control of the drill and advantageous for
detaching the ligaments while performing clivus and odon-
toid resection [27]. In addition, the endoscope provides supe-
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Fig.9 (a) Rostrum of the sphenoid bone. (b) Clivus and paraclival carotid. (¢, d) Inverted U-shaped flap of nasopharyngeal mucosa and muscular

layers harvested with the laser

rior visualization and a larger optical field than the microscope
does, which has turned out to be particularly advantageous in
this deep surgical field. As highlighted by Ponce-Gémez
et al. [3] in the odontoidectomy setting, the views differ
between the endoscope and the microscope, and in such a
narrow working area, movements are more fluent and faster
with an endoscope. 3D endoscopes, which provide depth
perception, may further improve the precision and safety of
surgical manoeuvres [11, 15].

Maintenance of CV] stability is another major issue to
consider while performing surgical procedures at this level.
Preservation of anterior C1 arch continuity by resection of
only the odontoid process and pathological tissue—when
feasible—reduces the risk of spinal biomechanical instabil-
ity and the need for posterior fusion [9, 15]. One of the
main criticisms of the EEA to the upper cervical spine is
the limited exposure inferiorly. The K line, also known as
the nasopalatine line (NPL), provides a window of caudal
exposure inferior to the horizontal plane of the hard palate.
As De Almeida et al. [26] demonstrated in their work

describing extrapolation of the NPL to the vertebral col-
umn, the most inferior limit of dissection with endoscopic
instruments is about 8.9 mm above the base of the C2 ver-
tebral body. These findings suggest that while removal of
the C2 body cannot be performed with the EEA, odontoid-
ectomy usually is feasible with the EEA. It is currently
thought that the surgical approach has to be tailored to the
unique anatomical setting of each patient and the features
of the lesion. On the basis of our own surgical experience,
drilling of the inferior nasal spine, located between the soft
and the hard palate, can be useful to widen the route of
access to the CVJ, to gain more caudal access [16]. Further
inferior dissection may require the use of angled instru-
ments or a transoral approach [26]. Another drawback of
the EEA may be the steep and long learning curve that this
complex approach requires. Last—but not least—for a
skull base neurosurgeon, being familiar with the EEA
means not only being able to perform it but also being able
to deal effectively with the complications that may derive
from this approach.
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A recent review by Shriver et al. [6] stated that postopera-
tive CSF leakage rates are higher after the EEA than after the
transoral approach. This systematic review, comparing com-
plications associated with transoral and transnasal odontoid-
ectomy, reported intraoperative CSF leakage rates of 0.3%
and 30%, respectively, and postoperative CSF leakage rates
of 0.8% and 5.2%, respectively. CSF leaks, if not properly
treated, may lead to meningitis. Therefore, a skull base neu-
rosurgeon dealing with the EEA should be prepared to deal
with complex CSF leaks.

We performed the approach using a Visionsense III 3D
endoscope. The relative importance of the 3D view depends
on the relative increase in the depth of field it provides in
comparison with a 2D endoscope. In 2012, Castelnuovo
et al. [28] described one case of transnasal resection of an
anterior skull base malignancy with a 3D endoscope. They
reported that the surgeons were able to recognize and man-
age anatomical structures, and control bleeding easily,
thanks to use of a bimanual technique and 3D visualization.
Probably the most fascinating potential of 3D vision is the
ability to control the anatomical structures that are present
but not usually and easily visible. The addition of depth
perception allows us to overcome the limitations of 2D,
making the new 3D endoscopic system an ideal tool for a
wide range of procedures. Finally, the accuracy of the visu-
alization of the anatomical structures and their relation-
ships makes the 3D endoscope a versatile tool, which
entails a shorter learning curve than the traditional 2D
endoscope [12].

Conclusion

The endoscopic endonasal route to the odontoid process has
proven to be a feasible, safe and well-tolerated procedure.
Anatomical study is mandatory for better understanding of
the three-dimensional anatomy of the craniovertebral junc-
tion (CVJ) and relation of critical neurovascular structures to
specific bony and muscular landmarks. Endoscopic relation
of CVJ anatomy is difficult and complex, and cadaver stud-
ies help to ensure safety and control during surgical proce-
dures. Anatomical knowledge and dissection in the cadaver
laboratory will help future neurosurgeons to develop
approaches, facilitate safe surgery and reduce the current
limitations of the endoscopic endonasal approach to the
CV1I: the caudal exposure limited by nasal and palatine bony
and soft tissues. The advantages of the endoscopic endonasal
approach are the location of the incision (in the nasopharynx
rather than in the oropharynx) and the wider, closer and
brighter view provided by the endoscope. High-definition
three-dimensional endoscopes, lasers and ultrasound bony
curettes have been shown to be useful tools for this approach.
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Abstract Background: The endoscopic endonasal approach
has recently been added to the surgical armamentarium to
access the anterior craniovertebral junction (CVJ).
Comparative analyses with the transoral approach are scarce.
The aim of this study was to provide a quantitative anatomi-
cal analysis of both approaches.

Methods: In four specimens the endoscopic endonasal
approach (before and after sphenoidectomy) and the tran-
soral approach (without and with a soft palate split) were
performed. ApproachViewer—part of GTx-UHN (Guided
Therapeutics software, developed at University Health
Network, Toronto, ON, Canada)—was used to quantify and
visualize the working volume, as well as the exposed area, of
each surgical approach. Different modalities (crossing and
non-crossing) were used to quantify the exposure of the deep
surface, providing an indirect quantitative value of the ‘sur-
gical freedom’. The lowest point exposed by the endonasal
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approaches was compared with that predicted by preopera-
tive radiological lines. Non-parametric Welch analysis of
variance (ANOVA) was used for statistical analyses.

Results: The working volume was significantly larger and
the distance to the target was shorter with the transoral
approaches than with the endonasal approaches. Clival expo-
sure was better with the endonasal approaches than with the
non-crossing transoral approach without a soft palate split;
areas below C1 were better exposed with the transoral routes.
The nasoaxial line best predicted surgical exposure with the
endonasal approaches.

Conclusion: Endoscopic endonasal and transoral
approaches to the anterior CVJ provide optimal exposure of
different areas that overlap at the level of C1 when no ana-
tomical anomalies are present. A split of the soft palate is not
necessary during the transoral approach if it is combined
with an endoscopic endonasal approach.

Keywords Anatomy - Craniovertebral junction - Endonasal
Quantitative - Transoral

Introduction

Endoscopic endonasal approaches to the anterior craniover-
tebral area have recently been added to the surgical arma-
mentarium for the treatment of pathologies that involve this
anatomically complex region [1-3].

Detailed anatomical descriptions of the endoscopic endo-
nasal approach are available [1, 2, 4], but only a few papers
have attempted a comparative analysis of this approach and
the transoral approach [5-9]. Limited clinical comparative
data are available [10].

The aim of this paper is to systematically analyse the ana-
tomical features of the endonasal and transoral routes to the
anterior craniovertebral junction (CVJ), using a recently
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developed research method that allows visualization and
quantification of the surgical pyramid that defines a surgical
approach [11, 12].

Materials and Methods

Specimens

Four lightly embalmed specimens underwent computed
tomography (CT) scans, using a 1 x 1 frame with contiguous
slices, at both 1 and 3 mm. CT was performed using a gantry
of 0°, with a scan window diameter of 225 mm and a pixel
size of more than 0.44 x 0.44 (University of Toronto Research
Ethics Board (REB) approval no. 23,849). The CT scan files
were saved in DICOM (Digital Imaging and Communications
in Medicine) format.

Surgical Approaches

Surgery was simulated at the University of Toronto Surgical
Skills Centre at Mount Sinai Hospital. Endoscopic dissec-
tions were performed using a high-definition head camera
with 0° and 30° rod-lens scopes (Karl Storz®, Tuttlingen,
Germany). Microsurgical dissections were performed under
microscopic visualization at x4 to x18 magnifications. A
Crockard retractor (Codman®, Randolph, MA, USA) was
used for the transoral approaches.

The endoscopic endonasal approach to the anterior CVJ
was performed. Using a 0° rod-lens scope. The inferior turbi-
nate was out-fractured to visualize the choana bilaterally. A
rubber band was introduced into the nostril and pulled out of
the oral cavity bilaterally, so as to retract the soft palate. A
right middle turbinectomy and maxillary antrostomy were
performed, and a nasoseptal flap was harvested on the right
and positioned in the maxillary sinus. A posterior septectomy
was performed, taking special care to drill the septum flush
with the posterior portion of the hard palate. A linear incision
was performed at the level of the rhinopharynx, down to the
prevertebral fascia, and the muscles were dissected subperi-
osteally, exposing the anterior tubercle of the atlas. Then a
wide sphenoidectomy was added to the approach, drilling the
sphenoid floor to the clival plexus posteriorly and laterally to
both the vidian and hypoglossal nerves.

The microsurgical transoral approach was also per-
formed. The mouth opening was checked and, if it was
abnormal because of the partial fixation of the specimens, it
was normalized using an incision at the level of the masseter
insertion into the zygoma. Once self-retaining retractors

were positioned, a rubber catheter was placed through the
nose and then sutured to the uvula to retract it out of the field.
A midline incision was performed at the level of the orophar-
ynx, elevating a single myomucosal flap from the anterior
longitudinal ligament.

The soft palate was then divided at its midline from the
junction with the hard palate to the side of the uvula, deviat-
ing off the midline to preserve it.

Quantifications

A dedicated software package called ApproachViewer—part
of GTx-UHN (Guided Therapeutics software, developed at
University Health Network, Toronto, ON, Canada)—was
used for the anatomical quantifications [11, 12].

ApproachViewer allows for real-time evaluation and
comparison of surgical approaches, as well as postdissection
analyses of collected data. It was developed to visualize, in
three dimensions (3D), the surgical approach inside the head
in which it was performed, as well as quantifying its ana-
tomical features. The quantitative comparison of approaches
was therefore based on their anatomical features, defining
them as ‘truncated pyramids’, as described by Andaluz et al.
[13]. A truncated pyramid is defined by its superficial surface
(or ‘surgical window’), deep surface (or ‘area of exposure’),
height (the distance between the previous areas) and pyramid
volume (the surgical space that is available for straight
instruments) (Fig. 1).

Commercially available navigation hardware was used
(Northern Digital Imaging®, Waterloo, ON, Canada) and
included a passive rigid body, a passive probe (pointer) with
four markers, and the Polaris Vicra® optical tracking system.
The Polaris optical camera emits infrared (IR) light and cap-
tures IR reflections off sphere markers attached to the pointer,
whose geometry allows reproduction of its position and ori-
entation with a multiplanar reconstruction.

DICOM files were uploaded into GTx-UHN and a regis-
tration tolerance of <2 mm was accepted. In addition to providing
neuronavigation during the dissections, ApproachViewer allows
collection of deep and superficial surfaces, using the pointer to
track their perimeters, and provides real-time visualization and
quantification of the surgical pyramid in axial, coronal and sagit-
tal sections, and as a 3D rendering (Fig. 4) [11, 12]. The quan-
tification procedure was repeated twice for each approach,
tracking both ‘non-crossing’ and ‘crossing’ pyramids. A
non-crossing pyramid is obtained by keeping the pointer in
corresponding positions on both deep and superficial sur-
faces, thus obtaining the widest obstacle-free working space,
defined by a straight instrument. A crossing pyramid is
obtained by keeping the pointer in opposite positions on
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Fig. 1 Surgical pyramid with ‘non-crossing” and ‘crossing’ collection
modalities. Two different modalities are used to evaluate the working
volume of each approach. (a) Non-crossing modality: when the pointer
is positioned at the level of the deep area, at the anterior craniovertebral
junction (CVJ), special care is taken to touch the superficial area at the
same level (i.e. the pointer touches the 12 o’clock point on both sur-
faces). (b) Crossing modality: the pointer positioned on the deepest sur-
face is positioned at the opposite level in the superficial area (i.e. the
pointer is positioned at 12 o’clock on the deep surface and touches the
6 o’clock point on the superficial area). The aim of the non-crossing
registration is to record the widest volume in which surgical manoeu-
vrability is maximal, as each point on the deep surface can be reached by
all points in the superficial area. The aim of the crossing modality is to
record the widest possible deep area; its periphery is made up of points
that can be reached only through contralateral points on the superficial
area (i.e. for bimanual surgery, the surgeon has to have an angled instru-
ment in one hand to control that point with two instruments)

deep and superficial surfaces (i.e. at 3 o’clock at the pyriform
aperture and at 9 o’clock at the posterior wall of the sphenoid
sinus), defining the largest deep surface that can be reached
with a straight instrument (Fig. 1).

ApproachViewer also allows a postdissection analysis to
be performed by drawing areas of interest on the specimen
CT scans [11, 12]. The drawings were done by tracing lines

extending from one side to the other side of the desired sur-
face in each consecutive axial CT slice, which were auto-
matically assembled to generate the surface. The following
five areas were traced for this study: the lower clivus, the
CO0-C1 space, the anterior arch of the C1 vertebra, the odon-
toid process and the body of the C2 vertebra (Fig 2). The
lower clivus area was defined by the floor of the sphenoid
sinus as the superior border, by the lower end of the clivus as
the inferior border and by the vertical projections of both
hypoglossal canals as the lateral borders. The CO-C1 space
area was the surface between the lower clivus and the ante-
rior arch of C1, bound laterally by the occipital condyles.
The anterior arch of the C1 vertebra was drawn from the
upper border of the arch down to its lower edge, the lateral
border being the junction between the arch and transverse
processes. The odontoid process area corresponded to the
space located between the anterior arch of C1 superiorly, the
base of the odontoid process inferiorly and the medial border
of C1-C2 articulation laterally. The body of the C2 vertebra
area was defined as the anterior surface of the body of C2; its
superior border corresponded to the base of the odontoid
process, its inferior border was the inferior edge of the verte-
bra itself, and the lateral borders consisted of the lateral
edges of the vertebra inferiorly and the junctions between the
body and transverse processes superiorly (Fig. 2). Matching
the areas of interest and the surgical pyramids,
ApproachViewer provided absolute and percentage values of
the surface exposed by each approach.

The height of each approach was calculated by measuring
the distance between the midpoint of the superficial surface
of the pyramid and the closest point on the odontoid
process.

Radiological and Surgical Lines
for the Endonasal Approach
to the Craniovertebral Junction

The nasopalatine line (NPL) [14] and the nasoaxial line
(NAxL) [15] were drawn on CT scans (Fig. 3). The distance
between the projections of the NAxL and NPL on the odon-
toid process was divided into five segments (Fig. 3).
Subsequently, the segment reached by the most caudal point of
the endonasal approaches was identified and recorded (Fig. 3).

Statistical Analyses

Statistical analyses comparing the percentages of exposure
provided by the endonasal and transoral approaches were
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Fig. 2 Anterior craniovertebral junction (CVJ) segmentation. In
ApproachViewer, five different areas are drawn: the lower clivus
(green), the CO—C1 space (red), the anterior arch of C1 (light blue), the

Fig.3 Predictive lines for endonasal approaches. The nasopalatine line
(NPL; yellow) and the nasoaxial line (NAXL; green) are drawn on com-
puted tomography (CT) images on the midsagittal plane. The NPL is
defined by the line that connects the inferior margin of the nasal bones
anteriorly and the posterior border of the hard palate posteriorly [14].
The NaXL is the line that starts from the midpoint of the distance from
the rhinion to the anterior nasal spine of the maxillary bone and ends at
the C2 vertebra, tangential to the posterior nasal spine of the palatine
bone [15]. The distance between the two lines at the level of the anterior
craniovertebral junction (CV]J) is divided into five segments (blue line).
The lowest point at the level of the anterior CVJ included in the non-
crossing (yellow) and crossing (red) endonasal approaches is recorded
(see text for further details)

performed for each area of interest. The same analyses were
performed also for the heights and volumes of the approaches,
but the crossing volumes were excluded, as they do not
define a real working space.

‘odontoid process’ (yellow) and the body of C2 (dark blue) (see text for
further details). The same areas are shown with part of the sphenoid and
pterygoid processes still visible (a) or removed (b)

The predictivity of the NAxL and NPL was analysed by
recording where the lowest point of the surgical pyramids
was for all endonasal approaches; crossing and non-crossing
approaches were compared.

The normality and homogeneity of the variances were
tested and demonstrated to not be present for each group of
results. Therefore, non-parametric Welch analyses of vari-
ance (ANOVAs) were performed.

Results

The mean operative volume of the endonasal approaches was
27.4 cm?® before the sphenoidectomy, which led to a statisti-
cally significant increase to 53.3 cm? (p = 0.00005) (Table 1).
This gain of volume was directed superiorly, as shown in
Fig. 3, and not relevant to surgical exposure of the odontoid
process.

The mean operative volumes of the transoral approaches,
without and with a soft palate split, were 82.2 and 111.5 cm?,
respectively (with a gain of 26.37%); the difference between
the two was not statistically significant (Table 1).

The approach height was significantly greater with the
endonasal approaches than with the transoral approaches,
with mean distances of 90.2 and 80.4 mm, respectively
(p =0.008) (Table 1).

The analyses of the anterior craniovertebral areas exposed
by each approach are summarized in Table 2. The lower
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a1

Fig. 4 Areas shared by the endonasal and transoral approaches. The
endonasal and transoral approaches share a common area at the level of
C1, as shown on the three axes and with the reconstructed surgical vol-
umes in ApproachViewer. An endonasal approach after sphenoidec-
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tomy is shown in blue (lighter blue and larger volume: crossing; darker
blue and smaller volume: non-crossing). A transoral approach without
a soft palate split is shown in red (lighter red and larger volume: cross-
ing; darker red and smaller volume: non-crossing)

Table 1 Heights and volumes of transnasal and transoral approaches (see text for further details)

Transnasal approach

Transoral approach

Height

[mm (range)] 90.22 (79.4-103.57)

Volume
[cm? (range)]

Without sphenoidectomy
27.42 (14.96-37.43)

After sphenoidectomy
53.30 (34.36-69.92)

80.35 (63.73-96.91)

Without soft palate split
82.16 (42.7-133.85)

After soft palate split
111.47 (57.68-147.5)

clivus exposures obtained with the crossing and non-cross-
ing endonasal approaches (47.67% and 38.02%, respec-
tively) were significantly larger than those obtained with the
non-crossing transoral approach without a soft palate split
(5.93%; p < 0.00001).

The only statistically significant difference in CO-C1 sur-
face exposure was between the crossing and non-crossing
endonasal approaches (76.71% versus 55.91%; p = 0.01).

A similar result was demonstrated for the C1 surface
(62.38% versus 22.90%). The non-crossing endonasal
approaches showed also significantly less exposure of the C1
surface than the crossing transoral approaches without a soft
palate split (80.33%) and with a soft palate split (87.32%).
The crossing transoral approaches with a soft palate split
provided more exposure than the crossing endonasal
approaches (p < 0.00001).

The odontoid process surface (i.e. between the inferior
margin of C1 and the body of C2; see Fig. 1) was signifi-
cantly less exposed by the non-crossing and crossing endo-
nasal approaches (0% and 10.54%, respectively) than by the
non-crossing and crossing transoral approaches without a
soft palate split (65.42% and 83.67%, respectively) and with
a soft palate split (78.61% and 90.48%, respectively;
p < 0.00001 for the comparison between the endonasal and
transoral approaches). Similarly, the C2 surface was more
exposed by the transoral approaches than by the endonasal
approaches (p < 0.00001) (Table 1).

The Welch ANOVA performed on the segments reached
by crossing versus non-crossing approaches showed that the
mean segment reached by non-crossing approaches was the
first (mean value 1.19) and the segment reached by crossing
approaches was the third (mean value 2.89; p = 0.01).
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Table 2 Percentages of the different areas of interest exposed by each approach (see text for further details)

Value [% (range)]

TN TN X TO TO X TO-S TO-S X
Lower clivus  38.02 47.67 5.93 35.53 22.23 55.77

(3.63-74.66) (20.48-81.45) (0-20.58) (2.31-69.27) (0-49.85) (0-94.86)
CO0-C1 55.91 76.71 29.52 69.86 57.32 72.44

(34.57-69.41) (51.26-99.32) (0-72.37) (23.85-96.84) (0-85.61) (25.95-99.32)
Cl 22.90 62.38 53.35 80.33 63.01 87.32

(0-51.61) (43.69-83.01) (0-80.88) (51.6-96.71) (17.42-79.62) (77.14-94.3)
Odontoid 0 10.54 65.42 83.67 78.61 90.48

(0-0) (0-45.61) (0.91-88.32) (64.68-100) (70.61-94.86) (76.22-100)
C2 0 0 35.09 71.71 51.79 86.26

(0-0) (0-0) (0.47-78.4) (16.64-99.54) (20.34-80.37) (51.95-99.74)

TN transnasal, TN X transnasal, crossing, 7O transoral, TO X transoral, crossing, 7O-S transoral after soft palate split, 7O-S X transoral after soft

palate split, crossing

Discussion

As the endonasal endoscopic approach to the CVJ has
recently been added to the surgical armamentarium and the
pathologies for which it is indicated are rare, clinical data are
relatively scarce, as documented by a recent systematic
review and meta-analysis that attempted a comparative anal-
ysis between transoral and endonasal approaches and was
able to include only 92 patients who had undergone transna-
sal odontoidectomy [10].

Some authors have performed an anatomical comparative
analysis of transoral and endonasal approaches to the ante-
rior CVJ.

In this study we applied a new research method, based on
the software ApproachViewer (part of GTx-UHN), which
allows visualization and quantification of the surgical pyra-
mid that defines an approach, as well as the absolute and
percentage values of exposed areas of interest. The volumet-
ric analysis confirmed what seems obvious to the experi-
enced surgeon and has been qualitatively or indirectly
demonstrated by others: the endonasal approach provides a
significantly smaller working volume than the transoral
approach. The height of the surgical pyramid proved to be
significantly greater with the endonasal approach. These data
are novel and do not confirm previous radiological analyses
[16]. Together, these data describe what is qualitatively evi-
dent in the volume visualization: the endonasal approach is a
significantly narrower corridor to the odontoid; it can be sig-
nificantly augmented by sphenoidectomy, which provides a
further cranial working volume (Fig. 4).

The exposed area analyses well documented that the
endonasal approach provides less working space than the
transoral approach: the crossing modality, which signifies
the extreme surface touched by a straight instrument, almost
always significantly led to an increase in exposure when
compared with the non-crossing modality in the endonasal

approach. These data, though, were documented for each
nasal cavity: in a standard odontoidectomy, a bi-nostril tech-
nique is used; furthermore, angled instruments might be used
to augment the working space.

The comparative area analysis proved that there is a sig-
nificant overlap between the endonasal and transoral
approaches, as reported by others [8, 16—18]. In this study,
the area was at the level of the anterior arch of C1. In a previ-
ous study of fresh cadavers with the aid of x-rays and CT
scans, Visocchi et al. described the different angles that
defined both approaches, and they defined the inferior third
of the clivus as the shared surgical domain area [8]. The
slight difference in these studies’ data was most probably
due to the difference in the specimens that were used.

As for the preoperative lines that predict the most inferior
point exposed by the endonasal approach, we defined both
the nasopalatine line (NPL, or ‘Kassam’ line) [14] and the
nasoaxial line (NAxL) [15]. Our findings confirmed that the
nasoaxial line best predicts the lowest point of the ‘straight’
working volume, i.e. the one with the greatest possible surgi-
cal manoeuvrability. The NPL was instead closer to the low-
est possible point, exposed only by the crossing modality, i.e.
the lowest point reached with an endonasal approach with a
straight instrument. The inferior margin of the endonasal
approaches, as measured by us and defined by the preopera-
tive lines, does not take into account the possibility of using
curved drills and instrumentation, which have already been
developed for use in endonasal odontoidectomy; further-
more, we did not drill the posterior portion of the hard palate,
which is another well-known procedure that can reduce the
exposure obtained with an endonasal approach.

Though all of these data might seem obvious to the sur-
geon who is experienced in both approaches, they validate
some clinical impressions and have clinical implications:
(1) the transoral approach might be easier to perform
because of the single and wider working space, but it will
not effectively expose the clivus in most cases without a
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soft palate split; (2) the endonasal approach requires spe-
cific training and angled instruments to fully take advan-
tage of a narrower surgical corridor; and (3) a combination
of these approaches eliminates the need for a soft palate
split in the case of a transoral approach.

Limits of the Present Study

The use of lightly embalmed rather than fresh specimens
probably led to underestimation of both endonasal and tran-
soral approaches due to relatively greater stiffness of the
tissues.

We did not compare use of a microscope and an endo-
scope in the transoral approach. The aim of the study was to
document the working volume of each approach, which is
not influenced by the visualizing tool: as shown by the
group led by Ammirati in an anatomical study [19] and by
others in clinical reports [17, 20, 21], use of an endoscope
can certainly increase visualization, but specific angled
instrumentation might be needed to fully take advantage of
endoscopic visualization and to optimize surgical
manoeuvrability.

Conclusion

The endoscopic endonasal and transoral approaches to the
anterior craniovertebral junction provide optimal exposure
of different areas that overlap at the level of C1 when no
anatomical anomalies are present. A split of the soft palate is
not necessary during a transoral approach if it is combined
with an endoscopic endonasal approach. Detailed knowledge
of the non-crossing volume that defines an approach might
contribute to the development of optimal angled
instrumentation.
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Abstract In recent years the use of the endoscope through
the transclival route has gained new attention as a minimally
invasive operative method to successfully treat numerous
clival pathologies such as chordomas, meningiomas, hae-
mangiopericytomas, enterogenous and epidermoid cysts,
and metastasis(Cappabianca et al. Neurosurgery 55:933—
940, 2004; Cappabianca et al. Childs Nerv Syst 20:796-801,
2004; Cappabianca et al. Adv Tech Stand Neurosurg 33:151—
199, 2008; Cappabianca et al. Neurosurgery 49:473-475,
2001; Cappabianca et al. Surg Neurol 62:227-233, 2004;
Dehdashti et al. Neurosurgery 63:299-307, 2008;
Kerschbaumer et al. Spine (Phila Pa 1976) 25:2708-2715,
2000; Saito et al. Acta Neurochir (Wien) 154:879-886, 2012;
Stippler et al. Neurosurgery 64:268-277, 2009). Here we
describe the endoscopic anatomy of the region reached
through an endoscopic transoral approach. Fresh and
formalin-fixed cadaver specimens were used to demonstrate
both the feasibility of an endoscopic transoral-transclival
intradural approach and its potential exposure. The transoral
approach was performed using a clival opening of
20 x 15 mm. This smaller access point through the clivus,
which allowed insertion of the endoscope and its instru-
ments, did not limit the complete exposure of the cisternal
spaces and permitted reconstruction of all anatomical
layers.

This endoscopic approach thus provides excellent expo-
sure of some of the most dangerous and inaccessible territo-
ries of the brain, respecting the anatomy and remaining a
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minimally invasive approach. Further extensive clinical
experience is necessary to prove its safety. The endoscopic
transoral—transclival approach will presumably be selected
to gain access to lesions of the lower ventral brainstem and
the surrounding cisternal spaces, with development of new
and more efficient surgical strategies for dural and bone
defect repair.

Keywords Transoral - Endoscopy - Brainstem - Vertebro-
basilar system - Anatomy - Brain tumour

Introduction

A wide spectrum of neoplastic and malformative lesions can
affect the ventral portion of the brainstem and the vertebro-
occipital junction. The approach for surgical resection of
tumours and vascular lesions of the petroclival junction and
anterior brainstem still remains one of the major challenges
of contemporary neurosurgery, although many different pos-
sible routes have been proposed to reach this critical area.
With a conventional skull base approach it is possible to
achieve a good view of the anterior brainstem through a pos-
terolateral route, but it is aggressive and requires wide bone
removal and a high degree of cerebral and vascular manipu-
lation, in contrast to the modern concept of minimally inva-
sive surgery [10, 16-18, 28, 32-34, 37, 38, 41]. The less
deconstructive and direct route to reach the anterior surface
of the brainstem is through the pharynx and the clival bone,
which offers a direct view of the anterior brainstem and ver-
tebrobasilar junction without requiring dislocation or manip-
ulation of any noble structure.

The transoral approach has been used extensively for sur-
gical removal of extradural lesions and is considered effec-
tive to reach ventral tumours and also non-neoplastic lesions
of the clivus and the craniovertebral junction (CVJ) [1, 9, 10,
12, 19, 20, 22-25, 35].

M. Visocchi (ed.), New Trends in Craniovertebral Junction Surgery, Acta Neurochirurgica Supplement, Vol. 125, 45
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This approach for treatment of an extra-axial tumour was
described for the first time by Mullan et al. [26] in 1966;
since then the approach has been used to treat midbasilar or
vertebrobasilar junction aneurysms [13, 14, 18, 30]. In 1991,
Crockard and Sen [10] reported surgical resection of seven
intradural lesions, comprising meningiomas and neurofibro-
mas, using this access route.

Despite their innovative efforts, these authors reported
various postoperative complications such as meningitis and
cerebrospinal fluid (CSF) fistula. Obtaining a watertight clo-
sure of the clival dura mater is actually extremely difficult.
Therefore, all patients experienced CSF leaks, which
required positioning of lumbar drainage or a multilayer
reconstruction. Because of this set of problems, use of the
transoral approach for intradural pathology was mostly
abandoned. In recent years, use of an endoscope through the
transclival route has gained new attention as a minimally
invasive operative method to successfully treat numerous
clival pathologies such as chordomas, meningiomas, hae-
mangiopericytomas, epidermoid cysts and metastasis [2-6,
11,21, 31, 36]. Here we describe the endoscopic anatomy of
the region reached through a transoral approach.

Endoscopic Anatomy of the Anterior
Brainstem and Surrounding Structures

Methods

This anatomical study was performed at the Institute of
Anatomy of the University of Vienna in Austria. For the
study we used ten heads from fresh cadavers and five from

Fig.1 With a 0° optical lens, the premedullary cistern (a) and prepon-
tine cistern (b) were visualized. After the opening of the dura mater in
the centre of the endoscopic field we could visualize the basilar artery
(BA) and the vertebrobasilar junction. Lying over the pyramid decussa-
tion the two vertebral arteries (VA) were visible and could be followed
until the spinomedullary junction. Along the course of the basilar sulcus

formalin-fixed cadavers. The arteries and veins were
injected under pressure with coloured silicone rubber (Dow
Corning, Midland, MI, USA) via the internal carotid arter-
ies and internal jugular veins. We used rigid endoscopes
with 0°, 30°, 45° and 70° rod lenses, 2.7 mm or 4 mm in
diameter and 11 cm or 18 cm in length (Karl Storz,
Tuttlingen, Germany).

A retractor system was used to keep the mouth open.
The soft palate was split on the midline. The pharyngeal
mucosa was incised and the mucoperiosteal layer was
retracted, exposing the clivus. On the clival surface the pha-
ryngeal tubercle was identified, and a clival craniectomy
with an average diameter of 20 mm in length and 15 mm in
width was performed just above it, with a high-speed drill.
The dura mater was visualized and opened with a linear
incision. A video-capture system (Sony digital still
recorder) was used for digital acquisition of endoscopic
images.

Results

Through the opened dura mater we directly visualized the
premedullary, the prepontine, and the lateral cerebellomed-
ullary cisterns (Fig. 1a, b). Following the cisternal course of
the vertebral arteries we reached the vertebrobasilar junction
at the pontomedullary junction. In a lateral view, coming
from the vertebral arteries, the origin of the two posteroinfe-
rior cerebellar arteries and the anterior spinal artery were vis-
ible from the cerebellomedullary cistern and the premedullary
cistern, respectively. At this level we also observed the fibres
of the hypoglossal nerve arising from the preolivary sulcus.

to the upper part of the basilar artery, at the border of the interpeduncu-
lar cistern, the origin of the anteroinferior cerebellar artery and the per-
forating branches could be visualized. The entire free course of both
abducens nerves (VI) could be followed in the prepontine cistern, from
their origin in the pontomedullary sulcus to Dorello’s canal (DC)
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The basilar artery—with its typical variability in diameter,
length and course—could be visualized in the lower two
thirds of the field in the prepontine cistern [29]. In this cis-
tern the abducens nerve was recognized and followed along
its course toward Dorello’s canal. It was possible to visualize
the cerebellopontine cistern from a premeatal route by using
a 30-45° optical lens and lateral inclination of the endo-
scope. The acoustic—facial bundle was identified coming
after the anteroinferior cerebellar artery, and we were able to
follow it along its free cisternal course to the internal acous-
tic channel (Fig. 2a).

The anatomical characteristics of the internal acoustic
channel that can be visualized are very dependent on the
optical properties of the endoscope. In fact, it was also pos-

sible to identify the labyrinthine arteries in their course
toward this channel (Fig. 2a). Using the same angled optical
lens at 30° and 45° rotated rostrally, we were able to explore
the upper part of the cerebellopontine angle. The most
important structure visualized under this view was repre-
sented by the trigeminal nerve along its course from the pons
toward Meckel’s cave (Fig. 2b). With the same angled optical
lens and with the endoscope turned laterally and downward,
it was possible to reach the posterior part of the lateral cere-
bellomedullary cistern (Fig. 2c, d).

The interpeduncular fossa was also reached with this
approach, using an angled optical lens at 45° or 70°. With the
endoscope directed upward with an inclination of approxi-
mately 45° it was possible to follow the basilar artery to its

Fig. 2 With lateral inclination of the endoscope and a 30-45° optical
lens it was possible to enter the cerebellopontine cistern via a premeatal
route along the anteroinferior cerebellar artery (AICA) course. The
acoustic—facial bundle (VII-VIII) was identified coming after the
anteroinferior cerebellar artery, and we were able to follow it along its
free cisternal course to the internal acoustic channel (IAC). At this level
it was possible to visualize the labyrinthine arteries (LbA) in their
course toward the internal acoustic channel (a and ¢). Using an angled
optical lens at 30° and 45° rotated rostrally, we were able to explore the
upper part of the cerebellopontine angle. The most important structure

visualized under this view was represented by the trigeminal nerve (V)
along its course from the pons toward Meckel’s cave (b). By using the
same angled optical lens and turning the endoscope laterally and down-
ward, we could reach the posterior part of the lateral cerebellomedul-
lary cistern. It was possible to visualize the IX and X nerves (IX-X)
running laterally and posteriorly from the retro-olivary sulcus to the
jugular foramen, covered in their anterior portion by a tuft of the cho-
roidal plexus (CP) exiting from the foramen of Luschka and by the
variable looping of the posteroinferior cerebellar artery (d)
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Fig. 3 We reached the interpeduncular cistern by using a 70° optical
lens and upward inclination of the instrument, following the basilar
artery (BA) to its superior third. In this cisternal space the visual field
was limited superiorly by the tuber cinereum (TC), anterolaterally by
Liliequist’s membrane (LM) and posterolaterally by the optic tracts.
The basilar tip, the basilar bifurcation, the superior cerebellar arteries
(SCA) and the P1 tracts of the posterior cerebral arteries were com-
pletely visible. The perforating branches of the basilar tip and of P1
were visible in detail and could be followed while entering the posterior
perforated substance. The posterior communicating arteries (PcoA)

superior third, which was hidden by the border of the clival
craniectomy. It was thus possible to reach and widely explore
the interpeduncular cistern (Fig. 3a). The oculomotor nerves
could be clearly identified (Fig. 3a—c). In the anterolateral
part of the surgical field the posterior communicating arteries
appeared, and they crossed Liliequist’s membrane to reach
the posterior cerebral arteries with a lateral deflection
(Fig. 3d). The mammillary bodies and the tuber cinereum
were also visualized (Fig. 3c). The perforating branches of
the basilar tip and of P1 were visible in detail and could be
followed while entering the posterior perforated substance
(Fig. 3d).

appeared in the anterolateral part of the surgical field, where they
crossed Liliequist’s membrane with a lateral deflection to reach the pos-
terior communicating arteries. Above the posterior perforated substance
and posterior to the tuber cinereum, mammillary bodies (MB) were also
visualized. Identification of the oculomotor nerves (III) completed the
exploration of the cistern. They coursed from the interpeduncular fossa,
passing between the superior cerebellar arteries and the posterior com-
municating arteries in an anterior and superior direction toward the ten-
torial edge

Discussion

An endoscopic minimally invasive approach for the treat-
ment of intradural lesions located in or around the anterior
brainstem offers several theoretical advantages. In our ana-
tomical study we confirmed that this approach allows the
operator to obtain full access to the anterolateral brainstem
and to the cisternal space that surrounds it, from the spino-
medullary junction to the interpeduncular cistern, offering a
thorough vision of the vertebrobasilar arterial system and of
cranial nerves III-XII. This endoscopic approach thus
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provides excellent exposure of some of the most dangerous
and inaccessible territories of the brain, remaining a mini-
mally invasive approach.

Furthermore, the majority of the technical problems
related to the microscope-assisted transoral approach could
be solved by use of endoscopic instrumentation. In fact, in
the microsurgical transoral procedure proposed by Crockard
and Sen [10] the clival opening needed for identification of
intradural lesions was 2-3 cm; in our study the opening suf-
ficient for the endoscopic view was limited to 20 mm in
length and 15 mm in width, and it was located in a ‘safe’
entry zone through the clivus. This smaller access point
through the clivus did not limit the complete exposure of the
cisternal spaces and could reduce the rate of postoperative
instability by minimizing the risk of condyle injuries.
Moreover, the use of the endoscope for this approach offers
exposure superior to that of the traditional open transoral
route, as was confirmed in a recent anatomical study per-
formed by La Corte et al. [23]. Furthermore, the endoscopic
transoral approach permits better preservation of velopha-
ryngeal function; a wider clival defect created with the
microscopic approach is responsible for incompetence
between the posterior pharyngeal wall and the soft palate,
resulting in postoperative deficits in swallowing and in pho-
nation. In fact, as reported by Chan et al. [8], the endoscopic
endonasal approach could be reliably used to gain access to
the CV]J, avoiding the dissection of soft palate tissue associ-
ated with a palate-splitting technique or with an extended
endonasal approach. Another possible complication related
to the microscope-assisted transoral approach, recently con-
firmed by Visocchi et al. [39], is the need for postoperative
tracheostomy placement due to postoperative respiratory
dysfunction.

The dural opening was minimized with the endoscope-
assisted transoral technique because it was sized to allow
introduction of only the endoscope and the instruments, and
it is possible to close the dura mater by use of multilayer
reconstruction. In comparison with the transsphenoidal
approach, the wider entrance area and the shorter distance
make the reconstruction of the bone plane easier and allow
repositioning of the mucoperiosteal flap.

Both of these aspects—the limited size of the entry point
and the possibility of easier reconstruction—may be the
basis for the reduced occurrence of postoperative cerebrospi-
nal leakage and meningitis, which represent the main post-
operative complications of the standard approach.

Nowadays the endoscopic transoral approach is not the
standard technique. However, clinical findings on the use of
an endoscopic transoral-transpharyngeal approach to treat
craniocervical junction abnormalities have been reported in
the neurosurgical literature, and endoscopes have also been

used to assist in the removal of brainstem cavernous angio-
mas and clival tumours [7, 9, 15, 27, 40, 42]. The endoscopic
transoral—transclival approach will presumably be selected
to gain access to lesions of the lower ventral brainstem and
the surrounding cisternal spaces, with development of new
and more efficient surgical strategies for dural and bone
defect repair. For appropriately selected lesions near the pal-
atal line, the endoscopic transoral approach appears to be the
preferred approach [8].
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Introduction

More than 100 years after the first description by Kanavel of
a transoral-transpharyngeal approach to remove a bullet
impacted between the atlas and the clivus [1], the transoral
approach (TOA) still represents the ‘gold standard’ for surgi-
cal treatment of a variety of conditions resulting in anterior
craniocervical compression and myelopathy [2, 3].
Nevertheless, some concerns—such as the need for a tempo-
rary tracheostomy and a postoperative nasogastric tube, and
the increased risk of infection resulting from possible bacte-
rial contamination and nasopharyngeal incompetence [4—
6]—Iled to the introduction of the endoscopic endonasal
approach (EEA) by Kassam et al. [7] in 2005. Although this
approach, which was conceived to overcome those surgical
complications, soon gained wide attention, its clear predomi-
nance over the TOA in the treatment of craniovertebral junc-
tion (CVJ) pathologies is still a matter of debate [3]. In recent
years, several papers have reported anatomical studies and
surgical experience with the EEA, targeting different areas
of the midline skull base, from the olfactory groove to the
CVJ [8-19]. Starting from these preliminary experiences,
further anatomical studies have defined the theoretical
(radiological) and practical (surgical) craniocaudal limits of
the endonasal route [20-25]. Our group has done the same
for the TOA [26, 27] and compared the reliability of the
radiological and surgical lines of the two different approaches.
Very recently, a cadaver study, with the aid of neuronaviga-
tion, tried to define the upper and lower limits of the endo-
scopic TOA [28].
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The purpose of the present study, whose preliminary data
were published in 2015 [27], is to exploit the accuracy pro-
vided by neuronavigation in order to further compare opera-
tive craniocaudal extensions of the transnasal and transoral
routes.

Materials and Methods

Materials

Two adult formalin-fixed cadavers were examined after com-
puted tomography (CT) scanning (multidetector, 128 layers)
and with the aid of neuronavigation (Medtronic StealthStation
Treon Plus) and use of the following instruments: a high-
speed drill (Storz, Tuttlingen Germany); vacuum aspirator
(Super Vega Battery); digital camera (EOS 7D telescopic
lens image stabilizer ultrasonic macro 100 mm; Canon,
Tokyo, Japan); microsurgical instruments; stainless steel
headholder; and jaw block.

Methods

All four phases of specimen preparation (thawing, irrigation,
fixation and perfusion) were performed at our centre, follow-
ing a research protocol developed by our group. Before per-
fusion, the formalin-fixed specimens underwent
high-definition CT scanning with the iodinated monomeric
contrast medium Tomeprol (Iomeron®) 375 mg/mL. The
imaging data (saved in DICOM [Digital Imaging and
Communications in Medicine] format) were stored on com-
pact disc (CD) and imported into the neuronavigation work-
station (Medtronic Treon), and three-dimensional
reconstructions were obtained. A jaw block was used to
achieve maximal opening of the oral aperture.
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Results

The examination of the CT scan of the two specimens did not
reveal any CVJ pathology. With the aid of neuronavigation,
accurate measurements were made in both cadaver heads.
The results for both specimens in terms of craniocaudal and
lateral exposures are summarized in Tables 1 and 2 and
shown in Fig. 1.

Discussion

The TOA, spanning ventrally from the inferior third of the
clivus to the C2—C3 interspace, allows shorter, wider and
more direct access to the CVJ than other approaches, includ-
ing the anterior, lateral and posterior approaches [29, 30].
Because of these anatomical and surgical considerations, this
approach has been considered the preferred route to treat
irreducible extradural ventral lesions causing cervicomedul-
lary compression [4, 31-33]. Extensions of the approach
with palatotomy, labiomandibulotomy or osteotomy, which
are sometimes required to expose lesions located more ros-
trally, carry high risks of various types of permanent damage,
including velopharyngeal insufficiency, malocclusion, neu-
ral deficits, temporomandibular joint (TMJ) dysfunction,
swallowing and speech difficulties, and need for a tracheos-
tomy and nasogastric feeding tube [33, 34]. The need to
overcome the occurrence of these comorbidities of consider-
able clinical significance led to the development of alterna-
tive and potentially less invasive techniques to address
ventral CV] pathology, such as the EEA. Extensive literature
has demonstrated through comparative anatomical and clini-
cal studies that an endoscope—in addition to providing
increased rostral exposure, brighter illumination and closer
visualization of the lesion to be treated [35, 36]—can be used
during the TOA as a valid complementary tool in a combined
procedure. Nevertheless, though a recent systematic review

Table 1 Craniocaudal exposure: comparison between transoral and
transnasal approaches

Craniocaudal Percent superiority of
exposure Transoral Transnasal transoral to transnasal (%)
Specimen A 45 mm 30.1 mm 33.12

Specimen B 449mm  202mm  55.02

Table 2 Lateral exposure:
transnasal approaches

comparison between transoral and

Lateral Percent superiority of
exposure Transoral Transnasal transoral to transnasal (%)
Specimen A 50 mm 29.8 mm 40.4

Specimen B 58.6mm 258 mm 5598

and meta-analysis [37] demonstrated a statistically signifi-
cant increased risk of postoperative tracheostomy after the
TOA in comparison with the EEA, it also showed a slight
trend toward an increased morbidity/mortality prevalence
with the EEA in comparison with the TOA (mortality 4%
versus 2.9%; intraoperative cerebrospinal fluid [CSF] leak-
age 30% versus 0.3%; postoperative CSF leakage 5.2% ver-
sus 0.8%; meningitis 4% versus 0-4%; reoperation 5.1%
versus 2.5%; velopharyngeal insufficiency 6.4% versus
3.3%; sepsis 7.7% versus 1.9%), although none of these dif-
ferences were statistically significant. These data have
prompted us to reconsider the presumed clear-cut superiority
of the EEA over the endoscopic TOA, demonstrating the
need for further comparative studies to better define and
quantify real advantages and disadvantages of these tech-
niques that are useful for the surgical decision-making
process.

To clearly define the limits of the TOA, our research
group devised a radiological ‘theoretical’ line—the palatine
inferior dental arch line (PIA), a conceptual analogue of the
nasopalatine line (NPL)—as a reliable predictor of the maxi-
mal superior extension of the TOA, and we then compared
the reliability of the radiological and surgical lines of the two
different approaches.

A recent cadaver study by LaCorte et al. was also per-
formed with the aid of neuronavigation, with the aim of
defining the upper and lower limits of the endoscopic
TOA [28].

In the wake of our previous experimental volumetric
studies [26, 27] and other recent contributions, we tried to
exploit the accuracy provided by neuronavigation, to fur-
ther compare operative sagittal and axial extensions of the
transnasal and transoral corridors. Our observations were
consistent with a relevant advantage of the TOA over the
EEA in terms of craniocaudal and lateral extension in both
specimens. It is worth noting that our measurements were
performed in the setting of a minimal oral aperture as a
consequence of the jaw block. Considering that this setting
was suboptimal, we speculate that the actual advantage of
the TOA is even greater than that reported in our study. We
also conclude that even in cases in which wide opening of
the mouth is not achievable, as in the case of paediatric
patients, the TOA still offers a significant gain in terms of
sagittal and axial exposure.

This study has limitations that are inherent to many
cadaver studies: the specimens had normal cranial base anat-
omy, and the findings in this study may not be applicable in
cases where the cranial base or oropharyngeal anatomy is
abnormal as a result of disease or congenital variation.
Moreover, the CVJ is a ‘moving target’, with great variabil-
ity even among individuals without CVJ pathologies, as
recently reported by Burke et al. [38]. In their study the CVJ
was positioned below the palatine line (PL) in two thirds of
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Fig. 1 (a, b) Sagittal and (c, d) axial neuronavigated computed tomography (CT) scans with contrast medium showing (a) craniocaudal and
(c) lateral exposures of the transoral approach and (b) craniocaudal and (d) lateral exposures of the transnasal approach

the control group and above it in one third of the group.
Furthermore, because of the small number of specimens, our
findings require validation in larger studies.

Conclusion

Our experimental study, conducted with the aid of neuro-
navigation, confirms that the transoral approach (TOA)
offers a wider surgical working channel than the endoscopic
endonasal approach (EEA), even in conditions in which the

oral aperture is suboptimal. These findings, along with recent
observations that the EEA can produce complications similar
to those seen with the TOA in craniovertebral junction sur-
gery—including velopharyngeal insufficiency and severe
infections—suggest that the presumed superiority of the
EEA over the TOA needs to be re-examined.
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Atlantoaxial Instability: Evolving Understanding

Atul Goel

The atlantoaxial joint is the most mobile joint in the body.
The physical architecture of the joint is characterized by a
uniformly round and approximately flat surface, which
allows a wide range of unobstructed movements. The stand-
ing human posture and lifelong heartbeat like uninterrupted
activity of the atlantoaxial joint, and its ability to facilitate
saying both ‘yes’ and ‘no’ necessarily requires smooth and
‘fluid” movements that are supported by strong yet supple
ligaments. The magnificent architectural structure that is
‘magically’ designed and carved by nature to provide both
stability and mobility and to allow a smooth and safe transit
passage for the most critical neural and vascular structures
can only be admired in awe and appreciated.

All movements in the atlantoaxial joint occur at the large
and strong facet joints. The odontoid process acts to guide
and direct the movements. The odontoid process and inter-
vertebral discs are designed to act like opera conductors for
musicians, symbolized by the facets. The odontoid process
and intervertebral discs are similar in function and act as the
‘brain’ of the movements, while the ‘brawn’ of the move-
ments is at the facets [1, 2].

In general, as they say, there is no terror of error in nature.
However, considering the remarkable and flawless activity
that needs to be performed, any kind of disuse or misuse of
muscles, physical injury, and chemical or genetic disorgani-
zation leading to abnormal ligamentous laxity can make the
joint unstable. Tuberculosis, rheumatoid arthritis and
tumours can also destroy the fabric of the bone construction,
making the joint unstable. Poor child delivery practices and
protein calorie malnutrition can initiate and establish atlanto-
axial instability early in life.

Conventionally, atlantoaxial instability is diagnosed by an
abnormal increase in the atlantodental interval on flexion of
the neck [3, 4]. In general, on plain radiographs, an atlanto-
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dental interval of more than 3 mm on flexion of the head is
considered to be abnormal. In children, because of the sup-
pleness of the tissues, the atlantodental interval may nor-
mally be a little larger than that in adults. For several decades,
when plain radiography formed the prime investigative
modality, this parameter constituted the sole mode of diag-
nosing atlantoaxial instability. With the introduction of
computer-based imaging, the range of parameters that sug-
gested instability increased, but the abnormal increase in the
atlantodental interval and its consequent neural effects
formed the basis of diagnosis. Computed tomography (CT)
examination showing a reduction in spinal canal dimensions
and neural compression provides clear evidence of instabil-
ity. Magnetic resonance imaging (MRI) has brought clarity
to imaging and shows cord compression and pressure effects
on the neural structures vividly. Compression of the sub-
arachnoid space anterior to the cord and posterior to the
odontoid process is also suggestive of atlantoaxial
instability.

As our understanding of the region and radiographic
imaging have improved over the years, other forms of atlan-
toaxial instability have also been included in the range and
scope of clinical diagnosis. The previously labelled ‘irreduc-
ible’ atlantoaxial dislocation is now considered to be a
pathologically mobile and unstable clinical entity [5]. The
understanding of this has revolutionized surgery for basilar
invagination, which has now moved on from decompression
via the anterior transoral route or posterior foramen magnum
decompression to atlantoaxial stabilization [6-8]. Vertical
atlantoaxial dislocation is identified by superior migration
of the odontoid process in the presence of maintained atlan-
todental alignment. It results in basilar invagination. Vertical
atlantoaxial dislocation can be mobile and reducible on
dynamic imaging. Incompetence of the facets and the joint
appears to form the basis of vertical atlantoaxial dislocation
[9]. Lateral facetal instability occurs in situations where the
ring of the atlas is broken following trauma or infection, or in
association with bone-destructive tumours or bifid anterior
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or posterior arches of the atlas [10—12]. The facet of the atlas
is dislocated laterally in relation to the facet of the axis.
Rotatory dislocation generally occurs in young children. In
this condition the facet of the atlas rotates anteriorly in rela-
tion to the facet of the axis on one side and the facet of the
atlas is posterior to the facet of the axis on the contralateral
side [13].

Apart from diagnosis of instability on the basis of an
increase in the atlantodental interval, atlantoaxial dislocation
or instability can also be diagnosed on the basis of the align-
ment of the facets of the atlas and axis [14, 15]. On a lateral
profile image, sagittal CT scan or MRI, type A facetal dislo-
cation is when the facet of the atlas is positioned or dislo-
cated anteriorly in relation to the facet of the axis. The
alignment of the facets in this type of dislocation simulates
the alignment of vertebral bodies in cases of lumbosacral lis-
thesis [16]. We have labelled this situation as spondyloptosis,
when the entire facet of the atlas is dislocated and positioned
anteriorly in relation to the facet of the axis. The dislocation
of facets results in posterior and superior migration of the
odontoid process, resulting in basilar invagination and atlan-
toaxial dislocation. The odontoid process compresses the
spinal cord. We recently hypothesized that more than neural
deformation or compression, it is the repeated microtrauma
related to instability that produces clinical symptoms [17].
As the neural compression occurs relatively early in the
course of the disease and the joints are clearly unstable, the
symptoms are relatively acute in this type of facetal instabil-
ity. Type A facetal instability is associated more frequently
with mobile atlantoaxial dislocation and group A basilar
invagination.

Type B facetal instability is when the facet of the atlas is
dislocated posteriorly in relation to the facet of the axis or
when there is retrolisthesis of the facets. We have also identi-
fied type C facetal instability, when the facets are in align-
ment on lateral imaging but there are clinical parameters and
other radiological evidences—such as the presence of a short
neck, torticollis, basilar invagination, assimilation of the
atlas, bifid anterior and posterior arches, platybasia, Klippel—
Feil abnormality, Chiari malformation type I and syringomy-
elia—that suggest the presence of instability. The
atlantodental interval may not be increased and the odontoid
process may not be displaced posteriorly in type B and C
facetal instability. The clinical symptoms are long-standing
or chronic in this situation. We recently hypothesized that
musculoskeletal and neural malformations are secondary
effects of atlantoaxial instability and are probably protective
in their function [18]. The atlantoaxial instability in type B
and C cases can primarily be identified on direct bone manip-
ulations during surgery. The evidence that atlantoaxial insta-
bility is the cause of myelopathic symptoms and also is the
primary cause of various musculoskeletal and neural
responses is supported by the immediate postoperative

recovery of symptoms and reversal of both symptoms and
musculoskeletal and neural alterations following surgery that
involves atlantoaxial fixation alone without any bone or soft
tissue removal.

As our understanding of the region has matured, we have
identified that instability of the atlantoaxial joint is relatively
frequent and significantly underdiagnosed. Considering that
the atlantoaxial joint is the most mobile joint in the body, the
possibility of developing instability is most profound. The
relatively flat joint surfaces that facilitate extensive move-
ments also make this joint prone to instability. It appears that
missing or ignoring the presence of atlantoaxial instability
can frequently cause persistence of symptoms or failure of
treatment. Atlantoaxial instability can be present even when
there is no alteration in the positioning of the odontoid pro-
cess, no alteration in the atlantodental interval and even no
malalignment of the facets. Direct handling of the bones of
the atlantoaxial vertebrae during surgery can provide signifi-
cant evidence of instability. However, to diagnose instability
on the basis of direct bone handling necessarily requires
extensive surgical experience.

We recently presented our study on degenerative spondy-
losis of the spine and concluded that vertical instability of the
spinal segments that is manifested by slipping or telescoping
of the facets in the subaxial spine is the primary nodal point
of the genesis of spondylotic spinal changes [15, 19-26].
This is at variance with the disc-centric theory suggesting
that disc space reduction due to loss of water content is the
initial pathological event. The standing human position and
misuse or disuse of the muscles supporting the spinal pillar
are the primary causes of spinal instability. Because of the
oblique profile of the cervical and dorsal facets and the verti-
cal profile of the lumbar facets, it is difficult to identify insta-
bility of the facets by using conventional and even modern
imaging techniques. However, malalignment of the atlanto-
axial facets is relatively easily identified by imaging, because
of their flat and rectangular brick-like structure on lateral
imaging. Corroborative evidence such as the presence of
osteophytes, ligamental buckling and associated clinical
symptoms can suggest facetal instability in the subaxial
spine. In the atlantoaxial region the presence of basilar
invagination, assimilation of the atlas, C2—C3 fusion, retro-
odontoid and parafacetal osteophytes, bifid arches of the
atlas, platybasia, a short neck, torticollis and several similar
features provide evidence of the presence of atlantoaxial
instability, even when this is not demonstrated by imaging
[18]. Instability of the atlantoaxial and subaxial facet joints
can be identified by direct observation of the facets and man-
ual handling of the bones during surgery. An open joint cav-
ity and the presence of excessive and abnormal movements
are indications of instability of the joint. Instability of the
facet joint can be present even when there is no MRI evi-
dence of spinal changes in the segment. Alert assessment of
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the presence of facetal instability during surgery and treat-
ment can lead to a satisfactory and gratifying therapeutic
outcome.

Atlantoaxial instability may be the primary nodal point of
the genesis of ‘degenerative’ changes in the region and in the
cervical spine. Corroborative evidence such as the presence
of retro-odontoid soft or ‘firm’ tissue that represents osteo-
phytes in the region, the presence of osteophytes around the
facets and the odontoid process, and the presence of subtle
atlantoaxial dislocation and basilar invagination are indica-
tors of degenerative instability of the atlantoaxial joint [27—
30]. In the presence of other evidence, instability of the
atlantoaxial joint can be expected even when there is no
other corroborative radiological evidence. Direct handling or
manipulation of the facets can confirm the presence of insta-
bility. Ignoring atlantoaxial instability and avoiding stabili-
zation surgery can lead to disastrous clinical consequences.

Atlantoaxial instability can be frequently associated with
single or multilevel cervical spondylotic myelopathy [31,
32]. Cervical spondylosis can be primary and associated
with atlantoaxial instability or even secondary to atlantoaxial
dislocation. Atlantoaxial instability and prolonged neck
spasm and shortening of the neck can lead to secondary
spondylotic changes in the cervical spine. Long-standing
shortening of the neck can lead to bone fusions and Klippel—
Feil syndrome.

Cervical spondylosis is commonly identified in the lower
cervical spine. The presence of degenerative changes in
atlantoaxial dislocation is generally but erroneously consid-
ered extremely rare. We identified that atlantoaxial instabil-
ity is frequently associated with subaxial facetal instability
that leads to so-called degenerative cervical spinal changes.
It might even be that multilevel cervical spinal spondylosis is
invariably associated with atlantoaxial instability [31, 32].
When the clinical symptoms related to myelopathy are dis-
proportionately greater than is evidenced by subaxial cervi-
cal spinal imaging, instability of the atlantoaxial joint can be
suspected. Atlantoaxial instability in such cases is usually
type B facetal instability. However, even type C facetal insta-
bility can be present. Identification of instability by direct
bone handling of the atlantoaxial joint appears to be a major
criterion for assessment of instability that can otherwise be
missed, and an opportunity for rational and comprehensive
treatment can be lost.

We recently hypothesized that instability of the spinal
segments is the cause of ossification of the posterior longitu-
dinal ligament (OPLL) and related symptoms of myelopathy
[33, 34]. Accordingly, we recommended stabilization alone
as the rational mode of surgical treatment. We identified that
atlantoaxial instability is frequently associated with OPLL. It
may be that atlantoaxial instability is the primary event and
that subaxial instability and OPLL are secondary spinal
events. It may also be that multilevel instability that includes

atlantoaxial instability is the nodal pathogenetic factor for
OPLL. Treatment by atlantoaxial and subaxial stabilization
seems to be a rational mode of therapy in such cases.

Ignoring the presence of atlantoaxial instability in cases
with basilar invagination, Chiari malformation, syringomy-
elia, cervical spondylosis, OPLL and several other common
spinal ailments may be a cause of failure of treatment [35,
36]. Apart from facetal malalignment, identification of the
instability on the basis of direct bone handling during sur-
gery can be an important diagnostic criterion. The remark-
able clinical recovery that can occur in the immediate
postoperative period following atlantoaxial stabilization
emphasizes the importance of diagnosing the instability.

Diagnosis of atlantoaxial instability by evaluation of the
status of facets on imaging and evaluation of stability during
surgery has opened up a new dimension in the understanding
and treatment of the craniovertebral junction.
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Ossification of the Posterior Longitudinal Ligament: Analysis
of the Role of Craniovertebral and Spinal Instability

Atul Goel

Abstract Background: This paper reviews an experience of
surgically treating ossification of the posterior longitudinal
ligament (OPLL) with fixation of the involved spinal seg-
ments alone, without resorting to any bony or soft tissue
decompression or attempts at direct resection of the
OPLL. While in the early part of the experience, stabilization
of only the involved subaxial cervical spinal segments was
done, in the later part of the experience, atlantoaxial fixation
was included in the multisegmental spinal fixation construct.
This treatment is based on the understanding that spinal
instability that includes atlantoaxial instability forms the
nodal point of the pathogenesis and development of OPLL,
and maturation of the presenting clinical symptoms.

Materials and Methods: Twenty-nine patients were
treated in this series. There were 28 males and one female,
and their ages ranged from 28 to 75 years (average 57 years).
All patients presented with symptoms of neck pain, and pro-
gressive and disabling myelopathy-related quadriparesis. In
the early part of the series (from 2012 to 2014), 14 patients
underwent multilevel subaxial cervical spinal fixation by a
transarticular technique of facetal fixation. After November
2014, atlantoaxial lateral mass fixation was included in the
fixation construct in the subsequent 15 patients. Clinical
assessments were done using a visual analogue scale (VAS),
the Japanese Orthopaedic Association (JOA) scale and
Goel’s clinical grading scale.

Results: All patients’ clinical symptoms improved in the
immediate postoperative period, and the improvement was
sustained and progressive in 28 patients.

Conclusion: Atlantoaxial and subaxial spinal instability
seems to be the nodal pathogenetic factor in OPLL. Only
stabilization of spinal segments that includes the atlanto-
axial joint can provide a safe, simple and rational form of
treatment.

A. Goel
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Introduction

Ossification of the posterior longitudinal ligament (OPLL) is
a disabling cervical spinal disease. The complex structural
presentation and potential for devastating postsurgical neu-
rological complications make this disease a surgeon’s night-
mare. A number of possible aetiological factors have been
implicated in its development, but none has been seen to be
convincing or consistent [1-10]. As the pathogenesis is
unclear, the treatment strategy adopted is essentially based
on radiological evidence of spinal canal intrusion by the
bony mass anterior to the spinal cord, and is focused on
restoring spinal canal dimensions that permit an unrestricted
and uncompromised traverse of the neural structures.

This paper presents an experience of 29 cases where mul-
tiple spinal segment fixation alone was done, without any
form of bony or soft tissue decompression or direct resection
of the OPLL. In 15 cases in the latter half of the series, the
atlantoaxial joint was included in the fixation construct. This
treatment strategy is based on the understanding that atlanto-
axial and spinal instability forms the basis of the pathogene-
sis and development of OPLL [11, 12].

Materials and Methods

During the period from June 2012 to April 2016, 29 patients
with OPLL were treated with fixation alone as the treatment
strategy, aimed at arthrodesis of the spinal segments. This analy-
sis of the subject includes a case experience described in two
previous publications [11, 12]. There were 28 males and one
female in the series, and their ages ranged from 28 to 75 years
(average 57 years). All patients presented with progressive
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Table 1 Table showing the demographics of the patients, types of
OPLL, and the number of spinal levels affected

Sex Number of patients
Male 28
Female 1
Mean age (years) 57 (28-75)
Levels involved

C1-2

C2-3 9
C3-4 20
C4-5 27
C5-6 23
C6-7 7
C7-T1 1
Number of levels fixed

One-level 2
Two-level 4
Three-level 4
Four-level 6
Five-level 6
Six-level 7
Type of OPLL

Continuous 14
Mixed 8
Segmental 5
Unclassified 2

quadriparesis as the primary symptom. Neck and hand pain
were also prominent symptoms. Table 1 summarizes the clinical
and radiological findings at the time of presentation and prior to
surgery [13, 14]. Preoperative imaging included dynamic plain
radiographs, computed tomography (CT) scanning and mag-
netic resonance imaging (MRI) in all patients. During the period
from June 2012 to August 2014, 14 patients were treated with
multisegmental subaxial cervical spinal fixation. After
November 2014, in 15 patients, atlantoaxial fixation was addi-
tionally included in the fixation construct. Atlantoaxial instabil-
ity was diagnosed on the basis of our recently described
classification based on facetal malalignment in a neutral head
position (type A: when the facet of the atlas is dislocated ante-
rior to the facet of the axis; type B: when the facet of the atlas is
dislocated posterior to the facet of the axis) or when facetal
instability was identified during direct bone handling and
manipulation during surgery (type C) [15]. Eleven patients had
type B and four patients had type C atlantoaxial facetal instabil-
ity. With use of the transarticular screw fixation technique
described by Roy Camille and Saillant in 1972, subaxial spinal
fixation was done [16]. Atlantoaxial fixation was done with use

of the technique described by us in 1994 [17-19] (Figs. 1 and 2).
For transarticular screw fixation the screws were 14 mm in
length and 2.8 mm in diameter [15]. In nine patients, two screws
were used for transarticular fixation as this method was consid-
ered to be safe and possible. Such ‘double insurance’ transar-
ticular fixation was seen to add significant stability to the
implant [20]. For atlantoaxial fixation the atlas and axis screws
were 28 mm in length and 2.8 mm in diameter. A bone graft was
harvested from the iliac crest and placed in the atlantoaxial joint
cavity and in the appropriately prepared host bone of the mid-
line spinal elements, which included the laminae and spinous
processes and the lateral gutter. The patients were mobilized
within 24 h of surgery and were advised to wear a hard cervical
collar for a period of 3 months. After the 3-month healing period
and confirmation of bone fusion, all activities and neck move-
ments were permitted. Clinical assessments were done using a
visual analogue scale (VAS), the Japanese Orthopaedic
Association (JOA) scale and Goel’s clinical grading scale.

Results

All patients showed ‘remarkable’ immediate postoperative
clinical improvement. During the follow-up period, which
ranged from 4 to 50 months (average 29 months), the
improvement was sustained and progressive in 28 of the 29
patients. Tables 2, 3 and 4 depict the clinical outcome after a
minimum follow-up of 3 months. One 45-year-old male who
had undergone subaxial spinal fixation in a case of OPLL
that extended from C2 to C6 had postoperative improve-
ment, but his neurological condition worsened 3 months
after surgery. He then underwent anterior spinal decompres-
sion surgery and was subsequently lost to follow-up. The rest
of the patients are well, are improved in terms of their clini-
cal symptoms, are independent and active, and have not
needed any further surgical treatment.

All patients underwent evaluation using static and
dynamic cervical spine radiographs, CT scans and MRI.
Static neutral lateral radiographs were used to assess cervi-
cal sagittal balance, while anteroposterior radiographs were
used to exclude abnormal coronal alignment. The lordotic
angle was measured using Cobb’s method of measurement
[11, 12]. Preoperative assessment suggested that all patients
had loss of cervical lordosis, with a lordotic angle ranging
from 5° to 15°. After surgery there was a mild decrease in
the lordotic angle, with the postoperative angle ranging
from 4° to 12°. There was no significant difference between
the preoperative and postoperative values. There were no
wound infections, implant-related failures or complications.
There was restriction of all spinal movements. Although all
patients complained of this problem, none were unduly
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Fig. 1 Images of a 53-year-old female patient. (a) A T2-weighted
magnetic resonance image (MRI) shows ossification of the posterior
longitudinal ligament (OPLL) extending from the C3 to C6 cervical
levels. (b) A sagittal computed tomography (CT) scan shows the OPLL.

disturbed, considering the improvement in their limbs and
their general ability to perform all activities of daily living.
Fusion of the spinal segment was defined as the presence of
bone formation across the facet joints, with absence of all

(c) A sagittal image shows that the facets of the atlas and axis are in
alignment. (d) A postoperative CT scan shows the facetal implant from
C1toT1. (e) A CT scan shows the implant

kinds of motion between spinous processes and interverte-
bral bodies on flexion—extension, using CT images.
According to these criteria, successful bone fusion was
observed in all cases at follow-up assessments.
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Fig. 2 Images of a 55-year-old male patient. (a) A T2-weighted mag-  tomography (CT) scan shows the OPLL. (¢) A sagittal image of the
netic resonance image (MRI) shows multisegmental ossification of the  atlantoaxial facets shows marginal type B facetal instability. (d) A CT
posterior longitudinal ligament (OPLL). (b) A sagittal computed scan shows the implant
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Table 2 Distribution as per clinical grading system

Number of
patients
(post-operative)

Number of
patients

Grade (pre-operative)

Grade 1

Description

Independent and 2 14
normally
functioning

‘Walks on own but 10 10
needs support/help

to carry out routine

household activities

Walks with minimal 8 2
support and

requires help to

carry out household

activities

Walks with heavy 7 2
support and unable

to carry out
household activities

Unable to walk and 2 1
dependent for all
activities

Grade 2

Grade 3

Grade 4

Grade 5

Table 3 Grading of myelopathy by the Japanese Orthopedic
Association Score

Pre-operative Post-operative

Score (No. of patients) (No. of patients)
<7 11 3

8-12 16 5

>13 2 18

16-17 - 3

Table 4 Visual analog scale (0: no pain, 10: maximum pain)

Post-operative

VAS score Pre-operative ~ Post-operative (3 months)
Neck pain 6.2 (3-9) 2.1 (0-3) 0.3 (0-1)
Discussion

OPLL , with its related myelopathy, is a relatively rare clini-
cal event. Although it has been identified throughout the
world, the entity has been more frequently reported in Asian
countries. OPLL frequently presents in an advanced state,
when it has already occupied a significant dimension of the
spinal canal. OPLL may be segmental or continuous and can
extend over several spinal segments. The additional intrusion
of bony elements, which compromise the diameter of the
spinal canal and indent into the neural tissues, poses a sig-
nificant therapeutic challenge. The location of the OPLL
anterior to the spinal cord and posterior to the vertebral bod-
ies, and its hard bony consistency, make wide surgical expo-
sure and therapeutic resection difficult and dangerous.

The pathogenesis of OPLL is entirely unclear and has
been only speculated about [1, 2, 21]. Dietary, environmental,
infective and physical constitution—related factors, apart
from a host of other factors, have been incriminated as pos-
sible causes [1-10, 22-24]. In general, patients with OPLL
are moderately obese, have a relatively thick neck girth and
in general have a sedate lifestyle. Although a number of
nonsurgical treatment forms have been advocated, the
progressive and devastating nature of the clinical symp-
toms mandates a surgical solution. The surgical treatment
is difficult to conceptualize, as the pathogenesis of the dis-
ease process is unclear.

The pathology of OPLL involves introduction of addi-
tional bony elements into the spinal canal, which traverses
between the spinal segments. Considering this issue, the gen-
eral opinion has been that patients with OPLL have a stable
spine or a spine that is more than normally stable [11, 12].
The symptoms of progressive myelopathy and a radiological
appearance of severe and long segmental spinal neural com-
pression make the correlation straightforward. Most sur-
geons dealing with OPLL conceptually favour direct removal
of OPLL and consider it the best surgical option, associated
with long-term relief from symptoms and a cure for this con-
dition [21, 23, 25-37]. However, the formidable nature of the
surgical procedure, the need for extensive bone removal for
wide exposure, the high risk of neural damage during expo-
sure and OPLL dissection off the spinal cord, and the signifi-
cant risk of cerebrospinal fluid (CSF) leakage make the
surgical option of direct resection of OPLL less favourable
[38]. Moreover, the devastating nature of the neurological
complications following a failed operation makes the entity
of OPLL a generally feared disease.

Considering the issues related to direct resection of the
OPLL, the majority of surgeons prefer an indirect form of
decompression. Some surgeons decide on anterior or poste-
rior decompressive surgery on the basis of the presence or
absence of kyphosis or lordosis of the cervical spine. Anterior
decompression involves multilevel corpectomies and dis-
coidectomies, and posterior decompression involves a wide
and long decompressive laminectomy or various forms of
spinal canal-expanding laminoplasty. The issue of spinal
instability and the need for bone fusion of the treated spinal
segment is considered a consequence of wide and multiseg-
mental bone removal and has been associated with immedi-
ate or delayed postoperative spinal instability. Anterior
stabilization techniques that include multisegmental metal
cage implants with or without associated bone grafting have
been identified as a satisfactory mode of spinal stabilization
after decompression [23, 25, 26, 29, 30, 34, 36]. Posterior
stabilization includes a number of wire/screw and metal rod/
loop/ring fixation methods [27, 30, 33, 39]. Essentially, spi-
nal stabilization is a treatment to ward off the possible desta-
bilizing effects of decompressive surgery.
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More recently some authors have identified that instabil-
ity of the spinal segments is associated with OPLL. While
neural compression is a static factor of cord compromise,
instability is the dynamic factor affecting cord function [2,
11, 12]. On the basis of the premise that the entire pathologi-
cal sequel of OPLL is related to spinal instability, fixation
alone without any form of bony or soft tissue decompression
or direct resection of OPLL has been identified as an ideal
form of surgical treatment [11, 12]. Despite extensive bone
formation in the posterior longitudinal ligament, the articular
joints are always functional and active. Direct observation of
the facets suggests that the joints not only are functional but
actually appear to function excessively and pathologically. In
the earlier part of the present study (from June 2012 to
August 2014), transarticular screw fixation was done on seg-
ments in the vicinity of the OPLL after assessment of their
unstable character [12]. Clinical improvement without any
decompression and with stabilization alone confirmed that
instability was the defining feature in the pathogenesis of
OPLL. The observations emphasized that it is not neural
compression or deformation but repeated microtrauma
related to instability that is the cause of the symptoms [11,
12, 40-46]. Neural structures have remarkable elasticity,
plasticity and capacity to sustain deformation if it is of a
long-standing and slowly progressive nature. Such deforma-
tion of the spinal cord can be observed in benign spinal
tumours and in cases of syringomyelia where the cord sub-
stance may be remarkably reduced in girth but the spinal
cord still retains its significant functional ability.

As the concept of spinal instability as the cause of the
symptoms and pathogenesis of OPLL gained ground, it was
identified that atlantoaxial instability was associated with
high cervical OPLL, particularly where the OPLL extended
above the level of the C3 vertebra [11, 12]. Although the
atlantoaxial instability could not be identified on dynamic
imaging by assessment of alteration of the atlantodental
interval, atlantoaxial facetal instability was identified [15].
Types B and C atlantoaxial facetal instability, as identified
in our patients, have been grouped as central or axial insta-
bility. In these two types of atlantoaxial instability the atlan-
todental interval may not be altered and direct compression
of the neural structures by the odontoid process is not a hall-
mark [15]. As cord compression is not a major or primary
issue in these cases, the symptoms are subtle and long-
standing. It was speculated earlier that instability of the
atlantoaxial joint is the primary issue and that musculoskel-
etal alterations, torticollis, basilar invagination, Chiari mal-
formation type I and syringomyelia are secondary and
probably protective bodily responses [47, 48]. It may be that
the bone formation in the posterior longitudinal ligament is
protective and a response of the body to multisegmental spi-
nal instability [11, 12]. We had speculated earlier that the
presence of a retro-odontoid pseudotumour and ossification

and osteophyte formation in the degenerative spine are sec-
ondary spinal features and a response to spinal instability
[49]. It was also suggested that the presence of a retro-odon-
toid pseudotumour and cervical subaxial osteophytes as
indicators of spinal instability suggests the need for stabili-
zation. Direct removal of a retro-odontoid tumour or osteo-
phytes has been considered a counterproductive operative
procedure [43, 44, 49]. The understanding that atlantoaxial
instability is associated with high OPLL has led to inclusion
of atlantoaxial stabilization in the multilevel spinal fixation
construct.

With further maturation of our understanding and with
increasing experience in the subject, it was realized that
atlantoaxial instability is frequently associated with even
mid- and low cervical OPLL. In the subsequent part of our
series, all 15 patients underwent multilevel spinal fixation
that included atlantoaxial fixation. Although it cannot be
concluded from the present study, it may be that atlantoaxial
instability is the primary nodal point of the pathogenesis of
cervical OPLL. While the results regarding the extent of spi-
nal stability in patients treated for OPLL are still under eval-
uation, it seems that multilevel fixation aimed at arthrodesis
of spinal segments including the atlantoaxial joint appears to
be a rational form of surgical treatment that addresses the
nodal point of the pathogenesis of OPLL.
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Role of Subaxial Spinal and Atlantoaxial Instability
in Multisegmental Cervical Spondylotic Myelopathy

Atul Goel

Abstract Aim: In this paper the role of atlantoaxial and mul-
tilevel subaxial spinal instability as the primary nodal point
of the pathogenesis of degenerative cervical spinal disease—
related myelopathy, and the focus of surgical treatment for it,
is evaluated.

Materials and Methods: The series analyses the treatment
of 73 patients with single or multilevel degenerative cervical
spinal disease by fixation of the involved spinal segment(s)
alone, aimed at arthrodesis. No bone decompression or disc/
osteophyte resection was done. In 23 patients, the atlantoax-
ial joint was included in the spinal fixation, as atlantoaxial
instability was identified by facetal malalignment on imag-
ing or by observations on direct bone manipulation during
surgery. There were 70 males and 3 females. The ages of the
patients ranged from 35 to 76 years (average 57 years). The
transarticular screw method was deployed for subaxial spinal
fixation and a lateral mass plate/rod and screw technique was
used for atlantoaxial fixation.

Results: During the follow-up period, which ranged from
3 to 42 months (average 27 months), all patients improved in
terms of their clinical symptoms. There were no surgery- or
implant-related complications.

Conclusion: Atlantoaxial joint instability is frequently
associated with subaxial multilevel spinal instability in
degenerative spinal disease. Fixation of the spinal segments
provides a safe, effective and rational treatment for single or
multilevel spinal degeneration.

Keywords Atlantoaxial instability - Subaxial spinal insta-
bility - Cervical myelopathy - Degeneration
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Introduction

The craniovertebral junction is generally excluded from the
ambit of discussion on multisegmental degenerative cervical
spondylotic disease. More commonly, degenerative cervical
spondylotic disease is identified in the lower cervical region
and the incidence of spinal involvement progressively
reduces in higher segments, and the discussion generally
does not involve the spine above the C2—C3 level. This paper
discusses the relationship of subaxial and atlantoaxial region
‘instability’ in the pathogenesis of multisegmental spinal
degenerative disease, particularly in those cases associated
with relatively ‘severe’ myelopathic symptoms.

Materials and Methods

During the period from March 2013 to June 2016, 73 patients
with single- or multilevel cervical spinal degeneration were
treated with fixation of the involved spinal segments alone.
The case material updates and includes the experience anal-
ysed in our previous publications on the subject [1, 2].
Atlantoaxial joint fixation was included in the fixation con-
struct after June 2013. Among 40 subsequent cases of treat-
ment for multilevel spinal degeneration, 12 cases included
atlantoaxial fixation. The criteria to include the atlantoaxial
joint in the fixation construct included the presence of facetal
malalignment in a neutral head position (type A and type B
facetal instability) and observation of atlantoaxial instability
during manual manipulation of bones in the region during
surgery (type C facetal instability) in the presence of severe
myelopathy symptoms (Goel grade 3-5) [3] (Figs. 1 and 2).

There were 70 males and 3 females. All patients had
chronic or long-standing symptoms related to myelopathy
with or without radiculopathy. The duration of significant
neurological symptoms ranged from 6 to 24 months (average
10 months). The study excluded patients with radicular
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Fig. 1 Images of a 70-year-old male patient. (a) A T2-weighted mag-
netic resonance image (MRI) shows multilevel cervical degenerative
changes. (b) A sagittal computed tomography (CT) scan shows changes
of spinal degeneration. (¢) A sagittal CT scan shows the facets; the

atlantoaxial facets are normally aligned. (d) A postoperative CT scan
shows transarticular screw fixation. (e) A postoperative CT scan shows
reduction of kyphosis. (f) A sagittal cut through the facets shows the
transarticular screws
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Fig.1 (continued)

symptoms alone, patients with acute symptoms related to
disc herniation, patients with a history of significant trauma
to the head or the neck, and patients with bone anomalies
that included fusions.

The clinical and radiological features at the time of pre-
sentation are detailed in Table 1. Clinical assessments on the
basis of a five-point clinical grading scale [4], the Japanese

Orthopaedic Association (JOA) scale [5] and a visual ana-
logue scale (VAS) [6] are elaborated in Tables 2, 3, and 4.
Preoperative investigations included dynamic plain radiogra-
phy, computed tomography (CT) scanning and magnetic
resonance imaging (MRI). The patients were placed in a
prone surgical position with the head under traction. The
exposure included C1-C2, and the subaxial spinal exposure
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Fig. 2 Images of a 55-year-old female. (a) A T2-weighted magnetic
resonance image (MRI) shows multilevel cervical spinal degeneration
and evidence of cord compression; there is no cord compression at the
level of the craniovertebral junction. (b) A sagittal computed tomogra-

phy (CT) scan shows multilevel spinal degeneration. (¢) A sagittal CT
scan passing through the facets; type 2 atlantoaxial facetal instability
can be observed. (d) A postoperative sagittal CT scan. (e) A postopera-
tive CT scan shows atlantoaxial and subaxial facetal fixation
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Table 1 Table showing the presenting clinical and radiological
features

Sex

Male 70

Female 3

Mean age 57 (35-76)
Number of levels fixed

Two-level 5
Three-level 26
Four-level 29
Five-level

Six-level 4

depended on the extent of spinal degeneration. Transarticular
fixation was done for the subaxial spine, using the technique
described by Camille and Saillant [7]. For C1-C2 fixation a
lateral mass plate and screw technique was used, as described
by us in 1994 [8, 9]. The levels of spinal fixation are elabo-
rated in Table 1. For transarticular screw fixation, screws
14 mm long and 2.8 mm in diameter were used [10]. For
atlantoaxial fixation the screws measured 28 mm in length
and 2.8 mm in diameter. A bone graft harvested from the
iliac crest was placed into the atlantoaxial articular cavity,
into the facet joints alongside the screws and in the midline
after appropriate preparation of the host bone over the lami-
nae and spinous processes. Postoperatively the traction was
removed and the patients were advised to wear a cervical
collar for a period of 3 months.

Results

All patients in the series improved in terms of their symp-
toms in the immediate postoperative phase, and the improve-
ment progressed subsequently. The follow-up period ranged
from 3 to 42 months (average 27 months). Tables 2, 3, and 4
depict the preoperative clinical status and the postoperative
clinical status 3 months after surgery. During the period of
follow-up (range 3-42 months, average 27 months), no
patient showed delayed neurological worsening or needed
any further surgery on the cervical spine. Bone fusion could
be observed in the facets and lamina in all cases where the
follow-up was more than 6 months. There were no infections
or implant failures.

Discussion

The analysis of degenerative spinal disease has been ‘disc-
centric’ for several decades. The age-related reduction in the
water content of the disc and its effects on disc height have

Table 2 Distribution as per clinical grading system

Number of
patients
(post-operative)

Number of
patients

Grade (pre-operative)

Grade 1

Description

Independent and - 29
normally
functioning

‘Walks on own but 27 32
needs support/help

to carry out routine

household activities

Walks with minimal 30 7
support and

requires help to

carry out household

activities

Walks with heavy 12 3
support and unable

to carry out
household activities

Unable to walk and 4 2
dependent for all
activities

Grade 2

Grade 3

Grade 4

Grade 5

Table 3 Table showing the pre-operative and post-operative clinical
assessment as per JOA scoring system

Pre-operative Post-operative

JOA score (No. of patients) (No. of patients)
<7 20 3

8-12 41 9

13-15 12 33

16-17 - 28

Table 4 Visual analog scale (0: no pain, 10: maximum pain)

Post-operative
(3 months)

0.4 (0-1)

VAS score Pre-operative

5.9 (4-7)

Post-operative

1.5 (0-3)

Neck pain

been implicated as the genesis point of the entire spectrum of
degenerative spinal disease [11-14]. The prominence of
‘empty space’ seen on plain radiography images allows the
clinician to evaluate its pathology without actually visualiz-
ing the disc. Osteophyte formation, ligamentous ‘hypertro-
phy’, retrolisthesis of the facets and similar features have
been discussed more often as associated pathological entities
and less frequently as a secondary response to primary disc
disease [11-13, 15]. The overall consequence of degenera-
tive spinal disease is a reduction in the dimensions of the
spinal canal and neural foramina. With technological
improvements in radiological investigations and the advent
of computer-based technology, the radiological evidence of
cord compression and its effects on the cord substance have
become more starkly evident. With imaging clarity showing
cord compression, surgical endeavours have been focused on
removing compressing factors, ‘decompressing’ neural
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structures, increasing the spinal and neural canal dimen-
sions, and providing a free traverse for the neural structures
[12, 16, 17].

Although instability of the spine and spinal segments is
sometimes considered in the overall pathogenesis of disease
and of clinical symptoms, its numero uno position in the
entire scenario of degenerative disease has not been exten-
sively evaluated and therapeutically exploited. In general the
issue of instability and the need for stabilization and fusion
are considered, as decompressive surgery involves signifi-
cant bone/soft tissue/disc/osteophyte removal, using either
an anterior or a posterior approach, and can have a destabi-
lizing effect on the spinal column in the immediate postop-
erative period or as a delayed consequence [12, 16—18].

Despite the advances in computer-based radiological
imaging, the facets and their instability continue to be inad-
equately visualized because of their lateral location and
oblique profile. A recent evaluation of the subject identified
that instability of the spinal segments is the primary nodal
point of the pathogenesis of degenerative spinal disease [1, 2,
10, 19-24]. Standing human posture and disuse/misuse or
injury of the paraspinal muscles lead to ‘vertical’ spinal
instability, which is manifested by telescoping or slipping of
the superior facet over the inferior facet. This vertical insta-
bility has also been labelled as retrolisthesis of facets [22].
Retrolisthesis has been previously identified to be a conse-
quence of disc degeneration and disc space reduction. It
appears that subtle instability of the spinal segment(s) may
be paramount in the pathogenesis of the entire structural
deformation. Such instability is rather easily observed on
direct visualization of the joint during surgery, even when
preoperative dynamic radiographs do not depict it.
Identification of the fact that instability of the spine is the
primary event, and that the rest of the so-called pathological
features (such as disc space reduction, osteophyte formation
and ligamentous pathology) are secondary and possibly pro-
tective in function, has the potential to revolutionize the
treatment paradigm for the entity of ‘spinal degeneration’ [1,
2, 10, 19-24]. Stabilization of the affected spinal segment
addresses the primary pathology of the disease process [1, 2,
15, 21-27].

In the year 2010, we introduced facetal distraction of the
affected spinal segments as a stand-alone form of treatment
for patients with single or multilevel disc degeneration who
presented with radiculopathy or myelopathy [19, 20, 25-27].
Specially designed ‘Goel facet spacers’ were impacted into
the intra-articular cavity after appropriate distraction of the
facets. The technique was aimed at achieving distraction—
arthrodesis of the affected spinal segments [25-27]. The
observation that distraction of the facets resulted in immedi-
ate postoperative reversal of all known pathological features
of the degenerative spine gave credence to this hypothesis
[25-27]. Distraction of the facets resulted in stretch reversal
of buckling of circumferential intervertebral ligaments, an

increase in the disc space height and an increase in the spinal
and neural canal dimensions. It was identified that with dis-
traction of the facets, there was potential for regression of
osteophytes. We recently reported immediate postoperative
regression of ‘contained’ disc herniation, which had dis-
placed the posterior longitudinal ligament, following distrac-
tion of the facets [27]. Essentially, the operation involved
stabilization of the spinal segment and avoided the need for
resection of any part of the bone, soft tissues, osteophyte or
disc [21]. The treatment thus changed to dealing with poste-
riorly located facets than an anteriorly located disc and from
surgery that was previously aimed at decompression of neu-
ral structures to that directed at spinal fixation.

On further evaluation of the subject, it appears that it is
not neural compression or deformation but repeated microin-
juries to the spinal cord, as a result of instability, that is the
cause of neurological symptoms [21]. It was realized that
more than distraction of the spinal segments, it is their stabi-
lization that is most important for restoration of neural func-
tion and amelioration of symptoms. Accordingly, we resorted
to fixation alone as the treatment for single or multilevel spi-
nal degeneration—related radiculopathy or myelopathy [1, 2,
15, 23, 24]. Transarticular facetal fixation was identified to
be a safe, strong and rather straightforward surgical option
for fixation. The oblique profile, relatively large size and bio-
mechanical strength of the facets can be used effectively and
safely for transarticular screw insertion [10]. The mineral
density of the bones of the facets and pedicles is significantly
superior to that of any other part of the vertebra, imparting
greater strength to the process of screw implantation.
Moreover, the fixation is at the fulcrum of all spinal move-
ments. Extension of the levels of fixation is relatively easy
and remarkably quick.

Although instability of the subaxial facets is difficult to
evaluate radiologically, because of their oblique profile,
atlantoaxial facetal instability is relatively easy to decipher
because of the brick-over-brick rectangular configuration.
Our studies have concluded that the atlantoaxial joint, which
is the most mobile joint in the body, is most likely to develop
instability [2, 23]. An alternative classification divided atlan-
toaxial dislocation on the basis of facetal malalignment and
identification of instability on direct bone manipulation dur-
ing surgery [3]. Atlantoaxial instability in the absence of dis-
turbance of the atlantodental interval and direct compression
of neural structures by the odontoid process was labelled as
central or axial atlantoaxial dislocation. In such a form of
instability the facet of the atlas is dislocated posterior to the
facet of the axis in a neutral head position (type B atlanto-
axial facetal dislocation), or the facets of the atlas and axis
are in alignment but the dislocation or instability is identified
by direct bone handling or manipulation during surgery
(type C atlantoaxial facetal instability). As neural compres-
sion is not an early or prominent feature, the symptoms are
chronic and long-standing in nature. Such forms of disloca-
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tion are associated with chronic pathological entities such as
group B basilar invagination, Chiari malformation type I,
syringomyelia, a short neck, torticollis, bone fusions and
several features that seem to be long-standing protective
responses to atlantoaxial instability [4, 5, 24, 28-31]. Central
or axial atlantoaxial instability is also associated with chronic
degenerative spinal changes that manifest as multilevel spon-
dylosis. On the other hand, in type A facetal instability,
where in lateral-profile imaging the facet of the atlas is dislo-
cated anterior to the facet of the axis, the symptoms are rela-
tively acute, as there is an abnormal alteration in the
atlantodental interval and compression of the spinal cord by
the odontoid process. Type A facetal instability is less fre-
quently associated with chronic pathological entities such as
degeneration-related spinal disorders. It appears that atlanto-
axial instability could be a primary pathology that leads to
secondary degenerative changes in the cervical spine, or it
may be associated with multilevel spinal instability.
Identification of atlantoaxial instability and subaxial multi-
level spinal instability and stabilization may provide a ratio-
nal form of treatment for multilevel spinal degeneration. All
of our patients who were treated with such a surgical strategy
of fixation alone showed a remarkable recovery from their
clinical symptoms in the immediate postoperative period and
at follow-up assessments [1, 2, 15, 23, 24].

The exact indication for inclusion of the atlantoaxial joint
in the fixation construct will have to be evaluated by further
clinical studies. Moreover, larger case studies with multiple
treating surgeons will have to collect and compile their obser-
vations to validate the concept. The efficacy and safety of the
techniques of fixation we have adopted are apparent from our
successful results. The technique has resulted in demonstrated
improvements in gait, strength, sensations, pain, degree of
myelopathy, and bladder and bowel control. We have not
observed recurrent disease, pseudoarthrosis or hardware fail-
ure in any case. The drawback of this study is that it did not
include a comparative cohort of patients who had undergone
traditional open anterior or posterior surgery.
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Abstract Rheumatoid arthritis (RA) is a chronic inflamma-
tory disorder, characterized by polyarticular inflammation
causing progressive joint damage and disability. The mecha-
nisms underlying its pathogenesis involve activation of
innate and adaptive immunity, microvascular endothelial cell
activation, and inflammatory infiltration of lymphocytes and
monocytes into the synovium. Spinal involvement in RA is
not typical; when it occurs, the main radiological features are
(1) atlantoaxial subluxation (AAS), which is the most typical
form of cervical spine involvement; (2) cranial settling—
also known as basilar impression, atlantoaxial impaction or
superior migration of the odontoid—which is the most severe
form of associated spinal instability; and (3) subaxial sub-
luxation. A combination of these alterations may occur.
Synovitis is characterized by infiltration of innate and adap-
tive immune cells; joint destruction is a consequence of acti-
vation of synovial fibroblasts, which acquire aggressive,
inflammatory, invasive features, associated with increased
chondrocyte catabolism and synovial osteoclastogenesis.
Neck pain is the most frequent symptom of spinal involve-
ment in RA; it occurs in 40-80% of patients and is mostly
localized at the craniocervical junction. Other symptoms—
caused by compression of neural structures such as the
greater occipital nerve (at C2), the nucleus of the spinal tri-
geminal tract and the greater auricular nerve—are occipital
neuralgia, facial pain and ear pain, respectively. Irritation of
the lesser occipital nerve (at C1) can cause pain in the suboc-
cipital region. Sometimes patients may complain of a sensa-
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tion of their head falling down with flexion, weakness,
reduced endurance, loss of ability, gait alterations, paraesthe-
sias or other symptoms due to cord and medullary compres-
sion, and upper or lower motor neuron signs, or both. Surgical
management of RA remains a challenging field.

Keywords Craniovertebral junction - Rheumatoid arthritis
Cervical spine - Inflammation - Transnasal decompression
Transoral decompression - Instrumentation and fusion proce-
dures - Atlantoaxial dislocation - Atlantoaxial instability -
Atlantoaxial synovitis - Basilar invagination

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disor-
der, characterized by polyarticular inflammation causing
progressive joint damage and disability. The mechanisms
underlying its pathogenesis involve activation of innate and
adaptive immunity, microvascular endothelial cell activation
and inflammatory infiltration of lymphocytes and monocytes
into the synovium. The final consequence of these immuno-
logical processes is development of synovial hypertrophy
with pannus formation, which finally leads to erosion of
articular cartilage and subchondral bone [1].

RA is a chronic, symmetrical, erosive disease, mainly
involving small joints in the hands and feet. However, cervi-
cal spine involvement may also be present in a significant
number of patients, sometimes in early disease. Cervical
spine involvement, however, is more commonly a finding of
long-standing RA, observed in over half of all patients after
a mean of 10 years of the disease [2, 3].

The prevalence of cervical spine abnormalities in RA is
estimated to be between 17% and 88% [4, 5]. The breadth of
this range is related to variability in populations (as observed
in several retrospective studies), use of different classifications
of the disease and evolving medical therapies for the disease
[6]. Almost 1% of the general population in Europe and in the
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USA is affected by RA, and approximately 10% of these
patients develop significant cervical spine involvement [7].

Cervical spine involvement in RA is related to the pres-
ence of peripheral erosions, the use of corticosteroids and
previous joint surgery, which are considered independent
risk factors for development of serious cervical spine abnor-
malities. Beyond inflammatory involvement of cervical spine
related to RA, patients can develop age-related degenerative
alterations (known as cervical spondylosis), which also
affect the general population [8].

Anatomy and Physiopathology

The cervical spine can be separated into two different parts:
the upper tract (C1 and C2, with the atlantoaxial, atlanto-
odontoid and atlanto-occipital joints) and the lower tract
(C3-C7, with uncovertebral and facet joints present at each
level). The upper cervical spine is mainly involved in rota-
tional movements of the neck, whereas the lower tract is
involved in flexion—extension movements. Like the rest of
the spine, the cervical spine has the function of guaranteeing
protection of the neural structures contained in the spinal
canal and allowing both physiological stability and move-
ment capacity between the vertebrae through the joints con-
necting them, which are powered by various muscle
attachments. The occiput—C1 and C1-C2 articulations lack
intervertebral discs, consisting exclusively of synovial
joints. Thanks to these peculiar anatomical features, the
atlas and axis allow increased mobility of the cervical spine.
The atlas, without a vertebral body, supports the head though
lateral articulations with the occipital condyles. The supe-
rior articular facet of the atlas receives occipital condyles at
the base of the skull, whereas the inferior articular facet
stands upon the axis; articulation between the atlas and axis
is permitted by vertical projections of the odontoid process,
which assumes a position between the lateral masses of C1.
The joints are stabilized by different ligaments, such as the
transverse ligament, the alar ligaments and the accessory
atlantoaxial ligaments [9, 10]. The integrity of the trans-
verse ligament prevents anterior subluxation of the atlas,
particularly during neck flexion. In RA, this ligament is
often compromised because of its involvement in the inflam-
matory process of the synovial articulation of the dens.
Whole rupture of the transverse ligament causes only
4-5 mm anterior subluxation of the atlas if the secondary
stabilizers are not damaged. In RA, the stability of the atlan-
toaxial joint is definitely compromised as a result of impair-
ment of the secondary stabilizers, and it can be further
compromised by possible erosions of the odontoid process.
Atlantoaxial instability (most frequently anterior) is often
due to loss of ligament support caused by development of

erosive pannus at the C1-C2 level and bone destruction
(Fig. 1). This process leads to damage to the ligamentous
complex that usually stabilizes the atlas in the axis, espe-
cially damage to the transverse ligament, but also to the
articular capsular joint of C1-C2.

The weight of the head and insufficient mobility of the
thoracic spine create dynamic forces that worsen the situa-
tion, further compromising the ligamentous stabilizers, caus-
ing fracture of an impaired dens, or both.

The most frequent clinicopathological presentations of
spinal involvement in RA are (1) atlantoaxial subluxation
(AAS), which is the most common manifestation of cervical
damage; (2) cranial settling—also known as basilar impres-
sion, atlantoaxial impaction or superior migration of the
odontoid—which is the most severe form of spinal involve-
ment in RA; and (3) subaxial subluxation (SAS). A combina-
tion of these alterations may occur [11, 12].

In AAS, the normal <3 mm range of the anterior atlanto-
dental interval (ADI) is extended and that of the posterior
atlantodental interval (PADI)—the space between the poste-
rior border of the dens and the anterior aspect of the posterior
arch of C1—is decreased, inducing compression of the upper
spinal cord [12]. Winfield et al. [13] observed anterior atlan-
toaxial dislocation (AAD) in 12% of RA patients during a
follow-up period of 7 years. In autopsy studies, the rate
changed from 11% to 46% [9]. Anterior AAD accounts for
75% of all cases of AAD. According to evidence from

Fig. 1 Magnetic resonance imaging (MRI) T2-weighted sagittal
reconstruction of retro-odontoid pannus impinging on the bulbomedul-
lary junction in a 68-year-old woman (red arrow)
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experimental studies, disruption of the transverse ligament
alone can cause slipping of C1 anteriorly over C2. When the
transverse ligament is the only one compromised, the maxi-
mum displacement is about 5 mm, but it increases to 6.5—
10 mm and 7 mm when the alar or atlantoaxial ligaments,
respectively, are also compromised, and 12 mm when all
three ligaments are damaged [10, 14].

In 20% of cases of AAD, C1 is shifted laterally [15], caus-
ing an abnormal head posture. Lateral AAD is the result of
unilateral or asymmetrical involvement of the lateral atlanto-
axial joint. When no more than 1 mm of subchondral bone on
the lateral mass of C1 or the articular process of C2 is lost,
C1 shifts laterally by 2.5 mm. When the loss of bone is more
than 1 mm, the shift can reach 5 mm and is limited by contact
between the lateral mass of C1 and the dens. At the same
time, the lateral mass of C1 is in contact with C2, shifting
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and tilting C1. An anteroposterior open-mouth x-ray permits
diagnosis, evidencing involvement of either or both of the C1
and C2 joints with a major than 2 mm displacement of C1 on
C2 and tilting of C1 on C2. The degree of compromise of the
lateral mass of C2 determines the extent of the tilting [15].
Rotatory dislocation is caused by unilateral C1-C2 joint
damage with impairment of the transverse ligament.
Dislocation is well demonstrated by an open-mouth projec-
tion scan, which is considered the best x-ray projection
because it shows lateral displacement of the dens, asymme-
try of the C1 lateral masses with respect to the dens and
abnormal lateral mass geometry (Fig. 2a). A rarer manifesta-
tion is posterior atlantoaxial subluxation, which is usually
caused by a fracture of the dens and carries a greater risk of
cord injury than AAS (6-7%) [16]. The dens damage caused
by the pannus underlies posterior subluxation, subsequent to
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Fig. 2 (a) Traditional X-ray measurements investigating the C1-C2
relationship. ADI anterior atlantodental interval, PADI posterior atlan-
todental interval (left) and rotatory subluxation (right, red arrow).
(b) Radiological criteria for cranial settling. Chamberlain line: findings
are considered positive if the apex of the odontoid is 3 mm above a line
from the posterior edge of the hard palate to the opisthion (the posterior
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rim of the foramen magnum). McGregor line: findings are considered
positive if the apex of the odontoid is >4.5 mm above a line drawn from
the posterior hard palate to the most inferior point on the occipital
curve. McRae line (1953): findings are positive if the tip of the odontoid
extends above a line drawn from the basion (the anterior rim of the fora-
men magnum) to the opisthion
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posterior slippage of C1. The result is upward movement of
the anterior arch of C1 and downward inclination of the pos-
terior arch until it is located in front of the spinous process of
C2. The erosion of the occipitus—C1 and C1-C2 joints causes
cranial settling, with displacement of the odontoid in the
foramen magnum. This can cause brainstem compression
and possibly death [17].

Cranial settling is observed in 4-35% of RA patients and
is responsible for 20% of all AAD cases [15, 18]. It is caused
by erosion of the occipital condyles, the superior articular
processes of C2 and the lateral masses of C1. The collapse of
the compromised joints is followed by settling of the skull on
the upper cervical spine.

Subaxial subluxation can cause several abnormalities in
the cervical spine, ranging from spondylolisthesis to cervical
kyphosis and/or a “staircase” deformity due to the destruc-
tion of the facet joints as well as the uncovertebral joint.
Plain X-rays permit us to visualize subaxial cervical spine
abnormalities. Spinal cord compression is rarer than with
upper cervical spine lesions but it can result in more severe
lesions [19].

Pathogenesis

The pathogenesis of RA is heterogeneous and is character-
ized by activation of innate and adaptive immunity. The pres-
ence of autoantibodies is a negative prognostic factor and is
related to more severe clinical manifestations, erosive dis-
ease and increased mortality [20, 21]. The increased mortal-
ity seems to be probably related to the presence of immune
complexes between autoantibodies against citrullinated pep-
tides (ACPAs) and citrulline-containing antigens, leading to
complement activation [22]. The lung seems to be the main
tissue in which the immune response is activated, through
formation of ACPAs, which is increased by smoking. Several
studies have demonstrated an association between smoking
and the presence of shared citrullinated peptides in both lung
and synovial tissue biopsies [23]. ACPAs themselves have a
pathogenetic role, triggering innate immunity by directly
stimulating macrophages (e.g. by binding to toll-like recep-
tors through the bound antigen, by Fc-receptor engagement,
or both). Recent studies have suggested that ACPAs could
promote activation of osteoclasts through development of
immune complex and Fc-receptor involvement or probably
by ligating membrane citrullinated vimentin [24], therefore
directly causing bone loss. In RA, activation of immune
responses leads to development of leucocyte infiltration in
synovial membranes, causing synovial hypertrophy, which
clinically occurs with joint swelling. The cellular composi-
tion of synovitis in RA is heterogeneous, including innate
immune cells (e.g. monocytes, dendritic cells, mast cells and

innate lymphoid cells) and adaptive immune cells (e.g.
T-helper-1 and T-helper-17 cells, B cells, plasmablasts and
plasma cells) [24]. Joint destruction is a consequence of acti-
vation of synovial fibroblasts, which acquire aggressive
inflammatory and invasive features, associated with increased
chondrocyte catabolism and synovial osteoclastogenesis [25,
26]. Ultrasound-guided biopsies of small joints and detailed
molecular analyses (in particular, transcriptomic analyses)
have demonstrated the presence of different subtypes of syno-
vial inflammatory infiltrates—namely, myeloid-dominant,
lymphocytic-dominant and fibroid-dominant infiltrates—pro-
viding new insights into pathogenetic processes, which could
have significant therapeutically implications [27].

The mediators of inflammation that are mainly implicated
in progression of RA are chemokines, cytokines, growth fac-
tors and metalloproteinases. The immune response is charac-
terized by activation and attraction of inflammatory cells
from peripheral blood to the site of inflammation and by sub-
sequent proliferation of synoviocytes. Tumour necrosis fac-
tor (TNF), interleukin 6 and probably granulocyte—monocyte
colony-stimulating factor play central roles in the develop-
ment and maintenance of the inflammatory process [28].

Activated fibroblasts—in synergy with inflammatory
infiltrates composed of activated T and B cells, monocytes
and macrophages—finally act by triggering osteoclast acti-
vation through the receptor RANKL (receptor activator of
nuclear factor kB ligand, expressed on T and B lymphocytes
and fibroblasts), which interacts with its cognate receptor,
RANK, expressed on preosteoclasts, macrophages and den-
dritic cells [29, 30]. Activation of osteoclasts induces the
appearance of joint erosions by release of proteolytic
enzymes (matrix metalloproteinases). The cartilage matrix is
degraded by matrix metalloproteinases and aggrecanases.
The proteases can consequently infiltrate and damage articu-
lar cartilage, subchondral bone, tendons and ligaments, ulti-
mately leading to instability and subluxation of all of the
joints involved, including the cervical spine.

Clinical Manifestations

Cervical spine involvement in RA is often a silent condition.
Even in the presence of severe cervical spine damage, many
patients may be asymptomatic. Beyond RA-related inflam-
mation in the cervical spine, this site can also be compro-
mised by degenerative age-related disease. Both conditions
occur with almost the same symptomatology, characterized
by neck pain, myelopathy and radiculopathy. Neck pain is
the most frequent symptom reported by patients with spinal
involvement in RA; it occurs in 40-80% of patients [31],
mostly localized at the craniocervical junction. Occipital
headaches are often present as well. Compression of neural
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structures—such as the greater occipital nerve (in C2), the
nucleus of the spinal trigeminal tract and the greater
auricular nerve—can cause occipital neuralgia, facial pain
and ear pain, respectively. Irritation of the lesser occipital
nerve (in C1) can also cause pain in the suboccipital region.
Sometimes patients may complain of a feeling of their head
falling down with flexion and with a clunking sensation,
weakness, reduced endurance and dexterity, gait alterations,
paraesthesias [12, 32] or other symptoms due to cord and
medullary compression, and upper or lower motor neuron
signs, or both.

Axial pain originates from involvement of various com-
ponents of the vertebral column and is due to damage of the
bone and cartilage in the neck or deformities resulting in
misalignment.

Myelopathy describes a constellation of symptoms usu-
ally caused by compression of the brainstem or spinal cord;
earlier symptoms can worsen coordination of hand move-
ments and cause disturbances in balance, a sensation of
heaviness in the lower extremities and gait disorders. Other
clinical manifestations may be difficulty in execution of fine
motor skills—such as buttoning a shirt or inserting a key into
a lock—or a progressive change in handwriting [33].

Neck movements, particularly flexion, can cause the
occurrence of electric shock sensations in the torso and
extremities  (Lhermitte’s  sign), or either alone.
Vertebrobasilar insufficiency or mechanical compression of
the cervicomedullary junction can cause symptoms of tin-
nitus, vertigo, visual alterations, disturbances of equilib-
rium, diplopia and dysphagia; the most severe manifestations
of upper cervical spine involvement, caused by vertebro-
basilar insufficiency, are stroke or sudden death, which are
rarely reported [12, 34].

A complete history and physical examination can high-
light bowel and bladder disturbances, movement disabili-
ties, balance and coordination alterations, and/or difficulties
in manual dexterity. Physical examination findings can dif-
fer significantly and have been demonstrated to be variable
in patients with cord compression. Beside Lhermitte’s sign,
suggestive signs of myelopathy are Hoffman’s sign, an
inverted brachioradialis reflex, hyperreflexia, continuous
clonus or more than five beats of clonus, a positive Romberg
sign and/or a Babinski sign, as well as the occurrence of
dysdiadochokinesia, dysmetria or problems with the heel to
shin test and/or the tandem gait test. These signs/symptoms
can be associated with various levels of motor and/or sen-
sory alterations in the upper and/or lower extremities. A
complete neurological examination should be performed,
including all of the aforementioned provocative tests.
Unfortunately, in patients with RA, severe joint involvement
may sometimes prevent a thorough neurological examina-
tion from being done, delaying diagnosis and making it
more difficult [35].

Diagnosis

Patients with RA, even asymptomatic ones, should undergo
an X-ray evaluation in lateral, anteroposterior (AP) and
open-mouth odontoid views, and in lateral flexion—extension
dynamic projections, to assess cervical spine involvement
[12, 36, 37]. Radiographic alterations related to early cervi-
cal spine involvement are most commonly represented by
odontoid erosions, disc narrowing, and atlantoaxial and sub-
axial subluxation [38, 39]. X-ray evaluation permits clear
identification of bone alignment, quality and deformities, but
it has some limitations for identification of bony erosions,
the craniovertebral junction (CVJ) and cervicothoracic junc-
tions (because of superimposition of the cranial base struc-
tures and of the glenohumeral joints) and soft tissue changes
such as pannus and spinal cord compression. In the presence
of radiographic alterations in cervical spine involvement
and/or in cases of neurological symptoms or cervical pain,
computed tomography (CT) scans and/or magnetic reso-
nance imaging (MRI) of the cervical spine are mandatory
[11, 40].

CT scanning with multiplanar reconstruction represents
the gold-standard method for clear visualization of bone
changes (erosions, anatomy, ankylosis and spondylosis) but
has limitations for assessment of soft tissues, the spinal cord
and nerve roots [11, 41]. MRI evaluation is the most sensi-
tive method for evaluation of cervical spine involvement in
RA, especially because it allows better visualization of soft
tissue and neural elements. It should be performed in all
patients with suspected or confirmed radiographic signs of
cervical spine involvement and in patients complaining of
neurological symptoms [42, 43] (Fig. 1). Both CT scanning
and MRI are fundamental for surgical planning.

As reported above, traditional X-ray evaluation, consider-
ing the C1-C2 relationship, includes the ADI; a distance of
<3 mm is considered normal. However, patients with RA,
even asymptomatic ones, frequently have measurements of
5 mm or even up to 10 mm [39]. In this regard, it has been
demonstrated that the PADI is a better predictor of paralysis
and recovery. The PADI, in particular, estimates the greater
amount of space available for the upper cervical spinal cord
[39, 43] (Fig. 2a). The cervical spinal cord occupies 10 mm
of the canal diameter; additionally, it needs 1 mm for the
dura and 1 mm for the cerebrospinal fluid (CSF) anterior to
the cord, and the same posteriorly, for a total of 14 mm.
Compression of the cord occurs when the available space is
<14 mm. X-ray evaluations should include both PADI and
ADI measurements obtained in flexion and extension. Boden
etal. [39] observed a high rate of neurological recovery, after
fusion and stabilization, in patients with a PADI >14 mm,
whereas a PADI <10 mm was related to a worse clinical out-
come. However, neither the ADI nor the PADI can be used to
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assess cord compression caused by soft tissues, such as pan-
nus development in the retro-odontoid space. Thus, spinal
cord compression can be present even in the absence of
abnormalities in plain X-ray measurements.

The possibility of rotatory AAS should be considered in the
presence of asymmetry or lateral displacement of the atlas on
the axis by >2 mm in an open-mouth view or in cases of asym-
metrical collapse of the lateral atlas mass [44]. Fracture of the
dens may be another sign of lateral displacement. A CT scan is
the method of choice for confirmation of the diagnosis.
Diagnosis of cranial settling through X-ray evaluation can
often be very difficult because osseous structures of the cranial
base are superimposed upon the landmarks, particularly in the
cervical spine [44]. Diagnosis of cranial settling may be further
complicated by the presence of erosions of the dens. Plain
X-rays generally allow evaluation of the extent of cranial set-
tling in relation to several parameters based on different ana-
tomical landmarks (Fig. 2). Various parameters are used to
assess cranial settling with plain X-rays, including McRae’s
line, McGregor’s line, the Ranawat index, the Redlund-Johnell
value and the Clark stations. The measurements most com-
monly used are the Ranawat index [45] and the Redlund-
Johnell value [46]. Lateral scanning allows clear visualization
of the anatomical landmarks used for these measurements
(Fig. 2b). An altered Ranawat index most likely matches set-
tling at the C1-C2 level, and the Redlund-Johnell value shows
occiput—C2 changes. In 1989, Clark et al. [47] described a
method involving identification of three equidistant stations of
the odontoid process of the axis. Usually the superior third of
the odontoid is at the same level as, or close to, the anterior ring
of the atlas. With mild cranial settling, the middle third of the
odontoid process is level with the anterior ring of the atlas
(station II). With severe cranial settling, the inferior third of
the odontoid process is level with the anterior ring of the atlas
(station III) [48]. In addition, these authors recommended
considering as positive the results of screening for basilar
impression when at least one of the following three criteria is
positive: the Clark stations, the Redlund-Johnell value or the
Ranawat index. Use of these criteria in combination increased
the sensitivity to 94% and the negative predictive value to
91%. In the presence of a positive result on at least one of the
three criteria, a more detailed study with CT scanning or MRI
is mandatory. However, MRI has replaced CT scanning as the
evaluation of choice in clinical evaluation because of its
greater sensitivity in identifying inflammatory alterations in
the joints and synovial changes, especially at the early stages
of the disease. MRI allows better visualization of soft tissue,
neural structures (the spinal cord and nerve roots) and the
contents of the epidural space, providing further information
for assessment of spinal cord compression [49].

Through triplanar images, MRI permits clear visualiza-
tion of facet subluxations, joint damage and dens dislocation
[50], giving precise information about CVJ relationships.

MRI is also suggested for assessment of the cervicome-
dullary angle: in two studies, patients with an angle <135°
had a diagnosis of cranial settling and myelopathy [51, 52].
In addition, MRI alterations can be useful for prognosis:
T1-weighted spinal cord signal changes are associated with a
poor clinical status and also a poor final postoperative out-
come [52]. MRI is also useful to evaluate pannus regression
after surgical treatment.

Since pannus formation is probably related to articular
hypermobility, fusion of the affected joint can lead to pannus
regression (especially in cases imaged with contrast enhance-
ment) [53]. Dynamic MRI has been used with the patient in
flexed or extended positions and in the traditional neutral
position. Roca et al. recommend performing functional MRI
in a flexed position in patients with RA with suspected cervi-
cal subluxation when routine MRI findings in the neutral
position are normal [54]. Other authors have suggested per-
forming functional MRI as a preoperative examination [55].

Management

The goals of RA treatment are symptom relief and a reduc-
tion in the disease activity rate. Good control of disease
activity is considered to be the primary non-surgical treat-
ment of cervical spine involvement in RA. However, pro-
longed high-dosage use of corticosteroids represents an
independent risk factor for cervical subluxation in RA [56—
59]. Moreover, an elevated incidence of SAS has also been
reported in patients not affected by RA, and it is directly
associated with the duration of corticosteroid exposure.

In a clinical series of 67 patients it was demonstrated that
treatment with disease-modifying antirheumatic drugs
(DMARDs) was correlated with a greatly decreased inci-
dence of cervical spine involvement: reductions of 9% in the
rate of atlantoaxial subluxation, 4% in the rate of basilar
invagination and 2% in the rate of subaxial subluxation were
reported [60]. Combination therapy with different DMARDs
might further reduce the rates of cervical spine involvement.
No cases of atlantoaxial subluxation or basilar invagination
were observed in a study of 195 patients with early RA
treated with more DMARDs during a follow-up period of
2 years, and only 3.5% of these patients were reported to
have subaxial subluxation [61]. These findings suggest that
biological DMARDs might be more useful for preventing
de novo cervical spine involvement than for slowing the pro-
gression of pre-existing pathology [62].

Conservative treatment is the preferred therapeutic strat-
egy in RA patients with cervical spine involvement but
without neurological deficits. When neurological symptoms
and signs are present, surgical treatment should be consid-
ered, evaluating different factors such as age, the severity of



The Craniovertebral Junction in Rheumatoid Arthritis: State of the Art

85

the disease and the patient’s general condition. Properly
administered anaesthesia is crucial, and surgical treatment
should be performed at centres with expertise in treating
CVIJ abnormalities. Nevertheless, surgical management of
RA is a stimulating field. There clearly has been a reduction
in cases of mutilating RA involving the CVJ, thanks to steady
improvement in surgical procedures.

A successful surgical procedure requires a great deal of
expertise to achieve stable decompression of the
CVI. Therefore, a skilled preoperative evaluation, an appro-
priate choice of surgical procedure, and use of suitable hae-
mostatic and sealant devices and stabilization instruments
are required to achieve the best functional result and avoid
surgical complications [63, 64].

Enlarged transoral approaches—despite being associated
with greater morbidity—are helpful when severe basilar
invagination, cranial extension of the lesion or limited jaw
mobility are present.

The introduction of endoscopy in transoral surgery and
the endoscopic transnasal approach have strongly improved
the outcome of RA patients with rapidly progressive myelo-
pathic symptoms. For those patients with chronic symptoms,
CVI fixation procedures seem to be more suitable both for
stabilization and for secondary progressive pannus reabsorp-
tion [62, 65-68].
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Chiari Malformations
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Abstract Background: Chiari malformations (CM) repre-
sent a group of anomalies characterized by descent of the
cerebellar tonsils or vermis into the cervical spinal canal.
These malformations can be associated with abnormalities
such as hydrocephalus, spina bifida, hydromyelia, syringo-
myelia, curvature of the spine (kyphosis and scoliosis) and
tethered cord syndrome. Hereditary syndromes and other
disorders that affect growth and bone formation—such as
craniosynostosis, Ehlers—Danlos syndromes and Klippel—-
Feil syndrome—can also be associated with CM.

Methods: The literature concerning treatment is large, and
an extensive range of therapeutic protocols have been
described. The literature is inclined in favour of surgery;
however, there is controversy over when to perform surgery
and which procedure is most appropriate. Lately, the indica-
tions for stabilization have been under discussion.

Results and Conclusion: In this paper we review the lit-
erature and discuss the historical background, anatomical
forms, pathophysiology, clinical presentation, relationships
with other diseases and diagnostic procedures for these
abnormalities.

Keywords Chiari malformation -
Syringomyelia

Craniocervical junction

Introduction

Chiari malformations (CM) comprises various pathologies
that have in common anatomical deformities of the brain-
stem and cerebellum. In the early 1890s, Professor Hans
Chiari (1851-1916), an anatomopathologist at the German
University in Prague, Czechoslovakia, described the congen-
ital anomalies that would later be named Chiari malforma-
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tion types I-IV [1-3]. These anomalies are characterized by
downward elongation or displacement of the cerebellar ton-
sils or the vermis into the cervical spinal canal. Hydrocephalus
is sometimes present. Other abnormalities can be associated
with CM, such as syringomyelia, spina bifida, hydromyelia,
kyphosis, scoliosis and tethered cord syndrome. Moreover,
CM may be associated with hereditary syndromes and other
disorders that affect growth and bone formation, such as cra-
niosynostosis, Ehlers—Danlos syndromes and Klippel-Feil
syndrome.

The literature concerning treatment is large, and many
therapeutic protocols have been described. The literature is
inclined in favour of surgery. Moreover, there is controversy
over when to perform surgery and which procedure is most
appropriate. Lately, the indications for stabilization have
been under discussion.

In this paper, we review the literature and discuss the his-
torical background, anatomical forms, pathophysiology, clini-
cal presentation, relationships to other diseases and diagnostic
procedures for these abnormalities.

History

In 1883, Cleland was the first author to define what later
became known as Chiari malformation type II or Arnold—
Chiari malformation, with his report on a single infant with
myelomeningocele and hindbrain abnormalities [4]. In 1891,
Chiari published his first manuscript in which he collated
and analysed data from over 40 postmortem inspections of
hindbrain malformations [2] and described CM types I, II,
and IIT [2, 5]. In 1894, Arnold described a case of a child
with elongation and descent of the inferior part of the cere-
bellum into the spinal canal and spina bifida [6]. Later, the
type IV malformation was described in Chiari’s 1895 publi-
cation [3], which stated that “other factors must play a role in
this condition”—namely, insufficient skull growth, causing
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increased intracranial pressure (ICP)—in contrast to his pre-
vious report, in which he postulated that CM was caused by
hydrocephalus.

Anatomical Forms of Chiari Malformation

The CM classification divides the abnormalities according to
the severity of cerebellar tonsil descent and other neurologi-
cal anomalies.

Chiari Malformation Type |

This is the least severe type and usually presents in adult-
hood. Hydrocephalus is infrequent. Syringomyelia is often
found. Neuroimaging shows cerebellar tonsil elongation into
the upper cervical canal through the foramen magnum. In
general, tonsils lying 5 mm or more below the foramen mag-
num on neuroimaging are considered consistent with CM,
though there is no direct correlation between clinical severity
and how low the tonsils are lying. Usually, the origin is
mesodermal.

Chiari Malformation Type Il

This is the most frequent form. It is also known as ‘classic’
or ‘Arnold—Chiari’ malformation. Hydrocephalus is present
in more than 70% of cases. The cerebellar hemispheres and
the inferior vermis extend into the foramen magnum with
displacement of the brainstem (the fourth ventricle, lower
portion of the pons and medulla) inside the spinal canal and
elongation of the aqueduct and fourth ventricle. It is associ-
ated with spina bifida and other cerebral, spinal and menin-
geal abnormalities. Its origin is a neuroectodermal
disturbance.

Chiari Malformation Type Il

This is a rare form. Hydrocephalus is present in 50% of cases
and is of the obstructive type because of an associated
Dandy—Walker malformation or aqueductal stenosis. It is
characterized by caudal displacement of the medulla and
herniation of part of the cerebellum in an occipital, cervical
or occipital-cervical meningocele. Sometimes part of the
hindbrain is also herniated. It is a disorder of neuroectoder-
mal origin.

Chiari Malformation Type IV

This is the least frequent but most severe form of CM, char-
acterized by an incomplete or undeveloped cerebellum
(cerebellar hypoplasia or aplasia) and alterations of the
pons with a ‘pigeon breast’ deformity of the brainstem.
These anatomical alterations cause evident dilatation of the
fourth ventricle, cisterna magna and basal cisterns, although
hydrocephalus is infrequent. It is a neuroectodermal
malformation.

Other Forms of Chiari Malformation

CM type 0 is characterized by the presence of syringomyelia
without detectable descent of the cerebellar tonsils [7]. CM
type 1.5 is characterized by tonsillar herniation and caudal
migration of the brainstem and fourth ventricle, but with
absence of spina bifida.

Pathophysiology

Many theories have been proposed to explain the causes of
CM, but still none of the causes is completely clear. Here, we
discuss the four main theories that have been offered in an
attempt to explain the different hindbrain pathology seen in
CM, although no single error in development appears to pro-
duce the anomaly.

e Hans Chiari, in his initial theory, ascribed hindbrain her-
niation to hydrocephalus. The theory stated that the ICP
due to hydrocephalus and the consequent cerebrospinal
fluid (CSF) pressure differential in the cranial and spinal
compartments may cause cerebellar vermian herniation.
However, this model fails to explain several features of
CM. Between 10% and 20% of children with myelome-
ningocele and CM never develop hydrocephalus.
Moreover, from prenatal imaging it is known that CM is
often present prior to radiographic appearance of hydro-
cephalus. In addition, the small posterior fossa, low-lying
torcular herophili and upward ‘herniation’ of the vermis
are not explained by this theory [3].

e Cleland postulated that a primary dysgenesis of the hind-
brain may occur, characterized by central nervous system
(CNS) malformations in the posterior fossa. This theory
fails to account for the cranial and supratentorial anoma-
lies frequently associated with CM and myelomeningo-
cele [4].

* Another theory postulated that a mesodermal disorder
may result in a low-volume posterior fossa and subsequent
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overcrowding; this may explain the vermian and brain-
stem herniation. A similar concept involves an ‘induced’
small posterior fossa secondary to chronic CSF leakage
from an open spinal defect. Again, these theories fail to
explain the widespread CNS abnormalities seen in
patients with myelomeningocele.

e Traction theorists, including Penfield, postulated that
development of CM occurred by the open and tethered
spinal cord pulling the brainstem and cerebellum inferi-
orly, resulting in elongation and herniation of the poste-
rior fossa structures. This theory does not explain many
CNS deformities. Another flaw in this theory is the fact
that traction forces applied to the lumbar spinal cord are
essentially non-existent beyond four spinal levels from
the tethered site [8].

McLone and Knepper combined these theories into a
‘unified theory’ of CM [9]. In this concept, the loss of CSF
troughs via both an open neural tube defect and incomplete
spinal occlusion causes a subsequent drop in ICP. CSF drains
through the central canal and is therefore not retained in the
ventricular system. The absence of the ventricular CSF driv-
ing force during fetal development results in poor cranial
vault expansion, resulting in a small posterior fossa. The
unexpectedly narrowed posterior fossa leads to caudal dis-
placement of the brainstem and cerebellum through the fora-
men magnum. This theory also explains the development of
hydrocephalus due to overcrowding of the posterior; with
CSF outflow blocked or impaired at the foramina of Luschka
and Magendie, progressive ventriculomegaly ensues.

Epidemiology and Clinical Presentation

The prevalence of CM has been estimated to be between
0.1% and 0.5%, but it is possible that higher rates will be
identified by increasing use of magnetic resonance imaging
(MRI). Most clinical cohort studies show an equal preva-
lence in both sexes or a slight female predominance. There is
no particular ethnic or geographical distribution, and there
are no known risk factors other than family history.

The majority of cases of CM are asymptomatic. Most
patients with CM type I are diagnosed in late childhood to
early adulthood.

Symptoms related to CM vary. The most common symp-
toms in these patients are headaches and neck pain, fre-
quently associated with dysaesthesia in the C2 dermatome.
The pain is exacerbated by coughing or sneezing. Given that
CM type 1II is often associated with myelomeningocele, the

first sign is an open neural tube defect. Approximately 33%
of patients with CM type II will develop signs and symptoms
of brainstem herniation/compression prior to the age of
5 years, and more than one third of patients with such early
manifestations will not survive.

The symptoms of CM include alterations in the pattern of
breathing (including periods of apnoea, stridor and dyspha-
gia resulting in aspiration); a depressed gag reflex; involun-
tary, rapid, downward eye movements; and loss of arm
strength.

Whatever the age of the child, it is important to evaluate
hydrocephalus if it is present. Untreated hydrocephalus or a
malfunctioning shunt can worsen CM and make it symptom-
atic by increasing the ICP with subsequent downward her-
niation of an already caudally displaced brainstem and
vermis.

In infants, other signs and symptoms of CM include para-
paresis (more commonly in the upper extremities) or quadri-
paresis, hypotonia, opisthotonos, nystagmus, a weak cry and
developmental delay.

In older children, symptoms are insidious, slowly pro-
gressive and far less frequently life threatening. An occipital
headache and/or craniocervical pain with signs and symp-
toms of cervical myelopathy may be present, with upper-
extremity weakness and spasticity being the most common
findings. Changes in handwriting skills, agility and self-care
may be the first outwardly noticeable signs. Ataxia of both
the upper extremities and the trunk is also common.
Syringomyelia is associated with CM type II (as in CM
type I) and should be looked for in a symptomatic child.
Suspended disassociated sensory loss, hand atrophy, scolio-
sis, back pain and lower motor neuron findings should
prompt radiological evaluation of the spine, specifically
looking for syringomyelia.

Relationships with Other Disease States
and Syndromes

Hydrocephalus

Hydrocephalus is noted in approximately 4—18% of patients
with CM type L. It is due to obstruction of the aqueduct or the
outflow foramina of the fourth ventricle. These patients all
require CSF diversion in addition to surgical posterior fossa
decompression. Endoscopic fenestration (ventriculostomy)
of the floor of the third ventricle establishes an alternative
route for CSF toward the subarachnoid space.
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Craniosynostosis

The association between craniosynostosis and CM type |
was first documented by [10]. In 1% of cases the abnormal
skull base that causes a decreased posterior fossa volume and
subsequent tonsillar herniation is due to early fusion of the
lambdoid suture. Synostosis can be present alone or as part
of a syndrome; it has been reported to occur in 72.7% of
patients with Crouzon syndrome, 1.9% of those with Apert
syndrome, 50% of those with Pfeiffer syndrome and 100%
of those with Kleeblattschidel syndrome. Moreover, CM
type I can also be associated with Pfeiffer syndrome type II,
Jackson—Weiss syndrome, Seckel syndrome, Antley—Bixler
syndrome, Shprintzen—Goldberg syndrome and other rare
pathologies.

Endocrinopathy

Growth hormone deficiency is associated with CM type I in
5-20% cases. The tonsillar herniation is due to insufficient
development of the posterior fossa.

Acromegaly has also been implicated as an endocrine-
related disorder causing CM type L. In these cases an exces-
sive amount of growth hormone is believed to thicken the
bones of the posterior fossa, resulting in CM type 1.

Achondroplasia has been observed in patients with CM
type I, who have a small, shallow posterior cranial fossa.

Hyperostosis

When hyperostosis affects the posterior fossa, it can often
lead to CM type L. Paget’s disease of the skull is one example
in which excessive bone turnover leads to thickening and
deformation of bones.

Cases of CM type I relating to craniometaphyseal dyspla-
sia are also extremely rare. CM type I secondary to osteope-
trosis and erythroid hyperplasia has been documented but is
considered to be exceptionally rare.

Bone Mineral Deficiency

Patients with familial vitamin D-resistant rickets have a
higher incidence of CM type 1. This is probably caused by
bone overgrowth and calvarial thickening because of low
serum phosphate levels, with subsequent overcrowding of
the posterior fossa.

Cutaneous Disorders

Cutaneous disorders are frequently reported to occur in con-
junction with CM type 1. Neurofibromatosis type I has been
related to CM in 8% of cases; this association is possibly due
to a mesodermal deficiency. Several other cutaneous disor-
ders have been postulated to be associated with CM type I,
such as macrocephaly—cutis marmorata telangiectatica con-
genita, blue rubber bleb nevus syndrome, phacomatosis pig-
mentovascularis  type II, LEOPARD [lentigines,
electrocardiographic conduction defects, ocular hyper-
telorism, pulmonary stenosis, abnormalities of the genitals,
retarded growth and deafness] syndrome, acanthosis nigri-
cans, giant congenital melanocytic nevi and Waardenburg
syndrome variants.

Spinal Defects

Scoliosis is often associated with CM. A few disorders—
such as spondyloepiphyseal dysplasia, basilar impression,
caudal regression syndrome, Klippel-Feil syndrome, atlan-
toaxial assimilation and odontoid retroflexion—are also
associated with CM type 1. Little is known about the patho-
physiology of these spinal deformities, but it is believed that
difficulty in equilibrating the dynamic CSF pulse pressure
induced by the Valsalva manoeuvre is responsible for CM
type I presentation.

Lipomeningomyelocele has also been shown to be cou-
pled with CM type I in as many as 3—6% of patients.

Space-Occupying Lesions

This category includes both space-occupying lesions (rang-
ing from brain tumours to haematomas) and CSF leaks.

Rare Cases

Rare cases of Beckwith—Wiedemann syndrome, Costello
syndrome and Marfan syndrome have been reportedly asso-
ciated with CM type I. Additionally, associations with
Williams—Beuren syndrome have been found, with morpho-
metric analyses suggesting a diminished posterior fossa
leading to CM type I. Finally, associations with disorders
such as cystic fibrosis, situs inversus, Pierre Robin syndrome,
Fabry disease, Ehlers—Danlos syndromes, Kabuki syndrome,
CHERI [CM type I with or without a cleft palate, deviant
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electrocardiogram or epilepsy, and retarded intelligence with
delayed language development] syndrome and cloacal
exstrophy have been reported, with no clear pathophysiolog-
ical mechanism being identified yet.

Preoperative Evaluation

A complete neurological examination is indispensable in the
preoperative evaluation. The lower cranial nerves have to be
examined because dysfunction of these nerves could possi-
bly necessitate postoperative tracheostomy or gastrostomy.
Cardiac and pulmonary function should also be assessed
preoperatively.

Thanks to the advent of MRI, which has become the gold
standard for diagnosis of syringomyelia and CM, these
pathologies are now diagnosed more often. In 1985,
Aboulezz et al. used MRI to establish that the tonsil tips, in
normal conditions, can extend up to 3 mm below the fora-
men magnum; in patients affected by CM their extension
can exceed 5 mm[11]. Barkovich et al. reported that the
limit in normal cases was 5 mm below the foramen mag-
num; in Chiari cases they described the ‘peg-like’ aspect of
the tonsils and narrowing or complete effacement of the
subarachnoid space at the foramen magnum. The cerebellar
vermis can occasionally be very low, entering the upper tho-
racic canal. An important role in our understanding of the
pathophysiology of CM type I is played by cine-flow MRI,
allowing us to study the dynamics of CSF flow at the poste-
rior fossa and foramen magnum. Moreover, because of these
advanced technologies, it has been possible to demonstrate
that myelomeningocele is present in all children with CM
type IT [12].

Another characteristic sign is the ultrasonographic
‘banana sign’, which is due to the abnormal shape of the cer-
ebellum together with an absent cisterna magna. This sign is
well identified on prenatal ultrasonography. Despite the
small size of the cerebellum, the posterior fossa appears
‘crowded’ because of the abnormally small size of the com-
partment. The tentorium, which is typically hypoplastic, is
abnormally low, often placing the torcular herophili just
above the foramen magnum—a critical point to keep in mind
when a suboccipital craniectomy is being considered or
performed.

Approximately two thirds of patients will show a medul-
lary ‘kink’ dorsal to the upper cervical spinal cord. The pres-
ence of a medullary kink has been associated with a more
symptomatic clinical course in 75% of patients with this
finding below C4. Depending on the presence and severity of
this sign, the lower cranial nerves exiting from the medulla

can travel in a cephalad direction and the tracts of the spinal
cord can double back on themselves for a short distance.

Multiple ventricular anomalies are commonly found in
the patient with CM type II. The fourth ventricle, which is
typically small and poorly visualized, is frequently displaced
into the cervical canal. The aqueduct is similarly small and
rarely seen on routine imaging but probably does not contrib-
ute significantly to hydrocephalus. The third ventricle is
termed the ‘shark tooth’ deformity because it may appear in
a narrow-angled form. The lateral ventricular appearance
varies from nearly normal to severely deformed and hydro-
cephalic. ‘Beaking’ of the frontal horns is sometimes seen
when the frontal horns point inferiorly. This finding is attrib-
uted to interdigitations of the cerebral hemispheres in the
region.

Surgery
History

In 1932, Van Houweninge Graftdijk was the first person to
propose surgical treatment of CM [13]. In a monograph, he
described suboccipital decompression and resection of the
tonsils. The aim of this procedure was to relieve CSF flow
obstruction at the foramen magnum. All of the patients
described in this report died as a direct consequence of the
surgical procedure or afterward because of postoperative
complications. In 1934, Ebenius described a case of basilar
impression treated with suboccipital decompression [14]. In
1938, McConnell and Parker reported that five adult patients
died after surgical treatment of hydrocephalus. Autopsies
showed tonsil descent through the foramen magnum in three
of them [15]. In the same year, Aring [16] described the case
of a 20-year-old boy who died after surgical treatment for
increased ICP and in whom posterior fossa exploration
showed tonsil descent through the foramen magnum. In
1940, Gustafson and Oldberg described two patients with an
intraoperative diagnosis of CM [17]. At autopsy, one of them
was also found to have basilar impression and syringomy-
elia. With the aim of ensuring order in the nomenclature,
Russell suggested in 1949 that the ‘Arnold—Chiari’ term
should be used only for patients affected by spina bifida [18].
Subsequently, Baker [19] described 11 cases as Arnold—
Chiari malformations with tonsil descent to the C1 level, and
remarked that the normal level of the cerebellar tonsils is
when the tips are above a line between the clivus tip and the
posterior rim of the foramen magnum on a lateral X-ray.
Three cases underwent surgery; the rest of them were
described as “mild forms of Arnold—Chiari malformation”
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and did not require surgery. The confusion regarding the
nomenclature persisted until not long ago; even in 1971 it
was suggested that the designation ‘Chiari malformation’
should be reserved for infants with associated spina bifida
and hydrocephalus.

The Midline Posterior Approach

It is possible to use the sitting, ventral or lateral position. A
midline incision is performed from the occipital protuber-
ance down to the upper cervical region. The posterior mus-
cles are opened through the midline avascular plane, up to
the occipital protuberance and down to the spinous process
of C2. The drill and Kerrison rongeurs are used to open the
bone. The opening is always limited to the lower part of the
occipital bone and the posterior arch of the atlas. Some sur-
geons perform a Doppler ultrasound study to determine
whether to open the dura or not. Occasionally, removal of the
bone alone may re-establish normal CSF flow. The dura is
then opened in a T- or Y-shaped fashion and retracted with
stitches. The tonsils and cisterna magna are now visible to
the surgeon. Depending on the extent of the tonsil herniation,
the damaged parts may be shrunk with electrocautery. This
shrinkage guarantees elimination of the blockage of CSF
flow out of the fourth ventricle. To enlarge the dura opening
and the space around the tonsils, a patch is necessary. The
patch can be made of synthetic material or part of the
patient’s pericranium (deep scalp tissue from just outside the
skull). The dural patch is sealed in a watertight fashion. The
suture line is topped with a dural sealant to reduce the risk of
CSF leakage [20].

New Prospects

The real nature and origins of CM have still not been entirely
elucidated. Lately, new proposals have been suggested for
treatment of this malformation. One of the most important
and interesting theories was suggested by Goel in 2015 [21].
He proposed a new ‘philosophy’ in which CM (with or
without concomitant basilar invagination) is considered sec-
ondary to atlantoaxial instability. He observed that the pre-
viously suggested concept that a small posterior cranial
fossa volume causes tonsillar herniation no longer seems to
be valid. He noted that the cerebellum is more frequently
atrophied in such cases; consequently, decompression can-
not be a solution to the problem. Goel proposed that CM and
syringomyelia are secondary results of subtle and long-
standing atlantoaxial instability. The atlantoaxial facet joint

is one of the most mobile joints in the body; it is the centre
of mobility and also the centre of instability of the atlanto-
axial region. His hypothesis was that the tonsils in CM posi-
tion themselves in a strategic location. He defined them as
“nature’s airbag”, which protects the cord from getting
pinched between the bones in the event of instability. Similar
beliefs appear to be valid for syringomyelia. The cause of
instability in the atlantoaxial region is the joint. Such insta-
bility begins in the joint and then manifests in the rest of the
constituent bones of the region. This is why the Goel pro-
posed performing C1-C2 posterior instrumented fusion
alone, without concomitant posterior fossa decompression.
In patients treated only with atlantoaxial fixation, the tonsils
migrate back to their original position and the syrinx cavity
collapses following the surgical procedure. The Goel
believes that screw fixation should not include occipital
bone, since the instability is not at the occipitoaxial joint but
at the atlantoaxial joint. Fixating a joint that is not unstable
damages the biomechanical strength of the construct and
limits neck movements. Moreover, opening the atlantoaxial
joint and filling bone graft within its margins not only offers
stability to the construct but also enlarges the bone surface
for bone fusion and fixes the region in itself. This new point
of view will require further studies in order to be accepted
and validated [21].
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Introduction

Chiari malformation type I (CM-I), or hindbrain herniation
syndrome, has traditionally been defined as a dislocation of
the cerebellar tonsils 5 mm or more below the foramen mag-
num on sagittal magnetic resonance imaging (MRI) [1, 2].
An association of this anomaly with syringomyelia is
observed in 45-68% of patients [3, 4].

CM-I is a disorder of the para-axial mesoderm, which
leads to posterior cranial fossa (PCF) hypoplasia and conse-
quent overcrowding of the hindbrain [5, 6]. However, CM-I
can also represent a condition secondary to disorders unre-
lated to PCF hypoplasia, such as hydrocephalus [7], intracra-
nial tumours [8, 9], cerebrospinal fluid (CSF) leaks [10],
genetic disorders of connective tissue associated with cranio-
vertebral junction (CV]J) instability and cranial settling [11],
tethered cord syndrome [5], craniosynostosis [12], acromeg-
aly [13] and Paget’s disease.

All of these possible situations that lead to abnormal CSF
dynamics can define a clinical picture characterized by
occipital Valsalva-type headaches, lower cranial nerve abnor-
malities and myelopathy [2, 4, 14].

Posterior fossa decompression has proven to be effective
in symptomatic CM-I with syringomyelia, except in the
presence of ventral compression, where anterior cranioverte-
bral decompression is mandatory [15].

Several authors who have performed exploration of the
fourth ventricle in addition to duraplasty after osseous decom-
pression have noticed intradural membranes described as veils,
pouches or webs at the fourth ventricular outlet of the foramen
of Magendie, interfering with CSF flow through it [16-22].
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The presence of a fourth ventricular outlet obstruction
and consequent craniospinal pressure differentials have been
inculpated in the genesis of syringomyelia since the hydro-
dynamic theory was first devised by Gardner [23]. However,
the exact relation between arachnoid veils and syringomyelia
is not yet completely understood.

Patients

We studied five consecutive patients harbouring CM-1 mal-
formation without syringomyelia in which intradural explo-
ration showed the presence of arachnoid veils.

Headache was the most relevant symptom in all cases.
Two patients had dysphagia, causing aspiration pneumonia
in one case, and one patient complained of tinnitus. One
patient presented with acute intracranial hypertension and
was comatose at admission. In this case the patient, an obese
15-year-old, dramatically improved after surgery and had a
good neurological status at 3-year follow-up (Fig. 1).

Discussion

CM-I is a common cause of cervical syringomyelia, which
has an incidence of around 8.4 cases per 100,000 people and
a mean age of presentation of around 30 years [24].
Nevertheless, the aetiopathogenesis of syringomyelia in the
context of CM still represents an enigma. The association of
syringomyelia with descent of the cerebellar tonsils, PCF
overcrowding and altered CSF dynamics has led to a belief
that a CSF obstruction occurs at the foramen magnum or
above it [15]. This craniospinal CSF dissociation also
depends on obstruction of the fourth ventricular outlet.
Anomalies of the median fourth ventricular outlet—the
foramen of Magendie—in patients with CM-I and syrin-
gomyelia are reported rarely. The arachnoid veils at the
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Fig. 1 Left: Preoperative magnetic resonance imaging (MRI) scan showing Chiari malformation (CM). Right: Intraoperative picture showing
arachnoid veils

foramen of Magendie are considered remnants of the rhom-
bic lip [25]—two areas of focal thickening forming along
the lateral edges of the roof plate during the fourth to sixth
weeks of gestation, which differentiate into the cerebellar
hemispheres as they enlarge and approximate each other on
the midline [26].

In eight of 30 patients with CM-I who underwent surgical
exploration, Saez et al. [20] noticed that the obex appeared
‘veiled over’ by a thin membrane which, when pierced,
allowed an outflow of CSF. Stovner and Rink [21] reported
the presence of ‘membranes’ in patients with CM-I that
might have led to CSF flow obstruction at the outflow foram-
ina from the fourth ventricle to the basal cisterns. Tubbs et al.
[25] reported that arachnoid veils caused obstruction of the
foramen of Magendie in 12.5% of patients they operated on
for CM-I and syringomyelia; once the lesion was punctured,
the CSF drained freely from this median aperture. In all
patients with arachnoid veils and syringomyelia, radiologi-
cal resolution of syringomyelia was evident on follow-up
studies. The authors described these structures as distinct
from the arachnoid scarring that might have occurred around
the caudally displaced cerebellar tonsils, because the veils in
their series were always midline and wall-like. Menezes
et al. [15] noticed a veil over the foramen of Magendie in
11% of patients in their CM-I series. In 1988, Bidzinski [17]
published a report on 63 cases of PCF decompression in
patients with syringomyelia. He found partial occlusion of
the foramen of Magendie and CM-I in 16 patients, atresia of

the foramen of Magendie and CM-I in nine and atresia of the
foramen of Magendie alone in one.

Realistically, arachnoid veils are a frequent condition. In
1987, Ritkinson-Mann et al. [27] supposed that 6% of foram-
ina of Magendie may be partially or completely obstructed.

Probably the presence of arachnoid veils over the foramen
of Magendie is not a sufficient condition per se to determine
syringomyelia in otherwise normal patients. On the other
hand, Barr [16] noted that 20% of the normal population may
have congenital imperforate foramina of Luschka, which are
frequently bilaterally symmetrical. Tonsillar ectopia—induced
compression obstructs the foramina of Luschka, compress-
ing them against the foramen magnum; the simultaneous
presence of arachnoid veils could lead to obstruction of the
foramen of Magendie and consequently to abnormal CSF
dynamics that are prodromal of syringomyelia.

However, this does not explain why, in the so-called
Chiari malformation type 0 (without tonsillar ectopia), syrin-
gomyelia improves after PCF decompression [28, 29].
Moreover, patients with Dandy—Walker syndrome, with atre-
sia of the fourth ventricular outlets, rarely present with asso-
ciated syringomyelia [30].
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Abstract Aim: In this paper we evaluate the role of atlanto-
axial instability in the pathogenesis of Chiari formation
type I and the role of atlantoaxial stabilization for treatment
of this condition in cases with no obvious bone malformation
in the region of the craniovertebral junction.

Materials, Methods and Results: During the period from
January 2010 to July 2016, we identified 57 cases of Chiari
formation where there was no bone malformation or evi-
dence of craniovertebral junction instability that could be
diagnosed on the basis of an abnormal increase in the atlan-
todental interval on dynamic imaging. Forty-eight of these
patients had syringomyelia. The average duration of follow-
up was 42 months. There were 30 males and 27 females in
the series. The ages of the patients ranged from 4 to 57 years.
The Japanese Orthopaedic Association (JOA), visual ana-
logue scale (VAS) and Goel clinical grading systems were
used to assess the patients’ clinical status. Atlantoaxial insta-
bility was diagnosed on the basis of vertical mobility of the
odontoid process on dynamic radiographs, facetal malalign-
ment on imaging or direct bone handling during the surgical
procedure. Surgical treatment was achieved using atlantoax-
ial fixation. Foramen magnum decompression or syrinx
manipulation was not done. All patients had immediate post-
operative and sustained clinical symptomatic recovery. A
reduction in the size of the syrinx was observed in ten
patients and regression of tonsillar herniation was observed
in 12 of 23 cases in which postoperative magnetic resonance
imaging (MRI) was possible.

Conclusion: Atlantoaxial instability is the prime factor in
the genesis of Chiari formation even when there is no bone
abnormality in the craniovertebral junction.
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Introduction

In 2014 we reported our experience with 65 cases of Chiari
formation type I treated using atlantoaxial fixation [1]. It was
identified that Chiari formation may not be the primary
pathology; rather, it may be secondary to atlantoaxial disloca-
tion. Essentially this meant that atlantoaxial stabilization may
be the most appropriate treatment for Chiari formation and
that foramen magnum decompression is unnecessary. In our
earlier publication, there were 46 patients who had basilar
invagination and 19 patients who had no bone anomaly at the
craniovertebral junction [1]. This paper reports our current
experience with 57 cases of Chiari formation with no cranio-
vertebral junction bone anomaly or instability that could be
diagnosed on the basis of existing and validated radiological
parameters. Apart from our report discussing this pattern of
treatment for Chiari formation, there is no other such report in
the literature. Considering the potential significance of these
observations, our current experience is presented here.

Materials and Methods

During the period from January 2010 to July 2016, 57 cases
were identified in which there was Chiari formation in the
absence of any bone anomaly in the craniovertebral junction.
Five of these patients had previously undergone surgical
foramen magnum decompression. This series excluded cases
of Chiari formation associated with basilar invagination or
bone anomalies and fusions of the region, and cases related
to any gross structural brain or spinal cord malformation,
hydrocephalus, tumour, infection or any connective tissue
disorder.

M. Visocchi (ed.), New Trends in Craniovertebral Junction Surgery, Acta Neurochirurgica Supplement, Vol. 125, 101
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Results

There were 30 males and 27 females in this series. The ages of
the patients ranged from 4 to 57 years, the average being
34.5 years. Table 1 summarizes the clinical profile of the
patients. All patients were evaluated on the basis of the Japanese
Orthopaedic Association (JOA), [2] visual analogue scale
(VAS) [3] and Goel clinical grading systems [1, 4] both before
and after surgery. Pyramidal symptoms were present in 73% of
patients. Kinaesthetic sensations were affected in 70.7% of
patients and spinothalamic dysfunction was identified in 56%
of patients (Table 1). Neck pain was a major presenting symp-
tom in 29.26% of patients. Neuropathic pain in the shoulders
and hands was present in 34.1% of patients. The duration of
symptoms ranged from 1 month to 21 years (mean
48.48 months). All patients were investigated with dynamic
computed tomography (CT) scanning (with the head in flexion,
extension and neutral positions) and with magnetic resonance
imaging (MRI) both before and after surgery. Vertical atlanto-
axial dislocation was identified when the odontoid process
moved vertically and rostrally on flexion of the head and
returned to a normal position on head extension [5]. Such dis-
location was identified in ten patients. Atlantoaxial facetal
instability was diagnosed according to our recently described
classification [6]. For this evaluation, radiological examina-
tions were done with MRI or CT sagittal images passing
through the atlantoaxial facets with the head in a neutral posi-
tion. Type 1 atlantoaxial facetal instability was diagnosed when
the facet of the atlas was dislocated anterior to the facet of the
axis. Type 2 atlantoaxial facetal instability was diagnosed when
the facet of the atlas was dislocated posterior to the facet of the
axis. In type 3 atlantoaxial facetal instability, the facets of the
atlas and axis were in alignment and atlantoaxial instability
was diagnosed only during the operation by being observed
during direct manual manipulation of the bones. Type 2 or 3
atlantoaxial instability was labelled as axial or central atlanto-
axial instability, as alteration of the atlantodental interval was
not a constant or primary feature (as is observed in type 1 atlan-
toaxial instability). In 48 patients there was syringomyelia. In
nine patients there was external syringomyelia [7], meaning
that an excessive amount of cerebrospinal fluid (CSF) was
present in the extramedullary space. In 20 cases, both internal
and external syringes were present. In 15 cases there was exter-
nal syringobulbia, suggesting there was an excessive amount of
CSF surrounding the brainstem and cerebellum [7].

Table 1 Presenting complaints

Presenting complaints Number of patients

Pyramidal involvement 40
Kinesthetic involvement 41
Spinothalamic involvement 32
Neck pain 17

All patients underwent atlantoaxial fixation using the
techniques described in 1994 and 2004 [8-10]. The aim of
surgery in all cases was atlantoaxial stabilization leading to
arthrodesis. A bone graft was harvested from the iliac crest,
packed into the atlantoaxial joint cavity and placed in the
midline, over the (appropriately prepared) host bone of
the arch of the atlas and lamina and the spinous process of
the axis. Stainless steel plates with monoaxial non-locking-
type screws were used in the initial part of the series. After
June 2013, the plates and screws used for fixation were made
of MRI-compatible titanium material. Foramen magnum
decompression was not done in any case.

Clinical improvement was observed in the immediate post-
operative phase in all patients. The progress of improvement
was sustained at follow-up. The follow-up period ranged from
6 to 78 months, the average being 42 months. All postopera-
tive assessments were performed using clinical and radiologi-
cal information obtained at least 6 months after surgical
treatment. Dynamic plain radiography and CT scanning were
used to confirm postoperative arthrodesis. In particular, fusion
of the facets and the posterior elements of the atlantoaxial
bone were observed. Despite the presence of artefacts related
to the use of stainless steel and titanium metal implants, the
CT image quality was satisfactory for demonstration of align-
ment and bone fusion. Fusion was considered to be successful
when the implant demonstrated maintenance of fixation on
dynamic radiography and bone fusion was observed in the fac-
ets. As titanium implants were used only after June 2013, it
was impossible to use MRI to evaluate the long-term status of
syringomyelia and Chiari formation. However, definite reduc-
tions in the dimensions of the syrinx and reductions in tonsillar
herniation were observed within a period ranging from 2 days
to 12 months after surgery in 12 of 23 cases in which postop-
erative MRI was available for evaluation (Figs. 1 and 2). No
patient’s clinical symptoms worsened after initial recovery.
Tables 2, 3 and 4 depict the extent of clinical recovery at a
minimum follow-up of 6 months. Five patients with preopera-
tive symptoms related to lower cranial nerve weakness had
symptomatic improvement following surgery. Although voice
volume and quality were not assessed or evaluated during the
preoperative examination, at least three patients reported
improvements in their voice volume and quality at follow-up.
No patient suffered delayed neurological worsening sufficient
to warrant foramen magnum decompressive surgery or needed
any kind of reoperation. No patient required re-exploration for
failure of implant fixation.

Discussion

Chiari formation and syringomyelia are frequently associated
with bone anomalies at the craniovertebral junction [11, 12].
The issue up for discussion is whether Chiari formation
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Fig.1 Images of a 45-year-old male patient. (a) T2-weighted magnetic ~ There is type 2 atlantoaxial facetal instability. (d) Postoperative mid-
resonance imaging (MRI) showing Chiari formation and syringomy-  sagittal CT scan. (e) Postoperative CT scan showing the implant and
elia. Note the atrophic cerebellum. (b) Mid-sagittal computed tomogra-  fixation. (f) Postoperative MRI showing a reduction in the size of the
phy (CT) scan showing no evidence of any alteration in the atlantodental ~ syrinx and superior regression of the tonsils

interval. (c¢) Sagittal CT scan with the cut passing through the facets.
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Fig. 1 (continued)

differs in its pathogenesis, and requires different surgical
treatment, according to the presence or absence of associated
bone anomalies at the craniovertebral junction [13, 14]. We
hypothesized that Chiari formation is always secondary to
atlantoaxial instability irrespective of whether bone anoma-
lies related to basilar invagination are associated with it [1].
The current report re-emphasizes this concept.

Hans Chiari first identified Chiari formation as a ‘patho-
logical’ entity in 1887 [15]. Since then there has been con-
siderable speculation regarding its pathogenesis and
treatment [16—18]. Foramen magnum decompression has
been the most widely accepted method of treatment [8].
When Chiari formation is associated with syringomyelia,
tonsillar resection, arachnoid dissection, plugging of the
obex, introduction of a shunt into the central spinal canal
through the region of the obex, syringoperitoneal/subarach-
noid shunts and a host of other treatment forms have been
identified and successfully deployed [19-23]. Foramen
magnum decompression surgery has ranged from bone
decompression to dural decompression, introduction of
pericranial grafts and fascia lata grafts for dural reconstruc-
tion [19, 20, 22-24], introduction of reverse foramen mag-
num bone grafts [25] and metal implants, and several such
alternatives. In our earlier report, it was commented that
there are as many different variations of the surgical proce-
dure for foramen magnum decompression as there are sur-
geons performing this procedure [1, 23]. Every surgeon is
convinced that the methods of foramen magnum decom-

pression used by him or her are optimal and produce the
best results.

In 1998 it was identified that when Chiari formation
was associated with basilar invagination, the posterior
fossa volume was relatively small; accordingly, foramen
magnum decompression was the recommended mode of
treatment [21]. For the first time in the literature, it was
suggested that bone decompression was sufficient and
that there was no need to perform dural decompression
for Chiari formation, even when there was associated
syringomyelia [21]. Some authors have identified that
Chiari formation associated with basilar invagination is
pathogenetically different from the scenario in which
there is no craniovertebral region bone anomaly [26]. Our
observations in 2014 suggested that Chiari formation—
with or without bone abnormalities at the craniovertebral
junction—is secondary to atlantoaxial instability; accord-
ingly, we treated this e