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Abstract Basilar invagination (BI) and Chiari malformation 
type  I CM-I) are the most common adult craniovertebral 
junction malformations, and they are frequently associated 
with each other and present synchronously. The relationship 
between BI and CM-I has remained incompletely under-
stood, and the choice of surgical strategy has remained con-
troversial. This brief review focuses on the different aspects 
of BI and CM-I, and further discusses the relationship 
between these two concomitant pathologies on the basis of 
the concepts proposed over the last three decades.
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 Introduction

Basilar invagination (BI) and Chiari malformation (CM) 
type  I (CM-I) are the most common adult craniovertebral 
junction (CVJ) malformations [1]. These two pathologies are 
frequently associated with each other and present synchro-
nously. According to craniometric studies, it seems that both 
of these pathologies belong to a spectrum of malformations 
whose common features include underdevelopment of the 
occipital bone and consequent neural and cerebrospinal fluid 
(CSF) flow compression [2]. However, each of these two 
malformations can present in isolation and be attributed to 
different aetiological factors and causal mechanisms [3–5]. 
The relationship between BI and CM-I has remained incom-

pletely understood, thus hindering the development of thera-
peutic strategies.

With the purpose of better understanding these two mal-
formations, this paper first focuses on different aspects of 
both BI and CM-I, and then discusses the relationship 
between these two concomitant pathologies on the basis of 
the concepts proposed over the last three decades.

 Basilar Invagination

 Definition and Aetiology

Basilar invagination is defined as a developmental anomaly 
of the CVJ in which the odontoid process abnormally pro-
lapses upward and backward into the foramen magnum. 
However, several other terms such as ‘basilar impression’, 
‘platybasia’ and ‘cranial settling’ have been interchangeably 
used in the literature to describe BI, causing terminological 
confusion over the years. In contrast to primary BI, the term 
‘basilar impression’ refers to acquired or secondary BI, 
which may result from softening of the bone around the skull 
base. ‘Platybasia’ is an anthropological term describing an 
abnormally obtuse (>140°) angle between the anterior skull 
base and the clivus [6]. The term ‘cranial settling’ is typically 
used when BI is associated with rheumatoid arthritis.

Many pathologies may lead to development of BI.  The 
reported aetiological factors include basioccipital/clivus 
hypoplasia, occipital condyle hypoplasia, atlas hypoplasia, 
an incomplete ring of C1 with spreading of the lateral masses, 
achondroplasia and atlanto-occipital assimilation (occipital-
ization of the atlas) [4, 5, 7, 8].
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 Clinical Presentations

The clinical presentations of BI are related to compression of 
neural and vascular structures around the CVJ area, as well 
as obstruction of CSF circulation. The symptoms and signs 
are diverse because of the multitude of aetiological factors in 
BI and the wide range of structures involved, including signs 
of medullary dysfunction such as nystagmus, dysphagia, 
ataxia, dysmetria and cranial nerve palsy; and signs of 
myelopathy such as motor dysfunction (weakness, restricted 
neck movements), sensory dysfunction (neck pain, paraes-
thesia) and vegetative dysfunction (bowel and bladder distur-
bance). The clinical presentation varies depending on the 
underlying or accompanying pathological process [9].

 Craniometric Measurement and Diagnosis

A series of craniometric measurements were employed to 
detect and diagnose BI in the previous literature. However, 
only a minor part of them are routinely used in clinical work, 
since most craniometric measurements lack adequate speci-
ficity and sensitivity [10]. There are three reference lines 
widely used in clinical work: the Chamberlain line, the 
McGregor line and the McRae line [11]. These three lines 
have been routinely adopted because of their high specificity, 
sensitivity and reproducibility. They are all viewed on lateral 
radiographs of the skull (Fig. 1).

The Chamberlain line extends from the posterior portion 
of the hard palate to the opisthion, which is the midpoint of 
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Fig. 1 Demonstration of three reference lines for measurement of basi-
lar invagination (BI). (a) The Chamberlain line on a sagittal computed 
tomography (CT) scan [orange]. (b) The Chamberlain line on T2 mag-
netic resonance imaging (MRI) [orange]. (c) The McGregor line on a 

sagittal CT scan [green]. (d) The McGregor line on T2 MRI [green]. 
(e) The McRae line on a sagittal CT scan [yellow]. (f) The McRae line 
on T2 MRI [yellow]

C. Liao et al.



113

the posterior margin of the foramen magnum (Fig. 1a, b) [6]. 
The tip of the odontoid process typically lies below or on the 
Chamberlain line. It is considered normal for the odontoid 
process to extend no more than 2.5  mm above this line, 
although the range varies, depending on the literature source 
[6, 12–14]. Generally, BI is considered present if the exten-
sion is greater than 5 mm [10].

Since precise identification of the opisthion on lateral 
radiographs is always difficult, McGregor proposed a modifi-
cation of the Chamberlain line—the McGregor line—which 
extends from the posterior margin of the hard palate to the 
lowest point of the occipital squamosal surface (Fig. 1c, d) 
[12]. This line is about 2 mm inferior to the Chamberlain line, 
and thus it is considered abnormal when the tip of the odon-
toid process extends more than 7 mm above the line [12, 14].

The McRae line extends from the anterior (basion) to the 
posterior (opisthion) rim of the foramen magnum and is basi-
cally the anteroposterior length of the foramen magnum 
(Fig. 1d, e) [15]. The tip of the odontoid process should nor-
mally lie below this line. Furthermore, this line can also be used 
to define narrowing of the foramen magnum when the antero-
posterior length is less than 19 mm in the sagittal plane [15].

While computed tomography (CT) is ideal for evaluation 
of osseous anatomy, magnetic resonance imaging (MRI) 
provides better assessment of soft tissue [8, 10]. In addition 
to conventional imaging—which includes plain radiography, 
CT and MRI—the development of dynamic imaging expands 
the ability to detect associated CVJ instability, functional 
stenosis of the spinal canal and cord compression [16–19].

 Treatment Strategy

Surgical treatment for BI should be considered when neuro-
logical disturbance is present or foreseen. A large proportion 
of patients with BI present with neurological deficits result-
ing from compression of the cervicomedullary junction or 
the upper cervical cord [20–22]. The compression can be 
caused by a prolapsing dens or CVJ instability. Therefore, 
the definitive treatment for BI includes decompression and 
stabilization. Otherwise, in some patients without neurologi-
cal symptoms where BI is an incidental finding, the necessity 
of surgical treatment should be carefully evaluated, since BI 
may present as a progressive deterioration and can result in 
neurological impairment and even sudden death if left 
untreated [23].

Thus, preoperative evaluation is of great importance. 
Aside from history taking and physical examination, nutri-
tional status, dental hygiene and pulmonary status should be 
assessed [24]. Multimodal preoperative imaging of the CVJ, 
including CT and MRI (and even dynamic imaging), is an 
integral part of surgical planning [8, 10, 25]. In addition to 
searching for signs and sites of compression, preoperative 
assessment mainly focuses on the reducibility of BI, which is 

the critical factor in selection of the most suitable surgical 
approach.

A trial of axial cervical traction is usually performed in 
patients with BI to assess the degree to which the odontoid 
process might be reduced. It is now generally accepted that a 
posterior surgical approach alone, including decompression 
and fusion, can be adapted if the BI is reducible, while ante-
rior decompression combined with posterior stabilization 
should be performed if the BI is not reducible [4, 23, 
25–27].

 Chiari Malformation Type I

 Definition and Aetiology

Chiari malformation type  I is characterized by downward 
herniation of the cerebellar tonsils and is defined as displace-
ment of the cerebellar tonsils by more than 5 mm below the 
foramen magnum [28]. However, this is merely a radio-
graphic definition, and the distances reported have varied 
from 3 mm to 5 mm, depending on the source [29, 30]. It has 
thus been suggested that the radiographic definition is lim-
ited to a terminological criterion and is not necessarily asso-
ciated with clinical symptoms [31]. Therefore, cerebellar 
tonsil herniation of less than 5 mm or less than 3 mm does 
not exclude the diagnosis of CM-I.

In essence, CM-I is a disorder of the para-axial meso-
derm, which is characterized by underdevelopment of the 
posterior cranial fossa (PCF) and overcrowding of the nor-
mally developed hindbrain [1, 32]. However, it can be asso-
ciated with other miscellaneous conditions such as 
craniosynostosis [33], CSF leakage [34], Paget’s disease 
[35] and intracranial mass lesions [36, 37]. Furthermore, five 
distinct causal mechanisms of cerebellar tonsil herniation—
(1) cranial constriction, (2) cranial settling, (3) spinal cord 
tethering, (4)  intracranial hypertension and (5)  intraspinal 
hypotension—which have been reported to have diagnosis 
and therapeutic implications, were identified in a previous 
study [3]. Therefore, CM-I is a disorder of multiple aetio-
logical factors, including genetic predisposition, congenital 
anomalies and acquisition through trauma or illness, and it 
should be better defined generically.

 Clinical Presentations

Only a small proportion of patients with CM-I are symptom-
atic [38]. The clinical presentation may be attributed to the 
original disorders as well as to the secondary pathological 
changes such as syringomyelia, scoliosis and BI.  Taking 
syringomyelia as an example, it has been reported that 
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patients with syringomyelia present at a slightly younger age 
and receive earlier diagnoses than patients without syringo-
myelia [31]. According to a large-scale patient-reported 
CM-I symptom study, pain is the most common symptom, 
and headache is the most frequently implicated type of pain 
[39]. Headache is also an indication for surgical treatment of 
CM-I in the absence of syringomyelia [38]. Other frequent 
clinical presentations of CM-I consist of a wide range of 
non-specific symptoms such as dizziness, sleeping disorder, 
neck pain, exhaustion and weakness [40].

 Radiological Measurement and Diagnosis

According to the definition of CM-I, it is diagnosed radio-
logically as herniation of the cerebellar tonsils below the 
plane of the foramen magnum. However, the precise degree 
of herniation is not well established. It was suggested that in 
doubtful cases, cardiac-gated cine MRI is valuable in dem-
onstrating a CSF flow obstruction as an indicator of clini-
cally relevant herniation [41–43]. Furthermore, as the feature 
of CM-I, the ectopic tonsil position may result from a wide 
range of anatomical anomalies—such as craniosynostosis 
and an underdeveloped PCF—around the CVJ, leading to 
overcrowding of the PCF [44]. Therefore, analysis of the 
PCF is critical for better understanding of the pathogenesis 
and development of CM-I. Investigation of the PCF includes 
morphological and volumetric analyses, performed with the 
application of MRI.

 Morphological Analysis of the Posterior 
Cranial Fossa

Measurements are performed on midline sagittal images, and 
four parameters are used to characterized the morphology of 
the PCF: (1) the length of the supraocciput, measured from 
the centre of the internal occipital protuberance to the opis-
thion; (2) the length of the clivus, measured from the tip of the 
dorsum sellae to the basion; (3)  the slope of the tentorium, 
measured by calculation of the angle formed by the tentorium 
and a line drawn between the internal occipital protuberance 
and the opisthion; and (4) the extent of the cerebellar hernia-
tion, measured from the tips of the tonsils to a line drawn 
between the basion and the opisthion (Fig. 2) [31].

 Volumetric Analysis of the Posterior  
Cranial Fossa

The posterior cranial fossa is defined as a space bounded by 
a series of osseous anatomical structures, including the cli-
vus, occipital bone, tentorium and bilateral petrous ridges. 
Volumetric measurement is performed by the Cavalieri 
method. A clear grid with regularly spaced dots (4 mm apart) 
is placed on each equally spaced consecutive axial image of 
the posterior fossa. The section thickness is recorded as T, 
while the number of points that fall on the posterior fossa for 
each slice is recorded as Pi. Then the distances between the 
dots on the grid are correlated with the actual distance on the 
MRI by comparison with the centimetre scale on the image. 
The area (Ap) between points on the grid is calculated by 
squaring the actual anatomical distance between each set of 
two adjacent dots. The volume of the PCF (V) is calculated 
with the use of the following equation: V = Ap * ∑ Pi * T.

Fig. 2 Measurement of posterior cranial fossa (PCF) morphology on 
T1 sagittal magnetic resonance imaging (MRI). The length of the supra-
occiput (IO) is measured by the distance from the centre of the internal 
occipital protuberance  (I) to the opisthion  (O). The length of the cli-
vus (DB) is measured by the distance from the top of the dorsum sel-
lae (D) to the basion (B). The slope of the tentorium (T) is calculated 
from the angle (a) formed by the supraocciput and tentorium. The level 
of the foramen magnum is defined by a line drawn from the basion (B) 
to the opisthion (O)
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Apart from a reduced volume of the PCF, additional 
anomalies may involve the joint and discs of the 
CVJ. Klippel–Feil syndrome, atlanto-occipital assimilation 
and BI are features to look for in preoperative imaging, since 
these may indicate CVJ instability [24, 42, 45, 46]. Thus, 
routine employment of preoperative functional X-rays of the 
cervical spine in flexion and extension is recommended.

 Treatment Strategy

The primary goals of surgery for CM-I include removing the 
compression from the brainstem and re-establishing CSF cir-
culation. In the patient with syringomyelia, the goal is to pre-
vent any additional neurological deficit and to decrease the 
size of the syrinx. However, there is no general consensus on 
the indication for the surgery. In a survey of American Society 
of Pediatric Neurosurgeons, Rocque et al. proposed that the 
presence of a syrinx seems to be a reasonable justification for 
operation [47]; other researchers have suggested that the deci-
sion regarding surgery should depend on the likelihood that a 
fixed neurological deficit as a consequence of the syrinx is 
more probable than spontaneous syrinx resolution, which has 
been observed, and the range of time necessary for a CM-I-
related syrinx to resolve is yet to be explored [38, 48]. Another 
opinion from the perspective of symptomatology, held by 
Klekamp, is that asymptomatic patients have not been consid-
ered for surgery whether there was any sign of a syrinx or not, 
since he stated that he had not encountered an asymptomatic 
patient with a progressive  syrinx [49].

With regard to the surgical strategy, although foramen 
magnum decompression is widely accepted as the treatment 
of choice for CM-I, controversies remain as to how this oper-
ation should be performed [50, 51]. The ongoing debate 
focuses on the risk and benefit of posterior fossa decompres-
sion alone versus posterior fossa decompression with dura-
plasty. According to a meta-analysis performed by Durham 
et  al., posterior fossa decompression alone was associated 
with a significantly higher rate of reoperation (12.6% versus 
2.1%) but a lower rate of CSF-related complications (1.8% 
versus 18.5%) than posterior fossa decompression with dura-
plasty [52]. In another meta-analysis, no convincing conclu-
sion that one method was superior to the other could be 
drawn [53]. Complication rates are lower with procedures 
that leave the dura intact. However, this would be counterbal-
anced by lower rates of syrinx reduction and higher rates of 

symptom recurrence. Therefore, it appears that the surgical 
strategy should be tailored for individual patients according 
to preoperative evaluations using a series of radiographic 
tools and intraoperative assessments, such as intraoperative 
ultrasound [54–56].

On the other hand, another completely different surgical 
strategy has been proposed on the basis that the pathogenesis 
of CM-I is primary associated with atlantoaxial instability. In 
his series of studies, Goel suggested that CM-I may be a sec-
ondary phenomenon and a natural neural alteration in the 
face of atlantoaxial instability, and that surgical treatment 
should aim to restore atlantoaxial stabilization [57–59]. This 
conception was drawn from the observation of frequent con-
comitant presentation of BI and CM-I and the speculation 
that BI and CM-I are a continuum of the same pathological 
phenomenon originating from atlantoaxial instability, which 
needs to be investigated further.

 The Relationship Between Basilar 
Invagination and Chiari Malformation Type I

In contrast to scenarios in which each of these two clinical 
entities presents in isolation, when BI is associated with 
CM-I (which frequently occurs in clinical observation), a 
variety of aspects—including the clinical presentation, natu-
ral progress, treatment strategy and prognosis—become very 
complicated and different.

 Basilar Invagination with or Without Chiari 
Malformation Type I

The clinical course and symptoms of BI have been reported 
to be different when it is associated with CM-I. In an early 
study of 190 patients treated surgically for BI, the symptom 
onset of patients without CM-I was relatively acute, while 
the duration of symptoms of those with CM-I was long last-
ing. The most common presentations in the former popula-
tion included weakness (100%), torticollis (69%), neck pain 
(59%), restricted neck movements (59%), posterior column 
dysfunction (39%), a low hairline (48%), a short neck (41%), 
bowel and bladder disturbance (28%) and paraesthesia 
(25%), while the most frequent presentations in the latter 
population included weakness (94%), paraesthesia (79%), 
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disturbances of the posterior column and spinothalamic tract 
(56%), a short neck (50%) and ataxia (47%). Accordingly, in 
that study, Goel et al. presented a classification system for 
BI, which was divided into two subgroups on the basis of 
absence of CM (group I) and presence of CM (group II) [26]. 
In essence, group I included patients with invagination of the 
odontoid process into the foramen magnum, as well as 
potential compression of the brainstem. The tip of the odon-
toid process was distanced from the anterior arch of the atlas 
or the inferior aspect of the clivus, suggesting the presence of 
instability of the CVJ. However, the angle of the clivus and 
the volume of the PCF were not affected. On the other hand, 
in group II a reduced PCF volume could be noted from the 
superior migration of the assembly of the odontoid process, 
the clivus and the anterior arch of the atlas, thus leading to 
the presence of CM-I. This classification provided a compre-
hensive understanding of the pathology and pathogenesis of 
the anomaly and would be helpful in selection of surgical 
treatment, as well as in prediction of the outcome. On the 
premise that CM-I in the presence of BI results from reduced 
PCF volume, it could be deduced that while anterior tran-
soral surgery should be performed in group I patients, poste-
rior foramen magnum decompression should be additionally 
performed in group II patients. In 2014, Visocchi et al. first 
reported that clinical and radiological resolution of CVJ 
compression after transoral correction of BI was evident for 
up to 2 years postoperation, at which time the child had a 
relapse of some of the presenting symptoms and follow-up 
CT and MRI scans showed quite complete regrowth of the 
odontoid process, partial clival regeneration and recurrence 
of preoperative CM. Also, in this case the correlation of BI 
and CM was further confirmed [60].

 Chiari Malformation Type I with or Without 
Basilar Invagination

Different incidence rates of BI in patients with CM-I have 
been reported, ranging from 12% to 35% [24, 31, 61]. 
Although the symptoms of CM-I commonly include occipi-
tal pain and gait ataxia, several differences in clinical presen-
tation are noted between patients who have CM-I with 
invagination and those who have CM-I without invagination. 
Patients with invagination tend to be more affected by caudal 
cranial nerve deficits and gait disturbances owing to ventral 
compression, while patients without invagination are more 
likely to suffer from sensory disorders or neuropathic pain, 
which may be related to syringomyelia. In comparison with 
radiological findings in patients without invagination, seg-
mentation anomalies such as assimilation of the atlas or 
Klippel–Feil syndrome are more common in patients with 
invagination [61].

The combination with BI makes treatment of CM-I more 
complicated. Although complication rates have reportedly 
been significantly higher in patients who have CM-I with BI 
than in those who have CM-I without BI [61], the issue of 
whether the combination with BI is associated with a worse 
long-term outcome of surgical treatment of CM-I remain 
controversial [61–63]. The clinical outcome may depend on 
the treatment strategy adopted, as well as individual differ-
ences, and thus there is a series of subsequent questions that 
remain to be resolved. As stated above, symptomatic patients 
with CM-I require surgical decompression of the foramen 
magnum. However, whether additional operations such as 
ventral transoral decompression, traction and realignment 
should be incorporated for treatment of concurrent BI 
remains controversial, since the presence of ventral com-
pression or instability should be carefully evaluated before 
or during the operation.

The sign of instability is sometimes difficult to detect on 
preoperational radiographs or CT scans because the range of 
motion may be restricted by biomechanical limitations. 
When tabling the paradoxical discussion on low rates of 
symptomatic improvement and high rates of recurrence with 
conservative surgery, or the other way around with aggres-
sive surgery, Goel proposed a series of surgeries aiming at 
atlantoaxial stabilization by listing the negative long-term 
outcomes of foramen magnum decompression [64, 65] and 
claiming that CM-I was caused by atlantoaxial dislocation 
regardless of the presence or absence of BI [57]. However, in 
studies with large populations, the coincidence of atlantoax-
ial instability with CM-I is less frequent [31, 45, 66]. 
Furthermore, defining instability in complex patients can be 
challenging. Although intraoperative findings may provide 
clues regarding instability, no objective criterion is available 
so far for diagnosing instability during surgery. As demon-
strated in Goel’s clinical grading system for atlantoaxial dis-
location, no gross physical or radiological abnormality may 
be present in cases of type III dislocation. It is illogical and 
even dangerous to perform a stabilization operation alone 
when instability is not clinically presented.

With regard to compression, the site and degree of com-
pression should be assessed thoroughly for preoperational 
planning. When CM-I is associated with BI, aside from dorsal 
compression of the brainstem by herniated cerebellar tonsils, 
ventral compression by the odontoid peg may also be present. 
Is there any causal relationship between ventral and dorsal 
compression, thus making more decompression possible with 
less surgery? In a comparative study of 323 patients undergo-
ing 350 operations, Klekamp demonstrated good short- and 
long-term results in patients who had CM-I with or without 
additional BI, through application of a  treatment algorithm. 
He recommended that patients who had CM-I without BI and 
those who had BI without ventral compression could be man-
aged by foramen magnum decompression alone, while most 
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patients with ventral compression could be treated by poste-
rior decompression, realignment and stabilization, reserving 
anterior decompression for patients with profound, symptom-
atic brainstem compression [61].

With further development of the research on the patho-
logical theory and surgical strategies, the relationship 
between BI and CM-I—and the potential compression and 
instability involved in these two concomitant pathologies—
should become better understood and managed.
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