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Introduction

History—Initial Observations

Cerebellar ectopy may be acquired, e.g., due to mass effect or changes in cerebrospinal 

fluid pressures, or congenital.1 Chiari Malformations, which are now recognized as a 

spectrum of congenital anomalies involving the craniocervical junction, vary in age of 

onset, presenting symptoms, and etiology.1,2 The cause of these malformations has been 

long debated. In 1891, Hans Chiari, an Austrian pathologist, elaborated on the relationship 

between cerebellar ectopy and hydrocephalus.3,4 In this initial report, Chiari described three 

pathologies, which are now considered Chiari Malformations I through III (CMI-III).

As the title of his article suggested, the unifying theme of these pathologies was the 

displacement of the cerebellum through the craniocervical junction at the foramen magnum. 

In Type I (CMI), Chiari observed elongation and ectopia of the cerebellar tonsils and 

the medial portions of the inferior lobes of the cerebellum, which he described as cone-

shaped.4 Of critical note, Chiari only found Type I cerebellar ectopy in cases of congenital 

hydrocephalus, not in cases of acute or late-onset hydrocephalus,4 suggesting a primary 

congenital etiology rather than an acquired pathology. In Type II (CMII), Chiari reported 

greater hindbrain and brainstem displacement through the craniocervical junction associated 

with a cervicothoracic syrinx, congenital lumbosacral dysraphism, and neural tube defect.4 

Chiari described Type III (CMIII) based on one case of a 5-month-old child with what 

he called “hydrencephalocele cerebellaris cervicalis,” which included spina bifida, an 

enlarged skull, convergent strabismus, absence of the tentorium, cervical “hydromyelocele” 
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communicating with the fourth ventricle, and complete herniation of the cerebellum into the 

spinal canal.4

While others described cerebellar ectopy in the setting of hydrocephalus before this report, 

Chiari was the first to investigate the origins of this relationship. In a more extensive 

cadaveric study several years later (1896), Chiari confirmed the above classification and 

added a fourth type of malformation (CMIV), which lacked cerebellar displacement 

through the craniocervical junction due to cerebellar hypoplasia.3,5 While this spectrum 

of pathologies was related to hydrocephalus, the severity of the hydrocephalus in this 

series did not correlate with the extent of the craniospinal malformation, which prompted 

Chiari to hypothesize another mechanism was responsible for obstruction of the flow of 

cerebrospinal fluid.3,5 He proposed that insufficient development of the cranial bones played 

a critical role in these pathologies. Supporting this hypothesis were observations by both 

Julius A. Arnold, who in 1894 published a case of cerebellar ectopy and spina bifida without 

hydrocephalus,3,6 and John Cleland, who described a similar case with hydrocephalus in 

1883.3,7 These initial descriptions of CMI-IV made by Arnold, Chiari, and Cleland fueled 

debates and studies surrounding the acquired or congenital nature of cerebellar ectopy in 

Chiari Malformations and remain the basis of our ongoing investigations, diagnosis, and 

management.

Section Highlights

• Chiari Malformations I-IV are a spectrum of congenital malformations 

with varied age of onset, presenting symptoms, and etiologies that may be 

associated with syringomyelia

• The unifying theme of CMI-III is displacement of the hindbrain through the 

cranio-cervical junction

• Chiari and others proposed that insufficient development of the bony posterior 

fossa played a critical role in cerebellar ectopy in these malformations.

Discussion

Recent Insights—Syringomyelia and CMI

Early observations by Chiari and others suggested a shared mechanism of cerebellar ectopy 

and disorders of cerebrospinal fluid, i.e., hydrocephalus and syringomyelia. Critical animal 

studies by Dorcus Padget furthered our understanding of the embryologic underpinnings 

of CMI-IV and the relationship to dysraphism, such as occurs in the more severe Chiari 

Malformations and Dandy-Walker malformation.8 Further studies by Miguel Marín-Padilla 

supported the concept that these malformations—CMI-IV, Dandy-Walker malformations, 

and various forms of dysraphism—result from varying failures neuraxial induction of dorsal 

structures.9

The shared embryologic origin of these pathologies, though some nuances are still 

currently debated,1,2 provided a rationale for the investigations into the pathophysiologic 

relationship of cerebellar ectopy and syringomyelia. This original question led Chiari 
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to report his findings. CMI, which in adults can have a presentation ranging from an 

asymptomatic MRI incidental finding to signs and symptoms of central myelopathy from 

syringomyelia, including suspended sensory loss, pain, upper extremity muscle atrophy, and 

lower extremity spasticity.1

Theories on the formation of a syrinx in CMI were proposed, including the “water-hammer” 

theory proposed by Gardner in the 1950s that postulated obstruction of the outlets of 

the fourth ventricle, enlarged CSF arterial pressure waves directed into the obex, and 

progressive dilation of the spinal cord central canal..1,12 Williams’ theorized that cranial-

spinal pressure dissociation during the Valsalva maneuver caused by the ectopic tonsils 

obstructing the foramen magnum CSF pathway drove CSF into the obex and spinal cord 

central canal. Gardner’s and Williams’ theories required a patent communication of the 

obex and upper pole of the syrinx to transmit CSF and its pressure.1 Imaging and post-

mortem studies did not demonstrate this patent communication in most cases, invalidating 

these theories.1 Oldfield and Heiss (current author) led further investigations to elucidate 

the pathophysiology of syringomyelia in CMI.1,10,11 Their studies involved CSF pressure 

measurements, phase-contrast magnetic resonance imaging (PC-MRI) CSF and syrinx flow 

studies, and intraoperative cardiac-gaited MRI in patients with Chiari I malformation 

and syringomyelia. The findings of these studies supported a theory in which the flow 

through the CSF spaces at the foramen magnum was impeded by the ectopic cerebellar 

tonsils, preventing the normal movement of CSF across the foramen magnum during the 

cardiac cycle. Instead of CSF, the ectopic cerebellar tonsils descended into the cervical 

spinal canal during the cardiac systole, acting on the enclosed spinal subarachnoid space, 

creating enlarged spinal subarachnoid pressure waves, and driving cerebrospinal fluid from 

the subarachnoid space into the perivascular and extracellular space of the spinal cord, 

resulting in syrinx formation. After forming the syrinx, these enlarged spinal subarachnoid 

pressure waves acted on the spinal cord surface, induced movement of syrinx fluid, and 

expanded the syrinx diameter and length (Figure 1).1,11 Surgical intervention involving 

suboccipital craniectomy, C-1 laminectomy, and duraplasty expanded the CSF space at the 

foramen magnum and resolved the syrinx. The cerebellar tonsils assumed a regular shape 

and ascended toward the foramen magnum after the surgical procedure.11

CMI in most cases arises because the internal volume of the posterior fossa is inadequate 

to contain its neural contents and not from a primary maldevelopment of the cerebellum. 

Treatment of CM1 by surgically enlarging the posterior fossa results in the cerebellar tonsils 

ascending and assuming a regular shape, supporting this premise. Meticulous morphologic 

studies by Misao Nishikawa and embryologic studies by Charles Raybaud support the 

contention that CMI developed from a small posterior fossa. This conclusion has profound 

implications for the management of CMI because it directs treatment toward enlarging the 

posterior fossa rather than modifying a congenital brain abnormality.13,14

Section Highlights

• Several theories were developed to explain syringomyelia in CMI

• The prevailing theory, supported by physiologic studies in patients with 

CMI using phase contrast MRI and ultrasound, proposes that occlusion 
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of the subarachnoid spaces at foramen magnum leads to formation of the 

syrinx cavity by movement of cerebrospinal fluid through perivascular and 

extracellular spaces in the spinal cord

• Surgical decompression of the posterior fossa results in return of the 

cerebellar tonsils to normal position and resolution of the syrinx, suggesting 

that, in most cases, cerebellar ectopy is secondary to an abnormally small 

volume of the bony posterior fossa

Controversies and Ongoing Investigations

Reduced posterior fossa size and crowding of neural structures is not the only cause 

of tonsillar ectopia in CM1.1,15 Oldfield described in 2016 CM1 cases in which the 

cerebellar tonsils extended below the foramen magnum in patients with normal posterior 

fossa volume.15 Based on this and other studies, Raybaud recently proposed that these 

cases of cerebellar ectopy resulted from an overgrowth of the cerebellum.16 This suggests 

that any developmental mismatch causing the posterior fossa contents to exceed that of the 

posterior fossa volume results in cerebellar tonsillar ectopy and CMI. Studies of syndromes 

with impaired bone development have further supported the concept that a mismatch 

between the growth of the bony posterior fossa and its contents may result in cerebellar 

ectopy. For example, CMI is often a feature of achondroplasia and fibrous dysplasia .17,18 

We recently identified CMI and occult spinal dysraphism in patients with EPAS1-gain-of-

function syndrome (Pacak-Zhuang syndrome) and the corresponding mouse model.19 This 

syndrome, originally described as a syndrome characterized by multiple paragangliomas, 

somatostatinoma, and polycythemia, is caused by early somatic mosaicism of gain-of-

function mutations in EPAS1, encoding the protein hypoxia-inducible factor 2α (HIF-2α).19 

Thus, while this syndrome does not represent isolated CMI, it is a sporadic disease that 

can be studied to understand CMI better. Despite occasional familial occurrences, it is most 

often sporadic and still has no known genetic cause.20

Section Highlights

• Recently, cerebellar tonsillar ectopy was described in patients with a spacious 

posterior fossa, suggesting that reduced posterior fossa size and crowding of 

neural structures is not the only cause of tonsillar ectopia and CMI

• Tonsillar ectopia can arise in a normal bony posterior fossa if the combined 

volume of the posterior fossa neural contents and CSF is abnormally large.

Practical Considerations

Recent investigations into the etiology of Chiari Malformations have practical implications 

for diagnosing, managing, and treating these pathologies. Historically, the disease of CMI 

without syringomyelia has been challenging to define. Radiologists diagnose CM1 in 

symptomatic and asymptomatic individuals with an MRI finding of cerebellar tonsillar 

ectopy at least 5 millimeters below the foramen magnum.16 Further, there is still ongoing 

debate about the interplay between the extent of cerebellar ectopy and the development 
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of a syrinx. There have been studies that have proposed additional classifications of 

Chiari Malformations such as CM0 for patients with less than 5 mm of tonsillar ectopia 

and associated cervical syringomyelia.2 It has been suggested that these cases arise from 

neural and CSF pathway crowding within the foramen magnum and diminished flow of 

cerebrospinal fluid through the subarachnoid spaces. This proposal, which agrees with the 

theory outlined above, raises the question of the best treatment for such patients.

While we now recognize that congenital Chiari Malformations broadly belong to a class 

of pathologies with a shared embryologic origin, ongoing imaging and physiologic studies 

continue to propose more nuanced definitions to reflect two primary considerations. First, 

if these pathologies have a common source, why are some more limited than others, 

e.g., CMI compared to CMII? Second, what is the best intervention in cases of CMI 

without syringomyelia and atypical clinical symptoms? From the studies discussed, the 

most practical implication is that the diagnosis of CMI and the decision to intervene to 

resolve CM1 symptoms or syringomyelia should not be based on cerebellar ectopy alone 

but evidence of the diminished flow of cerebrospinal fluid across the craniocervical junction 

assessed by phase-contrast magnetic resonance imaging.1,2 The aim of intervention thus 

should be the restoration of CSF flow across the craniocervical junction. While this was 

demonstrated in previous studies, this outcome has only recently been compared among the 

various surgical interventions for CM1.

Section Highlights

• Observations of cervical syringomyelia, a crowed posterior fossa, but less 

than 5 mm of tonsillar ectopiai.e. CM0, support diminished flow of CSF as 

the critical mechanism for syrinx formation.

• Phase contrast MRI demonstrates constricted and obstructed CSF pathways in 

CM0 and in patients with a crowded posterior fossa, CM1 symptoms, but no 

tonsillar herniation or syringomyelia.

Controversies of Management

With our understanding of the natural history and etiologies of CMI evolving, management 

remains complex. We recently elaborated the history, importance of patient selection, and 

rationales for surgical treatments in symptomatic CMI with or without syringomyelia.21 

The early surgical management of these patients by McConnell and Parker only 

involved a posterior fossa decompression.22 Later, several authors described craniocervical 

decompression in the treatment of CMI.23,24 Upon recognizing that syringomyelia was 

associated with CMI, Gardner at Cleveland Clinic aimed to eliminate the postulated 

“water-hammer” pulsation by removing the bone from the posterior aspect of the foramen 

magnum, opening the fourth ventricle, and plugging the obex, which Levy later found 

could permanently damage to the hypoglossal and vagal nuclei.25,26,27 Since these 

early procedures, several surgical procedures have been advocated, including extradural 

craniocervical decompression alone or with the following additional steps: scoring the dura, 

opening the dura, dissecting the arachnoid, exploring the fourth ventricle, and shrinking 
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cerebellar tonsils, all with subsequent dural repair (duraplasty).21 These various procedures 

have similar outcomes in the medical literature.21 Recently, some investigators have 

advocated performing the less invasive interventions such as posterior fossa decompression 

alone or with dural scoring.28–32

As we previously elaborated, surgical intervention in CMI should provide enough 

enlargement of the subarachnoid space at the foramen magnum to relieve tonsillar impaction 

and reverse the signs and symptoms of CMI.21 The extent of expansion of the CSF 

spaces is more often reported in pediatric than adult studies.21 As investigations into 

the surgical management of CMI in both adults and children continue to search for the 

optimal intervention, standardization of patient selection, reporting, and measurements is 

required. The recent development of Common Data Elements for use in research regarding 

CMI by the National Institute of Neurologic Disorders and Stroke at NIH represents a 

significant advancement for investigations to determine the best or most effective treatments, 

interventions, and management for patients with CMI.33 This standardization of terminology 

and methods for studies, including case report forms, outcome measure recommendations, 

and data definitions assembled by a group of 30 experts, will serve to guide investigations 

regarding CMI.33 These guidelines are available on the NINDS CDE website (https://

www.commondataelements.ninds.nih.gov/Chiari%20I%20Malformation).

Since the release of the Common Data Elements for CMI in 2016, several studies have 

evaluated surgical interventions for CMI. A single institutional study of 177 patients (97 

with syringomyelia) assessed the effect of posterior fossa decompression (150 with opening 

the dura and intra-arachnoidal dissection; 135 with reduction of the cerebellar tonsils) on 

the postoperative resolution of signs and symptoms and size of the posterior fossa cisterns 

and syrinx.34 This study found that clinical improvement was strongly correlated with 

enlargement of the subarachnoid cisterns, which also strongly correlated with a reduction in 

the syrinx cavity.34

Several recent studies have investigated the success of these varied interventions in resolving 

specific pathologies associated with CMI. The Park-Reeves Syringomyelia Research 

Consortium recently evaluated whether extradural decompression of the posterior fossa 

alone or with duraplasty is superior at halting the progression of scoliosis in CMI.35 

This large multicenter retrospective and prospective study of 1257 pediatric patients with 

CMI, as defined by cerebellar tonsillar descent greater than 5 mm below foramen magnum 

with an associated syrinx of greater than 3 mm in axial width, found that there was no 

difference in the occurrence of surgical correction of scoliosis between groups having 

undergone extradural decompression alone (n=51) or with duraplasty (n=346).35 However, 

patients treated with duraplasty were less likely to have curve progression; further, older 

age at the time of surgery and more significant preoperative curves were more strongly 

associated with subsequent fusion.35 The same group also evaluated complication rates with 

different grafts used for duraplasty within the 6-month postoperative period. They found 

higher rates of pseudomeningocele and meningitis in the group receiving nonautologous 

grafts (n=422), which included bovine pericardium, bovine collagen, synthetic, and human 

cadaveric allograft, than in the group receiving autografts (n=359).36
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Cases of CMI with syringomyelia and complex pathology of the craniovertebral junction 

may require occipital-cervical fusion and ventral decompression as adjuncts to posterior 

fossa decompression.37 In another multicenter retrospective study by the Park-Reeves 

Syringomyelia Research Consortium, 12 of 637 patients who underwent posterior fossa 

decompression alone (n=132) or with duraplasty (n=505) subsequently required occipital-

cervical fusion, 4 of which also needed ventral decompression.37 Of note, these patients had 

platybasia, Klippel-Feil syndrome, and/or basilar invagination.37

These recent studies highlight the need for continued investigation into the proper and 

optimal surgical management of CMI. The recent advances in the understanding of the 

pathogenesis of CMI may also impact our practical management regarding patient selection 

for surgery. Further, the recent development of Common Data Elements for CMI will 

fundamentally change future investigations.

Section Highlights

• There is still on-going debate regarding the optimal surgical intervention for 

resolution of symptoms and syrinx in CMI

• Available options include posterior fossa decompression alone or with dural 

scoring, intra-arachnoidal dissection, exploration of the fourth ventricle, 

and/or reduction of the cerebellar tonsils

• Recent studies have supported less invasive interventions such as posterior 

fossa decompression alone in selected cases of CM1 without syringomyelia.

• The Common Data Elements for CMI developed by NINDS at NIH provide 

the framework for continued investigations in CMI

Summary

Congenital Chiari Malformations range in complexity from cerebellar tonsillar ectopy to 

complex neuraxial malformations with long-debated etiologies. Fundamental anatomic, 

physiologic, and embryologic studies over the past 50 years have deepened our 

understanding of the original question asked in early reports by Chiari: what is the 

relationship between tonsillar ectopy and syringomyelia or hydrocephalus? We are now 

better able to classify Chiari Malformations and make more informed decisions regarding 

surgical intervention based on our better understanding of the pathophysiology of these 

malformations. Continued investigations into the pathogenesis of Chiari Malformations 

through recently discovered sporadic diseases with associated Chiari Malformation 

pathologies will continue to inform our understanding of Chiari Malformations. Further, 

there remain practical questions in more nuanced presentations of CMI that warrant further 

investigation.
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Key Points

• Chiari Malformation Type I is typically diagnosed by greater than 5 mm of 

cerebellar tonsillar ectopy below the foramen magnum, typically due to the 

reduced size of the bony posterior fossa

• Recent investigations have found CMI with a spacious posterior fossa, 

suggesting there are additional mechanisms for cerebellar ectopy

• Patient selection and proper choice of surgical intervention are critical for the 

successful resolution of signs and symptoms of CMI and syringomyelia
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Clinical Care Points

• Chiari Malformation Type I (CMI) is typically defined by cerebellar tonsillar 

ectopy of at least 5 mm below the foramen magnum. The bony posterior fossa 

volume is small in most cases.

• Syringomyelia in CM1 arises from the cerebellar tonsils impeding normal 

CSF flow across the foramen magnum during the cardiac cycle. Surgical 

relief of the obstruction to CSF flow results in syrinx resolution.

• There are many options for surgical intervention, including posterior fossa 

decompression alone and with dural scoring, intra-arachnoidal dissection, 

exploration of the fourth ventricle, or reduction of the cerebellar tonsils. Their 

success in resolving syringomyelia depends on their ability to permanently 

establish a patent subarachnoid space at the foramen magnum.

• Some cases of CMI have a spacious posterior fossa, suggesting that a reduced 

bony posterior fossa may not be the only mechanism for cerebellar ectopy. 

These patients have less constricted CSF pathways and are less likely to have 

an associated syrinx.

• The recent development of the Common Data Elements for CMI 

provides a framework for continued investigation into CM1 pathogenesis, 

pathophysiology, and optimal surgical management.
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Synopsis

Chiari Malformation Type I (CMI) is a congenital malformation diagnosed by MRI 

findings of at least 5 mm of cerebellar ectopy below the foramen magnum. CM1 

is frequently associated with syringomyelia. Herein, we discuss the history of CMI 

and syringomyelia, including early pathologic and surgical studies. We also describe 

recent investigations into the pathogenesis and pathophysiology of CMI and the practical 

implications on management and surgical intervention. We also highlight the recent 

development of the Common Data Elements for CMI, providing a framework for ongoing 

investigations. Finally, we discuss current controversies of surgical management in CMI.
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Figure 1. 
Illustrations showing normal anatomy and flow of CSF in the subarachnoid space at the 

foramen magnum during the cardiac cycle in a normal healthy volunteer (upper); obstructed 

flow of CSF in the subarachnoid space at the foramen magnum resulting in the cerebellar 

tonsils’ acting as a piston on the cervical subarachnoid space, creating cervical subarachnoid 

pressure waves that compress the spinal cord from without and propagating syrinx fluid 

movement (center); and relief of the obstruction of the subarachnoid space at the foramen 

magnum, eliminating the mechanism of progression of syringomyelia (lower).
(Adapted from Heiss JD, Patronas N, DeVroom HL, et al. Elucidating the pathophysiology 

of syringomyelia. J Neurosurg. 1999;91(4):553-562. doi:10.3171/jns.1999.91.4.0553; with 

permission)
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