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Abstract

Chiari malformation Type | (CMI) is characterized by herniation of the cerebellar tonsils through
the foramen magnum. The pathophysiology of CMI is not well elucidated; however, the prevailing
theory focuses on the underdevelopment of the posterior cranial fossa which results in tonsillar
herniation. Symptoms are believed to be due to the herniation causing resistance to the natural
flow of cerebrospinal fluid (CSF) and exerting a mass effect on nearby neural tissue. However,
asymptomatic cases vastly outnumber symptomatic ones and it is not known why some people
become symptomatic. Recently, it has been proposed that CMI symptoms are primarily due to
instability of either the atlanto-axial (AA) or the atlanto-occipital (AQO) joint and the cerebellar
tonsils herniate to prevent mechanical pinching. However, only a small percentage of patients
exhibit clinical instability and these theories do not account for asymptomatic herniations.

We propose that the pathophysiology of adult CMI involves a combination of craniocervical
abnormalities which leads to tonsillar herniation and reduced compliance of the cervical spinal
canal. Specifically, abnormal AO and/or AA joint morphology leads to chronic cervical instability,
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often subclinical, in a large portion of CMI patients. This in turn causes overwork of the
suboccipital muscles as they try to compensate for the instability. Over time, the repeated,
involuntary activation of these muscles leads to mechanical overload of the myodural bridge
complex, altering the mechanical properties of the dura it merges with. As a result, the dura
becomes stiffer, reducing the overall compliance of the cervical region. This lower compliance,
combined with CSF resistance at the same level, leads to intracranial pressure peaks during the
cardiac cycle (pulse pressure) that are amplified during activities such as coughing, sneezing,

and physical exertion. This increase in pulse pressure reduces the compliance of the cervical
subarachnoid space which increases the CSF wave speed in the spinal canal, and further increases
pulse pressure in a feedback loop. Finally, the abnormal pressure environment induces greater
neural tissue motion and strain, causing microstructural damage to the cerebellum, brainstem, and
cervical spinal cord, and leading to symptoms. This hypothesis explains how the combination

of craniocervical bony abnormalities, anatomic CSF restriction, and reduced compliance leads to
symptoms in adult CMI.
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Introduction

Chiari malformation type |

Chiari malformation Type | (CMI) is a serious neurological disorder characterized by
herniation of the cerebellar tonsils through the foramen magnum at the cranio-vertebral
junction (CVJ) as first described by Hans Chiari more than 100 years ago [1]. Common
symptoms in adults include cough or Valsalva-induced occipital headaches, neck/shoulder/
upper back pain, balance issues, brainstem/cranial nerve issues, and cognitive dysfunction
[2]. In some patients, the herniation can lead to the formation of a syrinx, or fluid-filled cyst
in the spinal cord tissue, causing paresthesia, muscle weakness, and paralysis [1]. Symptom
onset can occur at any age, but in adults symptoms often emerge in the late 20°s or early
30’s [3]. Symptoms are thought to be due to disruption of the natural flow of cerebrospinal
fluid (CSF) across the CVJ and the herniation exerting a mass effect on nearby neural tissue.
Still, the precise mechanism underlying most symptoms is poorly understood [4].

Diagnostically, CMI is traditionally defined as a herniation of 5 mm or more measured at
the mid-sagittal plane [1]. However, this definition has proven to be problematic as up to

1% of the adult population meets this radiographic criterion, but the vast majority of people
will never experience any symptoms [5]. This is true even for CSF related symptoms such as
cough associated headache and the presence of a syrinx [3,6]. This has led many surgeons to
reject the 5 mm herniation criterion as a diagnostic rule and has left the medical community
searching for improved diagnostic criteria [4]. For the purposes of this paper, CMI will be
used to refer to symptomatic herniation of the cerebellar tonsils.
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Symptomatic CMI theories

Small posterior cranial fossa (PCF)

The pathophysiology of CMI is not well elucidated; however, the prevailing theory

focuses on the underdevelopment of the PCF, which does not provide enough space for

the cerebellum resulting in herniation of the tonsils [3]. This theory is supported by
morphometric analyses of the PCF, which have shown abnormal PCF structures and reduced
PCF space in CMI patients compared to controls [3,7-8]. For example, our group compared
229 adult female CMI patients to age, race, and BMI matched controls and found that the
PCF of the CMI group was significantly different as characterized by the reduced height

of PCF structures and a flattening of the clivus angulation [7]. A separate study using

many of the same subjects found reduced CSF spaces, or crowding, around the cerebellar
tonsils [9]. Despite this supporting evidence, the small PCF theory does not address the issue
of asymptomatic cases of tonsillar herniation being far more prevalent than symptomatic
ones. In fact, from a mid-sagittal view, it can be difficult to distinguish any difference
between symptomatic CMI and asymptomatic tonsillar herniation. This is illustrated in Fig.
1, which shows a symptomatic CMI adult on the left taken from the Chiari 1000 Patient
Database, and an asymptomatic adult on the right obtained from the Human Connectome
Project. The small PCF theory also fails to adequately address the link between herniation
and symptoms. If symptoms were completely a result of the herniation blocking CSF and
exerting a mass effect, one would expect the amount of herniation to correlate with the
severity of symptoms, but this is not the case [3,6]. Rather it appears that some people are
able to accommaodate the restricted CSF flow by some other means.

Tethered Cord

While the small PCF theory is generally accepted in the neurosurgical community, other
theories have emerged over the years. In 1997 Royo-Salvador proposed that CMI (and other
conditions) are due to a tight filum terminale essentially pulling down on the spinal cord.
The evidence to support this theory is limited primarily to his own results in treating CMI
patients by sectioning of the filum [10]. However, a cadaver study that used weights to
simulate this tension found that the traction force exerted on the spinal cord is quickly
dispersed and does not reach the level of the cerebellar tonsils [11].

Atlanto-axial (AA) Joint Instability

More recently, Goel et al. proposed that CMI symptoms mainly arise from AA joint
instability and that the cerebellar tonsils herniate as a protective measure against mechanical
pinching [12]. They present favorable clinical results by treating a series of patients with C1-
C2 stabilization surgery (as opposed to the widely accepted decompression procedure). Still,
this theory does not address the issue of asymptomatic cases or the significant morphometric
evidence of PCF variations. In addition, clinically identified cervical instability in CMI is
not overly common and is usually associated with Ehlers-Danlos Syndrome [13]. A survey
of 1,315 adult female CMI patients found that only 10% had been diagnosed with cervical
instability. Similarly, a survey of 699 adult female surgical CMI patients found that only
13% had undergone any type of fusion or stabilization procedure [14].
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Atlanto-occipital (AO) Joint Instability

In a morphometric study of the AO joint, Wan et al. used high-resolution computerized
tomography (CT) to show that symptomatic CMI patients have smaller than normal occipital
condyles and shallower facets on the atlas [15-16]. This finding, combined with a study that
showed the stabilizing transverse and alar ligaments are also abnormal in CMI patients [17],
led Wan et al. to postulate that AO joint instability plays a role in CMI. While Wan et al. also
posit that this instability could cause the actual tonsillar herniation, they do acknowledge
that it could instead play a role in the development of symptoms. However, they do not
propose what this role might be or speculate on the physiological link between the two.

Physical Trauma/Stress

There is substantial evidence that physical trauma and activities play a role in symptom
onset for at least a subset of CMI patients [3,14]. Both patient surveys and clinical reports
indicate that up to one-third of patients cite a specific event that triggered their symptoms.
For example, a survey of 460 adult CMI patients undertaken by our group found that the
most common triggering events were related to traumas such as car accidents (16%), falls
(11%), head trauma (10%), and sports injuries (5%). However, pregnancy (13% of female
respondents) and physical exertion (9%) were also commonly cited [14]. Clinically, there
have been case reports of CMI symptoms being sparked by car accidents, head trauma, and
skydiving [18-20]. Currently, no satisfying explanation has been proposed for the role that
physical trauma plays in symptom onset.

Hypothesis

We propose that symptomatic CMI originates from a combination of craniocervical bony
and ligamentous abnormalities of the PCF, the AO joint, and the AA joint, which leads

to both tonsillar herniation and cranio-cervical instability (which is often not identified
during standard clinical and radiographic evaluation for CMI), respectively. This, in turn,
leads to a combined hydrodynamic effect of CSF restriction due to the herniation and
reduced spinal canal and dural compliance (dV/dP) at the same level due to repeated
activation of the suboccipital muscles causing mechanical failure of the myodural bridge
complex (MDBC). This combination disrupts the pressure equilibrium between the cranial
and spinal compartment during the cardiac cycle as CSF flows back and forth across the
CVJ. Specifically, an elevated CSF pulse pressure environment results, especially during
activities that naturally increase pressure, such as coughing, sneezing, and physical exertion.
The elevated pulse pressure amplitude, in turn, causes increased motion and strain of

the cerebellum, brainstem, and upper spinal cord leading to many of the common CMI
symptoms. Fig. 2 illustrates the cascading sequence of events and factors that culminate in
CMI symptoms.

Subclinical AO Joint Instability

While the PCF and AA joint in CMI patients have been studied extensively, the AO joint
has not received as much attention. The AO joint is normally cup-shaped with the convex
occipital condyles situated in the convex articulating surfaces of the atlas [16]. Stability

is provided by a combination of the joint morphology and surrounding ligaments. Recent
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morphometric studies of the AO joint have identified the potential for instability in CMI
patients [16]. Specifically, Wan et al. used thin sliced CT to calculate the depth to length
ratio of the convex surfaces of the atlas in 47 adult CMI patients as compared to age and
gender-matched controls and found that the ratio was significantly reduced in the CMI
group. This flattening is similar to morphometric studies in Down syndrome patients with
clinically identified AO joint instability [15]. Wan et al. also used thin CT slices to examine
the occipital condyles of 73 adult CMI patients compared to matched controls and found
the average length, width, and height of the condyles in the CMI group were significantly
smaller [16]. Additionally, an MRI study of the ligaments of the CVJ found that both the
transverse and alar ligaments were significantly shorter in adult CMI patients compared

to controls [17]. Based on this, we propose that a large portion of adult CMI patients
experience subclinical AO joint instability, which causes the suboccipital muscles to work
harder in an attempt to compensate. Eventually, this leads to mechanical overload and failure
of the MDBC. For the purposes of this paper, subclinical refers to a level of instability not
routinely identified during clinical and standard radiographic evaluation for CMI.

Myodural Bridge Complex

A fibrous connection between the rectus capitis posterior minor muscle and the cervical dura
was first identified by Hack in 1995 and labeled a myodural bridge [21-22]. Since that time,
similar connections have been identified linking additional suboccipital muscles (rectus
capitis posterior major and obliquus capitis inferior) to the cervical dura. In combination,
these connections have been termed the MDBC and are believed to stabilize the spinal cord
and regulate the tension of the dura to prevent infolding [21-22]. Examination of the MDBC
by scanning electron microscope found that the fibers of the MDBC penetrate and merge
into the dura [23]. From their analysis, Jiang et al. state, “The fibers of the myodural bridge
merged into the spinal dura mater and gradually became a superficial layer of the spinal
dural mater” supporting the concept that the MDBC is capable of passing tension from the
suboccipital muscles to the dura.

The MDBC has also been theorized to promote CSF movement and in essence act as

a pump to aid in pushing CSF back and forth across the CVJ [21]. Xu et al. used
phase-contrast magnetic resonance imaging (PCMR) on healthy controls to demonstrate
that head movement significantly influenced CSF flow at the CVJ by increasing CSF
stroke volume, and proposed the MDBC played a key role in this effect [23]. The idea
that the MDBC controls the tension of the dura and influences CSF dynamics is further
supported by Ma et al., who used a dog study to show that both passive head movement and
electrical stimulation of suboccipital muscles significantly increased CSF pressure. When
the MDBC connection was severed, the CSF pressure remained steady when the muscles
were stimulated [24]. However, the role of the MDBC in CMI has not previously been
established.

The suboccipital muscles respond reflexively to involuntary head and neck movements
[22]. We propose that subclinical AO joint instability in CMI patients leads to repeated
involuntary contractions of the suboccipital muscles, especially during physical activities
that amplify the inherent instability. Over time, these repeated contractions lead to
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mechanical overload of the MDBC, which ceases to function properly. Eventually, the
mechanical properties of the dura - which the failed MDBC connects to - are altered,
becoming stiffer and less compliant. This is supported by the finding of Klinge et al. that
the surgically removed MDBCs of adult CMI patients showed signs of fibril pathology
suggestive of mechanical overload [25]. Since the MDBC merges with the dura rather than
simply connecting to it, it is reasonable to conclude that this pathology will extend to the
dura as well. It is worth noting that this reduction in compliance can also occur in cases

of clinically significant instability of the AO joint, the AA joint, or both. In fact, any
mechanism, such as a whiplash trauma, that can cause mechanical overload of the MDBC,
either suddenly or over time, has the potential to reduce the cervical, dural compliance in
CMI.

Reduced Cervical Spinal Caned Compliance

Our group has developed preliminary data using PCMR showing that adult CMI patients
have abnormal stiffness and reduced spinal canal compliance in the cervical region. The
institutional review board (IRB) at Emory University approved this study, and all subjects
provided written informed consent (IRB#8711). All subjects were scanned at the Center

for Systems Imaging at the Emory University School of Medicine. Specifically, the CSF
flow rate was measured at the C2 and T2 levels on 4 adult CMI patients and three healthy
controls. From this, the CSF flow volumes at the input (C2) and output (T2) were calculated
by integrating the flow rate over the duration of the systole. Next, the change in CSF volume
was calculated as the difference between volume in and volume out. Finally, volumetric
expansion was calculated as a percentage based on the change in volume divided by the
volume in. The average volumetric expansion was 62% for the control group, but for the
CMI group, this was reduced to just 26%.

This indicates that the control group showed high levels of compliance in the cervical
region, meaning that as CSF was pushed out of the brain and across the CVJ in response to
systole, the subarachnoid space expanded in the cervical region to accommodate the influx
of CSF. However, this was not the case in the CMI group, where increased stiffness limited
the natural expansion of the subarachnoid space and altered the pressure environment,
similar to how stiff arteries increase systolic blood pressure [26].

Elevated Pulse Pressure

We believe that the combination of CSF restriction due to the herniated tonsils and the
reduced compliance via the MDBC leads to abnormal pressure peaks during the cardiac
cycle as more pressure is required to move CSF across the CVJ. In a healthy person, during
systole CSF can flow freely across the CVJ, and a compliant dura expands in response

to the pulsatile increase of CSF volume in the cervical region, thus maintaining pressure
equilibrium (Fig. 3). However, in a CMI patient, there is both blockage of CSF flow due to
herniated tonsils and a stiff, less compliant dura, the combination of which leads to elevated
pulse pressure. Clinical pressure monitoring of CMI patients supports this theory. Fric et al.
simultaneously monitored both static and pulse intracranial pressure (ICP) and lumbar CSF
pressure in 26 adult CMI patients [27]. They defined abnormal pulse pressure as mean ICP
wave amplitude (MWA) > 4 mmHg combined with a MWA > 5 mmHg in more than 10 %
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of the recording time and borderline as average MWA of 4-5 mmHg. Abnormal pressure
gradient was defined as a difference of more than 2 mmHg between the MWA ICP and

the MWA lumbar. Using these criteria, they found that 66.5% had abnormal pulse pressure,
7.7% had borderline pulse pressure, and 71% showed an abnormal pressure gradient. The
two measures were significantly correlated with each other (R = 0.72, p < 0.001), but
neither was correlated with tonsillar position, implying a reduction in compliance was the
cause. Similarly, Dyson et al. used continuous ICP monitoring to compare pre-surgical CMI
patients, failed surgical CMI patients, and a control group [28]. While the median ICP did
not differ significantly between the groups, the pulse amplitude did. Specifically, both the
ICP pulse amplitude of the pre-surgical and failed surgical groups was significantly higher
than the control group.

It is important to note the ICP monitoring in these studies was done while the subjects were
at rest. The ICP peaks in CMI patients are likely magnified even more during activities

such as coughing, sneezing, postural change, and physical exertion, which naturally involve
elevated pressure. This aligns with patient reports of activities that aggravate symptoms [14].

An increase in the pressure pulse amplitude can create a feedback loop that further increases
pulse pressure. Since the resistance to CSF flow is elevated due to a reduction in the
cross-section area of subarachnoid space (herniated cerebellar tonsils), greater pulse pressure
is required to move CSF into and out of the spinal canal across the CVJ. This puts the

outer wall of the spinal canal, or the dura, under greater tension during these elevated

peak pressures. This increased tension leads to spinal canal stiffness and increases wave
speed propagation which, in turn, leads to a further increase in pulse pressure through wave
reflection similar to that described for the arterial tree [29]. This increases the pulse pressure
during each heartbeat resulting in a feedback loop of increasing pulse pressure and tension.

Microstructural Damage

We propose this increased pulse pressure is the cause of an observed increase in motion and
strain of the cerebellum, brainstem, and upper spinal cord. Our group used displacement
encoding with stimulated echoes (DENSE) MRI to capture the displacement of seven
different brain regions in 43 adult CMI patients and 25 controls [30]. Mean compression
and extension strain were then calculated for each brain region based on the displacement
values. Displacement of the cerebellum and brainstem were found to be 106% and 64%
higher, respectively, in the CMI group. In addition, the CMI group had a 52% increase in
the mean compression strain in the cerebellum and a 50% and 41% increase in the mean
extension strain in the cerebellum and brainstem, respectively. In addition, Lawrence et al.
used cardiac gated PCMR to measure the tissue motion of the upper spinal cord of 20 CMI
adults, both pre and post-surgery, plus 15 controls [31]. The pre-surgical CMI group showed
significantly increased motion compared to the control group, and this motion decreased
significantly post-surgery.

We propose that over time this strain damages the cerebellum, brainstem, and upper spinal
cord leading to many of the most common CMI symptoms. For example, our group used
diffusion tensor imaging (DTI) to examine the white matter microstructure in a group of 18
adult CMI patients and 18 age and education-matched controls [32]. Abnormal fractional
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anisotropy (FA) and diffusivity were found in the cerebellum of the CMI group as compared
to the control group. Similarly, Krishna used DTI to examine the lower brainstem of

adult CMI patients versus healthy controls. The CMI group showed abnormal FA of the
anterior brainstem before surgery, but this tended to normalize after surgery except for some
patients with syringomyelia [33]. Finally, a third DTI study found abnormal diffusivity in
the cervical spinal cord of CMI patients versus a control group and abnormal FA in the
pontobulbar region [34].

Discussion

This theory explains, with substantial supporting evidence, several previously confusing
aspects of adult CMI. First and foremost, it offers an explanation for why there are many
more cases of asymptomatic tonsillar herniation than symptomatic CMI. Namely, symptoms
are not due to tonsillar position alone, but rather a combination of tonsillar position and
reduced cervical compliance. Under this theory, people with tonsillar herniation but without
symptoms have adequate compliance in the cervical spinal canal to compensate for the
anatomically caused CSF restriction and therefore don’t experience the damaging increase
in pulse pressure. Since most asymptomatic cases do not become symptomatic [35], it is
likely that these cases do not have the abnormal AO or AA joint morphology found in
symptomatic CMI cases, even though they may have the abnormal PCF morphology leading
to tonsillar herniation.

Similarly, this theory accounts for why tonsillar position is not correlated with symptom
severity. In symptomatic cases, the severity of symptoms is related to the amplitude and
frequency of the pulse pressure peaks, which is a function of CSF restriction due to tonsillar
herniation and reduced cervical compliance via the MDBC, and physical stress factors such
as Valsalva type activities and minor traumas. In practical terms, this explains why someone
with a small herniation — even less than 5 mm — can experience severe symptoms because
of extreme stiffness and low compliance, while a person with a large herniation — well
above 5 mm — may be symptom-free due to maintaining high compliance. If patient-specific
compliance were able to be measured, this theory predicts that symptom severity would be
correlated to the sum of geometric space around the tonsils for CSF flow and the overall
compliance at the same level.

This theory also details the underlying mechanism for many of the most common CMI
symptoms such as cough/Valsalva occipital headache, neck pain, dizziness and cerebellum/
brainstem/spinal cord issues. Currently, it is believed that in general irritation of the C1/C2
nerve roots, nociceptors in the dura and/or small blood vessels in the skull base can lead

to occipital headaches [36-37]. In addition, abnormal CSF flow around the herniated tonsils
has been implicated as a causative mechanism of Chiari related headahces. McGirt et al.
used PCMR to show elevated CSF velocities just below the tonsils in CMI patients as
compared to both controls and other CMI patients with frontal or generalized headaches
[38]. Our group used computational fluid dynamics to simulate patient-specific CSF flow
and calculate the integrated longitudinal impedance (ILI) of 51 symptomatic adult CMI
patients [39]. ILI is a commonly used technique to obtain the resistance within a conduit to
unsteady fluid motion. We found that the ILI was significantly higher in patients with cough-
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associated headaches than in those without such headaches. Further, based on receiver
operator characteristic curves, ILI was more predictive of cough associated headaches than
tonsillar position [39]. In addition, our group has recently shown that a smaller anterior CSF
space was related to an increase in pain [40]. From this, it is reasonable to conclude that the
Chiari headache is due at least in part to the altered pulse pressure environment irritating
nerve roots, pain receptors in the dura, and/or the blood vessels of the skull base.

We believe that much of the neck pain common with CMI originates from subclinical
AO/AA joint instability. The pain can arise both directly from overworked muscles trying
to compensate and indirectly from the muscle tension causing the MDBC to fail, inducing
an abnormal pressure environment which then affects cervical nerves. In addition, since
the suboccipital muscles are innervated from the dorsal ramus of the C1 spinal nerve, it is
possible that a feedback loop is created whereby damage to the C1 nerve causes spasticity
of the suboccipital muscles, which then transmits even more tension to the cervical dura
through the MDBC and increases the pulse pressure correspondingly. It is interesting to
note that decompression surgery is reported to improve neck pain only 52-66% of the time
[41-42], perhaps indicating residual instability or permanent nerve damage.

It is likely that a mass effect from the tonsillar herniation still plays a role in some
symptoms, causing a situation that can lead to both pressure on the adjacent C1 and

C11 nerves (equivalent to a vascular compression syndrome) and compression of the
posterior inferior cerebellar artery with vascular steal phenomenon. For example, from
author observations during surgery (PK) we believe dizziness and syncope in CMI may be
due to compression of the posterior inferior cerebellar artery.

The increased tissue motion and strain due to the elevated pulse pressure environment is the
causative mechanism for many of the common CMI symptoms that involve the cerebellum,
brainstem, cranial nerves, and upper spinal cord, as evidenced by the microstructural
changes found on DTI.

This theory may also offer an explanation for how trauma can suddenly trigger symptoms.
For example, a whiplash injury from a car accident could lead to a sudden failure of the
MDBC and alteration of the cervical compliance due to inflammation. The effects of such
an injury are likely amplified in someone with underlying AO or AA joint instability. Any
type of traumatic injury which triggers an inflammatory response may play a similar role

in increasing cervical stiffness, lowering compliance, and triggering CMI type symptoms.
This theory may also account for the emergence of symptoms in the third and fourth decade
of life in some patients. Namely, the mechanical failure of the MDBC occurs due to an
accumulation of stresses over a long period of time, similar to a bridge or other man-made
structure.

Finally, this theory may account for the presence of arachnoid adhesions which are

commonly found during CMI surgery when the dura is fully opened [43]. Specifically,
the adhesions could be an extension of the change in tissue structure in response to the
mechanical failure of the MDBC. It is also possible that the adhesions are linked to the
altered CSF dynamics, as surgical observations (PK) have noted the alignment of such
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adhesions is different in the area of disrupted CSF flow. Further investigation is required to
quantify the impact (if any) the adhesions have on CSF resistance and compliance in the
cervical region.

While this theory has the potential to explain certain aspects of CMI, it is not all-
encompassing. There are indications that CMI involves several subgroups with different
etiologies [44-46]. This theory is most applicable to what is sometimes referred to as
“classic” Chiari; i.e., patients with a small PCF and CSF-related symptoms such as occipital
headaches and syringomyelia. It is not clear how it applies, for example, to patients with
concomitant Ehlers-Danlos Syndrome (EDS), who tend to have smaller tonsillar herniations
but clinically recognized C1/C2 instability and systemic connective tissue issues [46]. It

is possible that many of the symptoms for these patients arise from the C1/C2 instability
directly and systemic connective tissue issues.. However, it is also possible that reduced
compliance still plays a role in these cases as the C1/C2 instability is likely to have an
effect on the suboccipital muscles or that the MDBC itself is congenitally altered and not
functioning properly. Similarly, it is difficult to untangle the origin of symptoms for patients
with intracranial hypertension and CMI, as there is extensive overlap in the symptomatology
of the two conditions.

This theory also does not cover the psychological impact of CMI. Garcia et al. found

high rates of moderate-severe depression and anxiety among a large sample of adult CMI
women which persisted even after decompression surgery [47]. It is likely that factors
beyond what is discussed in this paper play a role in the psychological impact of CMI on
patients. Despite these limitations, if proven correct, this theory has significant implications
not only for advancing the understanding of adult CMI, but for diagnosis and treatment

as well. Current diagnostic criteria are insufficient for identifying symptomatic CMI cases
that will respond to treatment. With this theory, diagnostic imaging and analysis could
quickly expand to include examining the AO joint, the MDBC, and indications of reduced
compliance such as lack of volumetric expansion. Over time a new quantitative measure
could be developed which incorporates both the geometry around the herniated tonsils and
the cervical compliance and obviates the 5 mm herniation rule.

For treatment, the relative contributions of the tonsillar herniation and cervical compliance
may influence decisions on surgical technique, such as the use of duraplasty and tonsillar
reduction. For cases with minimal CSF blockage due to herniation, it may be possible to
achieve symptom relief from severing the MDBC connection only, if the dural stiffness has
not yet been permanently altered.

The confirmed presence of abnormal AO or AA joint morphology may lead to more frequent
stabilization in addition to the standard decompression. It is even possible to envision new
treatment approaches focused on reducing tension and inflammation in the suboccipital
muscles and restoring cervical compliance without the trauma and morbidity risk of surgery.

Testing the Hypothesis

Different aspects of this theory can be evaluated using a number of existing experimental
techniques, such as imaging, cadaver studies, and finite element modeling (FEM). The
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AQ joint morphology of a large set of CMI patients could easily be quantified using CT
and compared to matched controls. Similarly, MRI can be used to evaluate the structure,
composition, and function of the MDBC and associated muscles [48]. Or a comprehensive
imaging study could be undertaken, which includes those modalities plus PCMR to capture
cervical volumetric expansion; DENSE to capture the motion of the cerebellum, brainstem,
cervical spine; and DTI to assess microstructural damage to the same regions for different
groups of CMI patients and healthy controls.

Cadaver studies have previously been used to quantify both normal AO joint functionality
and AO joint instability [49,50]. It may be possible to refashion a cadaveric AO joint to
match the flattening found in CMI patients and examine the impact on stability and the
supporting muscles and ligaments. FEM has also been used to study the AO joint under
different conditions [51]. It may be informative to use this approach to study how CMI type
AQ joint morphology responds to everyday motions and traumas.

Conclusion

We propose that symptoms in adult CMI are due to a combination of CSF restriction

from herniated tonsils and reduced cervical compliance. Abnormal AO and/or AA joint
morphology causes instability, often subclinical, leading to compensatory overactivation

of the suboccipital muscles and mechanical overload and failure of the MDBC. Over

time, this alters the mechanical properties of the dura the MDBC merges with, causing

it to become stiffer and reducing the overall cervical compliance. The combination of

CSF restriction and reduced compliance leads to an elevated pulse pressure environment,
causing strain on the cerebellum, brainstem, and upper spinal cord. Over time, this results in
microstructural damage and leads to symptoms such as cough headaches, neck pain, balance
issues, abnormal sensations, and brainstem/cranial nerve issues. This theory is supported by
a significant number of published studies along with pilot data from our group. It accounts
for several previously unexplained aspects of adult CMI, such as why asymptomatic cases
far outnumber symptomatic individuals, why the tonsillar position is not correlated with
symptom severity, and how environmental factors such as physical activity and trauma
influence symptoms. Finally, the theory is testable through imaging, cadaver studies, and
other means. If proven correct, it will not only further the understanding of adult CMI but
will impact both diagnosis and treatment as well.
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Incidentaly’

Fig. 1.
Sagittal view of the cerebellum (outlined in blue) for a CMI subject showing tonsillar

descent below the foramen magnum (left) and an incidental (right). The red line indicates
the McRae line.
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A) Healthy B) CMI

Fig. 3.
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SC = spinal cord; BS = brainstem; CER = cerebellum; CSF = cerebrospinal fluid In a
healthy person, CSF flows freely across the CVJ during systole and a compliant dura in
the cervical region expands to accommodate the influx of CSF volume. Thus pressure
equilibrium is maintained between the brain and spinal compartments. In a CMI patient,
herniated tonsils cause resistance to CSF flow and increase the pressure required to push
the CSF across the junction. In addition, a stiff, less compliant dura can’t accommodate the
extra CSF volume in the cervical region, which also increases the pressure (similar to how
stiff arteries increase systolic blood pressure). The combination of increased resistance and
reduced compliance creates an elevated pulse pressure environment.
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