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ABSTRACT

BACKGROUND AND PURPOSE: The association of syringohydromyelia with Chiari I malformation has a wide range, between 23% and
80% of cases in the current literature. In our experience, this range might be overestimated compared with our observations in clinical
practice. Because there is an impact of Chiari I malformation–associated syringohydromyelia on morbidity and surgical intervention, its
diagnosis is critical in this patient population. Identifying related variables on the basis of imaging would also help identify those patients
at risk of syrinx formation during their course of disease.

MATERIALS AND METHODS: We performed a retrospective analysis of the MR imaging studies of 108 consecutive cases of Chiari I
malformation. A multitude of factors associated with syrinx formation were investigated, including demographic, morphometric, osseous,
and dynamic CSF flow evaluation.

RESULTS: Thirty-nine of 108 (36.1%) patients with Chiari I malformation had syringohydromyelia. On the basis of receiver operating
characteristic curve analysis, a skull base angle (nasion-sella-basion) of 135° was found to be a statistically significant classifier of
patients with Chiari I malformation with or without syringohydromyelia. Craniocervical junction osseous anomalies (OR � 4.3, P �

.001) and a skull base angle of �135° (OR � 4.8, P � .0006) were most predictive of syrinx formation. Pediatric patients (younger than
18 years of age) who developed syringohydromyelia were more likely to have associated skull base osseous anomalies than older
individuals (P � .01).

CONCLUSIONS: Our findings support evidence of the role of foramen magnum blockage from osseous factors in the development of
syringohydromyelia in patients with Chiari I malformation.

ABBREVIATION: CMI � Chiari I malformation

The association of syringohydromyelia with Chiari I malforma-

tion (CMI) is estimated in the literature, with a wide range

between 23% and 80% of cases.1-5 The heterogeneity of values

may imply either inconsistent methodologic criteria for defining

CMI with discrepancy of measurements or a possible overlap

among cases with true syrinx and central canal dilation, and those

with cord edema and a clinical presyrinx state. Moreover, the true

prevalence of syrinx in this population remains poorly defined

due to factors related to characteristics of the studied populations.

Selecting only patients who have myelopathic symptoms may

falsely increase the prevalence. Similar selection bias can also oc-

cur when including only patients who are referred for neurosur-

gical consultation because of spinal pathology.

A large-scale survey for the Pediatric Section of the Ameri-

can Association of Neurologic Surgeons concluded that syrin-

gohydromyelia is considered an indication for surgery in

CMI.6 Recent DTI studies have shown significantly decreased

fractional anisotropy values at the level of a syrinx, which ap-

peared more evident in symptomatic patients.7 The critical

association of syringohydromyelia secondary to CMI with re-

gard to surgical intervention makes early diagnosis crucial in

choosing the management plan for these patients.

In the current study, we sought to determine the prevalence of

syringohydromyelia associated with symptomatic CMI by a ret-

rospective analysis of 108 MR imaging cases diagnosed at our

institution with the most widely accepted diagnostic criteria. A

multitude of demographic, morphometric, osseous, and func-

tional neuropathologic factors associated with the condition were
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investigated to better understand the pathophysiology of CMI-

associated syringohydromyelia. We hypothesized that skull base

anomalies may be related to syrinx formation in symptomatic

patients with CMI.

MATERIALS AND METHODS
Following institutional review board approval and with Health

Insurance Portability and Accountability Act compliance, 108

consecutive patients with the MR imaging diagnosis of CMI were

retrospectively identified in radiology records at the Johns Hop-

kins Medical institution. A request form was submitted to search

for patients with CMI in radiology reports with the following

keywords: Chiari 1, Chiari I, CM1, and CMI.

Inclusion criteria were herniation of at least 1 cerebellar tonsil

�5 mm below the McRae line (basion-to-opisthion) on sagittal

T1-weighted images, and supporting clinical findings including

the following: 1) posterior headache worse with the Valsalva ma-

neuver, coughing, sneezing, or exercise; 2) neck pain, tingling,

numbness, or burning; 3) generalized weakness or unrelenting

fatigue; 4) dizziness worse with lying down; 5) peripheral motor/

sensory deficit; 6) sleep apnea; or 7) lower cranial neuropathy.

Thirty-seven males and 70 females with a median age of 15.5 years

(95% CI, 12.3–19.0 years) were included from January 2014 to

May 2016 (Fig 1). Any tonsillar herniation secondary to a space-

occupying lesion was excluded. Exclusion criteria also included

previous decompressive, cranial, or spinal surgeries. MR images

were evaluated, including sagittal T1, axial T1, and axial T2 of the

brain and T1 (sagittal and axial) and T2 (sagittal and axial) of the

spine. Dynamic phase-contrast CSF flow studies were also evalu-

ated when available.

After we excluded 7 studies due to poor technical quality, only

69 patients with technically accepted phase-contrast images at a

velocity-encoding threshold of 5 cm/s were analyzed. CSF flow

was evaluated qualitatively on the basis of phase-contrast cine

images. A normal flow pattern must be a clear bidirectional flow

signal: caudal and cranial (black and white with the cardiac cycle)

at the ventral and dorsal columns within the foramen magnum.

Any deviation from this strict criterion was considered abnormal

CSF flow.

Two blinded subspecialty-certified neuroradiologists (with

15 and 11 years of neuroradiology practice) read the cases fol-

lowed by a third reading by an expert subspecialty-certified

neuroradiologist (with 27 years of neuroradiology practice) if

there was any interrater discordance. The main dependent

variable was the presence of syringohydromyelia. Any measur-

able intramedullary sharply demarcated fluid cavity of �2-mm

width in the axial plane that followed CSF signal in both T1 and

T2 imaging was considered a syrinx. We identified the follow-

ing independent variables: degree (in millimeters) of tonsillar

herniation, the presence of hydrocephalus, the location and

size of the syrinx, and associated craniocervical osseous anom-

alies including the following: 1) platybasia defined as abnormal

flattening of the skull base with a basal angle measuring �143°

between intersecting lines from the nasion to the sella (in the

center of the pituitary gland and from the sella to the anterior

margin of the foramen magnum) (Fig 2)8; 2) a retroverted

odontoid defined as a posterior inclination of the odontoid

relative to the body of C2 with a retroversion angle measuring

�70° (Fig 3)9; 3) a short hypoplastic clivus defined as �1.5-cm

clival length measured from the sphenoclival synchondrosis to

the basion10; and 4) basilar invagination defined as a protru-

sion of the odontoid tip of at least 5 mm above the Chamber-

lain line between the posterior end of the hard palate and the

posterior lip of the foramen magnum (Fig 4).10 All measure-

ments were made with the VitreaView platform 2010 –2016

(Vital Images, Minnetonka, Minnesota), with electronic cali-

pers and electronic measurement of angulation.

Statistical Analysis
We calculated the prevalence of syringohydromyelia in our sam-

ple. We examined the likelihood of an association of the variables

defined above with the occurrence of syringohydromyelia using

�2 analysis. For continuous variables, receiver operating charac-

FIG 1. A graph plotting age and sex demographics of all study
subjects.

FIG 2. A 12-year-old male patient with CMI. The skull base angle from
the nasion to the center of the pituitary fossa to the clivus (anterior
wall of the foramen magnum) measures 169°. The odontoid tip is
retroverted; this feature results in compression on the cervicomed-
ullary junction (arrow).
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teristic curves were generated to identify cutoff points with the

best performance of sensitivity and specificity. At these cutoff

points, logistic regression analysis was performed to identify the

best-fitting model that affects the occurrence of syringohydromy-

elia in patients with CMI. Odds ratios were calculated. All statis-

tical tests were performed by using the MedCalc statistical soft-

ware package for Windows, Version 16.4.3–2016, (MedCalc

Software, Mariakerke, Belgium).

RESULTS
Syringohydromyelia was present in 39 (36.1%) of 108 symptom-

atic patients with CMI (Table). Hydrocephalus was present in

only 7/108 patients (6.5%); 3 of 7 had no syringohydromyelia. No

statistically significant association was found between the patient

age or sex and syrinx formation. Among our total sample of 108

symptomatic patients with CMI, 30 had �1 bony anomaly iden-

tified at the craniocervical junction as follows: retroverted odon-

toid (n � 23, with the retroversion angle ranging from 59° to 68°);

platybasia (n � 15, with the skull base angle ranging from 145 to

164°); short clivus (n � 7, with clival length ranging from 9 to 43

mm); and basilar invagination (n � 6, with the protrusion dis-

tance above the Chamberlain line ranging from 5 to 22 mm). The

presence of any type of craniocervical bony anomaly was statisti-

cally associated with syringohydromyelia (P � .001). A skull base

angle at a cutoff point of 135° was identified by the receiver oper-

ating characteristic curve as having the best performance for the

prediction of syringohydromyelia (P � .02) with a sensitivity of

50% and a specificity of 82.6% (Fig 5). Above this cutoff point

(�135°), there was a strong �2 association with syrinx formation

(P � .0002). With univariate logistic regression analysis, cranio-

cervical junction osseous anomalies (odds ratio � 4.3, P � .001)

and a skull base angle of �135° (odds ratio � 4.8, P � .0006) were

the most predictive of syrinx formation. With multivariate anal-

ysis, the only predictive variable was a skull base angle of �135°.

Among patients with syringohydromyelia (n � 39), the pa-

tient age was associated with craniocervical anomalies based on

logistic regression (P � .01). Receiver operating characteristic

curve analysis showed a cutoff point of 18 years as patients

younger than 18 years of age with syringohydromyelia were more

likely to have associated craniocervical bony anomalies compared

with older individuals (P � .04).

There was no statistically significant association between the

degree of tonsillar herniation or abnormal phase-contrast CSF

flow at the foramen magnum and syrinx formation.

Of our 39 cases of syringohydromyelia, 25 had a large syrinx

with the widest dimension on axial scans of �6 mm. The smallest

syrinx size encountered in 1 case measured 3 mm in width. How-

ever, no statistically significant association could be found be-

tween the size of syrinx and any of the tested variables.

DISCUSSION
Prevalence of Syringohydromyelia
Identifying syrinx formation in patients with symptomatic CMI is

critical in working up their management plan. In our descriptive

study of 108 symptomatic patients who were clinically diagnosed

with CMI, syringohydromyelia was present in 39 (36.1%) pa-

FIG 3. Sagittal T1-weighted MR image demonstrating an abnormally
small odontoid retroversion angle (�60°) between a horizontal line
parallel to the inferior endplate of C2 and the long axis of the odon-
toid process passing through its tip in a child with CMI and associated
cervical syrinx.

FIG 4. Sagittal T1 at the level of craniocervical junction in an 18-year-
old male patient with CMI showing a retroverted odontoid (arrow)
with its tip protruding into the foramen magnum 22 mm above the
Chamberlain line (dotted line), resulting in basilar invagination and
anterior brain stem compression. Note multilevel syrinx formation of
the upper cord. The clivus (not completely shown) is short and
deformed.

Frequency of syrinx formation according to location
Syrinx Location (n = 39) No.
Cervicothoracic 23
Cervical 9
Thoracic 6
Whole cord 1
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tients. We believe that our prevalence is not affected by any selec-

tion bias that may falsely overestimate or underestimate the true

figures because our patients were identified by MR imaging as well

as clinical criteria in a specific 2014 –2016 timeframe, including all

referred individuals based on MR imaging findings and clinical

assessment. They were not selected from neurosurgical archives

or data bases in a trial, to avoid commonly encountered overesti-

mation of syringohydromyelia in studies in which patients were

surgical candidates. Our sample also included those patients who

were incidentally diagnosed while undergoing MR brain imaging

for any other reason and then referred for clinical consultation

and diagnosed as having CMI based on confirming clinical signs

and symptoms. Patients with secondary CMI such as those with

an intracranial space-occupying lesion were also excluded.

Several studies have been attempted, with different criteria, to

explore the imaging prevalence of syringohydromyelia among pa-

tients with CMI. In a study by Strahle et al,3 most patients under-

went MR imaging of the cervical spine and almost half of them

underwent full spine imaging, resulting in 22.9% of patients with

CMI having a syrinx detected. Aitken et al11 identified spinal sy-

ringes in 12% of children with CMI in their study; the authors

relied on reviewing only radiology reports in many patients with-

out having access to their images.

Craniocervical Bony Anomalies
In our study, the presence of craniocervical bony anomalies was

statistically associated with syringohydromyelia. A retroverted

odontoid with an angle of �70° was found to be the most com-

mon developmental osseous anomaly (n � 23) of the craniocer-

vical junction among our series, while basilar invagination was

present in only 6 cases. With logistic regression, craniocervical

junction osseous anomalies and a skull base angle of �135° were

most predictive of syrinx formation. Since 1896, when Arnold

Chiari highlighted insufficient bone growth and insufficient en-

largement of portions of the skull during development as addi-

tional mechanisms that cause increased intracranial pressure and

subsequent tonsillar herniation, it has been accepted that devel-

opmental morphometric anomalies of the posterior fossa are

linked to CMI.

In the classic study on 364 patients with CMI by Milhorat et

al,1 in which syringohydromyelia was found in 65% of patients,

the authors highlighted commonly associated problems, includ-

ing scoliosis (42%), a retroflexed odontoid process (26%), basilar

invagination (12%), and varying degrees of bony dysplasia of the

posterior cranial fossa based on volumetric calculations. Vega et

al12 studied 42 patients with CMI compared with 46 controls and

found that patients with CMI had shorter clivus lengths and a

shorter Chamberlain line. The concept of complex Chiari malfor-

mation is being widely accepted in the neurosurgery literature. A

complex severe craniocervical anomaly would add more burden

to the disease.13 We believe that a complex Chiari malformation

might represent a separate entity of the disease that requires a

different surgical approach. Brockmeyer14 defined the complex

Chiari malformation as “cerebellar tonsil herniation combined

with one or more of the following radiographic findings: brain

stem herniation through the foramen magnum (Chiari 1.5 mal-

formation), medullary kink, retroflexed odontoid, abnormal

clival-cervical angle, occipitalization of the atlas, basilar invagina-

tion, syringohydromyelia or scoliosis.” The authors differentiated

patients with complex Chiari malformation from those with typ-

ical CMI as being more likely to require advanced surgical inter-

ventions other than standard suboccipital decompression.

In another study by Moore and Moore,15 odontoid retroflex-

ion, craniovertebral junction osseous anomalies, and syringohy-

dromyelia were more often observed in patients with complex

Chiari malformation than in those with typical CMI. These ob-

servations are in parallel with our findings. Our odds ratios were

4.8 and 4.3 for craniocervical anomalies and a skull base angle of

�135°, respectively, in the prediction of syringohydromyelia.

These findings might give importance to the variant of complex

Chiari malformation as a special research entity and should be a

point of emphasis in the radiology report when these findings are

present. The position of the obex was described in the same study

by Moore and Moore15 as a characteristic imaging feature that

was present in all complex cases. However, we did not evaluate the

obex level in our study due to interobserver variability.

CSF flow studies indicated that the tonsils in CMI partially

obstruct the free movement of CSF across the foramen magnum.

Normally, the cardiac systole delivers blood to the brain; most of

the new volume is absorbed by the venous system of the brain,

however, during systole; and about 0.75–1.0 mL of CSF gets rap-

idly moved from the cisterna magna across the subarachnoid

space and into the spinal subarachnoid space at the level of the

foramen magnum. This extra amount of spinal CSF should move

back to the cranial space during diastole. Blocking this backward

rapid movement of CSF partially entraps the spinal intrathecal

space, resulting in reduced compliance in the spinal CSF space.

The tonsillar movement is against a partially entrapped CSF space

with reduced compliance and increased intrathecal pressure. It is

the complex interplay between clivus inclination and odontoid

angulation that can create a point of mechanical stress and tension

leading to anterior brain stem compression.

The presence of associated skull base anomalies makes CMI

defined by neurosurgeons a “complex” Chiari malformation,

which requires more advanced surgical decompressive ap-

proaches. According to Bollo et al,13 the presence of basilar invag-

ination puts the patient at risk of craniocervical fusion. In our

study, we evaluated the presence of craniocervical kyphosis by

identifying platybasia and odontoid retroversion and by measur-

ing the skull base angle (intersecting lines from the nasion to the

sella and from the sella to the anterior margin of the foramen

FIG 5. Receiver operating characteristic curve (left) and plot graph
(right) demonstrating the skull base angle in the prediction of syrinx
formation among our total sample (n � 108). AUC indicates area un-
der the curve; Sens, sensitivity; Spec, specificity.
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magnum). A normal angle lies between 125° and 143°. Although

an angle of �143° is required to quantitatively diagnose platyba-

sia, we found that higher angles are more commonly associated

with syrinx formation using logistic regression among our cases of

CMI. Our findings are in full support of the suggested pathophys-

iology of CMI, in which an obtuse angle results in an upward tilt of

the clivus with a relatively higher location of the opisthion. This

aberrant osseous configuration is associated with 2 abnormal

morphometric changes: 1) narrowing or ventral compromise to

the foramen magnum with corresponding downstream CSF flow

resulting in syrinx formation, and 2) a smaller posterior fossa

volumetric capacity with corresponding cerebellar herniation and

crowding of structures at the already compromised foramen mag-

num, leading to more blockage.

A cutoff point of 135° was statistically significant, showing a

relatively high specificity of 82.6% in predicting an associated

syringohydromyelia. Although its sensitivity was not high (50%),

there were only 12/69 (17.4%) patients without syrinx who

showed a skull base angle above 135°. Sgouros et al16 noted that

skull base angles were larger in 30 patients with CMI compared

with controls. The authors used a modified angle with the dorsum

sella as a reference midpoint for intersecting lines. Their angle was

slightly higher than ours where lines intersect more inferiorly in

the pituitary center; however, in their results, the presence of sy-

ringohydromyelia was also associated with a larger angle (151°)

compared with CMI without syringohydromyelia (145°). We be-

lieve that measuring the skull base angle in CMI can help identify

those patients at risk of developing syrinx (OR � 4.8, P � .0006).

Impaired CSF Flow by Tonsillar Herniation
Disturbed CSF flow dynamics remain a standard phenomenon by

which patients with CMI can develop syringohydromyelia. Bunck

et al17 revealed pronounced alteration of CSF flow dynamics with

4D phase-contrast quantitative MR imaging in 12 patients with

CMI with syringohydromyelia compared with 8 without it. In our

study, we could not establish a statistically significant association

between impaired CSF flow in cine phase-contrast MR imaging

and syrinx formation. The association between the degree of me-

chanical blockage and the formation of syrinx has been debatable

in the literature. Our finding of the lack of association may shed

light on a noncompressive etiology of syringohydromyelia.

Schuster et al18 presented a systematic review of residual sy-

ringohydromyelia after decompressive surgery, in which the rate

of postoperative persistent syrinx ranged between 0% and 22%,

raising the possibility of a noncompressive etiology in the devel-

opment of syrinx. We believe that CSF flow dynamics at the fora-

men magnum is a complicated process that would have been

more accurately evaluated if quantitative indicators were consid-

ered. Due to this technical limitation of our study besides the

relatively small number of cases with available technically accept-

able phase-contrast MR images (69/108), a clear interpretation of

these findings was not possible.

Clarke et al19 presented a computational model in CMI, in

which the presence and absence of syringohydromyelia were

compared. This study introduced an advanced understanding of

the pressure gradient and peak pressure timing differences be-

tween CMI with or without syringohydromyelia. The authors

found that the dynamic profile of subarachnoid spinal pressure

relative to the cardiac cycle (in which intraspinal arteriolar pres-

sure varies) is more critical in regard to the chance of fluid accu-

mulation and the development of a presyrinx or syrinx state.19

The association between the degree of mechanical blockage

and the formation of syrinx has been debatable in the literature.

Although the degree of tonsillar herniation in our results gives an

insight into the mechanical perspective of CSF flow compromise

at the foramen magnum, it is still insufficient to predict syringo-

hydromyelia on the basis of how far cerebellar tonsils have de-

scended, possibly because of the complex mechanical-versus-

nonmechanical algorithms determining the pathogenesis of the

condition.

Study Limitations
Our study had a few technical limitations related to the partial

inhomogeneity of the data (such as fewer CSF flow studies) as well

as the cross-sectional design with a lack of longitudinal follow-up.

The development of syringohydromyelia in CMI is a dynamic

process. Further longitudinal studies are needed to follow up pa-

tients with CMI, trying to identify different trends in relation to

syrinx formation in those patients and how these trends could be

affected by the degree of mechanical blockage and the age of the

patient. Quantitative assessment of CSF flow would also represent

a valid parameter compared with the qualitative method we used.

Assessment of the obex level by quantitative measurement of its

position relative to the foramen magnum would have been an

important variable that we recommend in future studies because

it might be linked to the diagnosis of complex Chiari malforma-

tion besides other craniocervical anomalies.

CONCLUSIONS
Our prevalence of syringohydromyelia associated with CMI

(36.1%) lies in the low range compared with existing values in

the literature. In view of the statistically significant association

between syrinx formation and craniocervical osseous abnor-

malities, our findings support the role of developmental fora-

men magnum compromise in the pathophysiology of CMI-

related syringohydromyelia.
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