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Abstract

We investigated the mechanism underlying Chiari malformation type I (CM-I) and classified it accord-

ing to the morphometric analyses of posterior cranial fossa (PCF) and craniocervical junction (CCJ).

Three independent subtypes of CM-I were confirmed (CM-I types A, B, and C) for 484 cases and 150

normal volunteers by multiple analyses. CM-I type A had normal volume of PCF (VPCF) and occipital

bone size. Type B had normal VPCF and small volume of the area surrounding the foramen magnum

(VAFM) and occipital bone size. Type C had small VPCF, VAFM, and occipital bone size. Morphometric

analyses during craniocervical traction test demonstrated instability of CCJ. Foramen magnum decom-

pression (FMD) was performed in 302 cases. Expansive suboccipital cranioplasty (ESCP) was per-

formed in 102 cases. Craniocervical posterolateral fixation (CCF) was performed for CCJ instability in

70 cases. Both ESCP and FMD showed a high improvement rate of neurological symptoms and signs

(84.4%) and a high recovery rate of the Japanese Orthopaedic Association (JOA) score (58.5%). CCF

also showed a high recovery rate of the JOA score (69.7%), with successful joint stabilization (84.3%).

CM-I type A was associated with other mechanisms that caused ptosis of the brainstem and cerebel-

lum (CCJ instability and traction and pressure dissociation between the intracranial cavity and spinal

canal cavity), whereas CM-I types B and C demonstrated underdevelopment of the occipital bone. For

CM-I types B and C, PCF decompression should be performed, whereas for small VPCF, ESCP should

be performed. CCF for CCJ instability (including CM-I type A) was safe and effective.
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Background and Purpose

Previously, we reported that patients with Chiari malfor-

mation type I (CM-I) have an underdeveloped occipital

bone, which leads to a shallow posterior cranial fossa

(PCF).1-3) The shallow PCF causes sagging of the brainstem

and cerebellum into the spinal canal, similar to ptosis. A

number of reports have provided support for our hypothe-

sis and the underlying pathogenic mechanism.4-8) In addi-

tion, developmental biological studies provided further

support by demonstrating the presence of genetic abnor-

malities that influence the segmentation of the paraxial

mesoderm.2,9-11) Other mechanisms causing ptosis of the

brainstem and cerebellum include instability of the cranio-
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cervical junction (CCJ) and traction due to tethering.12,13)

The unclear mechanism underlying ptosis of the brainstem

and cerebellum in CM-I has resulted in the inappropriate

selection of surgical treatment. Therefore, it is necessary to

reappraise and classify CM-I. However, a diagnostic strat-

egy that clearly demonstrates the mechanism underlying

ptosis of the brainstem and cerebellum has not been de-

veloped.

The appropriate choice of surgical treatment for CCJ in-

stability, which is not rare and results in severe symptoms,

is also of clinical interest. However, a diagnostic strategy

for CCJ instability has not been developed. The lack of

clarity of the mechanisms underlying joint instability and

its effects has resulted in the selection of inappropriate

surgical treatment.

Since 2006, we have been performing morphometric

studies for PCF and CCJ during craniocervical traction

test-an approach that we designed and established. We

have conducted multiple analyses of this strategy in cases

with CM-I. In the present study, we examined the mecha-

nism underlying ptosis of the brainstem and cerebellum

using morphometric analysis to redefine and classify CM-I.

We also discuss the surgical treatment approaches for the

mechanism underlying ptosis of the brainstem and cere-

bellum. We also present the preliminary results of the

treatments for ptosis of the brainstem and cerebellum in

cases with CM-I. In addition, we present the preliminary

results of the interventions for CCJ instability.

Volumetric and Morphometric Analyses of
PCF and CCJ (Figs. 1 and 2)

I．Materials

1．Normal controls and inclusion criteria

This study recruited 150 normal volunteers (controls)

with no neurological symptoms or abnormalities in the

neural axis (aged 4-49 years, mean: 18.7 years, 64 males

and 86 females). In addition, 447 patients with CM-I (cere-

bellar tonsil herniation �5 mm from the McRae line, i.e.,

between the basion and opisthion), presence of brainstem

symptoms, and/or myelopathy (aged 4-49 years, mean: 18.1

years, 199 males and 248 females), as well as 37 patients

with CM-borderline (cerebellar tonsil herniation < 5 mm

from the McRae line, but presence of brainstem symptoms

and/or myelopathy) (aged 5-45 years, mean: 18.4 years, 15

males and 22 females), were included. Age and sex were

not significantly different between the normal controls and

CM-I group.

The patients were diagnosed and treated between April

2002 and March 2020. The normal controls and patients

had various Asian ethnicities (Asian American, Asian Euro-

pean, Chinese, Korean, and Japanese), considering ethnic

variation.14,15) The normal controls and patients were man-

aged at The Chiari Institute North Shore University Hospi-

tal (NY, USA), Moriguchi-Ikuno Memorial Hospital, Osaka

Metropolitan University Hospital, and Osaka City General

Hospital.

2．Exclusion criteria

We excluded cases with myelopathy and/or radiculopa-

thy due to disc herniation, spondylotic changes, and ossifi-

cation of the longitudinal ligament. In addition, we ex-

cluded patients 50 or older than 50 years because of age-

related changes in the brain and degeneration of the bony

structures. Infants and toddlers younger than 4 years were

excluded because of the rapid development and growth,

and the risk of radiation in this age group.

3．Associated conditions

CM-I and CM-borderline were associated with syringo-

myelia in 248 cases (51.2%), hereditary disorders of con-

nective tissue (HDCT) in 30 cases (6.2%), basilar invagina-

tion in 28 cases (5.8%), other bony anomalies (e.g., assimi-

lation of the atlas, platybasia, and os odontoideum) in CCJ

in 57 (11.8%) cases, tethered cord syndrome in 25 cases

(5.2%), syndrome of hypotension of cerebrospinal fluid

(CSF) pressure in 22 cases (4.5%), hydrocephalus in 12

cases (2.5%), and intracranial mass lesion in 10 cases

(2.1%).

II．Methods

1．Volumetric and morphometric analyses of PCF, brain-

stem, and cerebellum (Fig. 1 and 2-1A-C)

We used 2D- or 3D-CT reconstructed images using

Osirix software (freely available) to calculate the volume of

PCF (VPCF) (Fig. 1A and B), volume of the surrounding

area of the foramen magnum (VAFM, i.e., total volume be-

tween the inferior and superior outlets of the foramen

magnum) (Fig. 1C and D).1-3) VPCF was divided into the

volume of the area of the PCF above and below the Twin-

ing’s line (VPCF-ATW and VPCF-BTW). The volume of the

brain in the PCF (VBPCF) was calculated on magnetic

resonance (MR) axial and sagittal images, excluding the 4th

ventricle, herniated cerebellar tonsils, and medulla oblon-

gata.

On 2D-CT coronal images at the occipital condyle and

midline sagittal plane, the axial lengths of the basiocciput

(clivus), exocciput (condyle), and supraocciput as enchon-

dral parts of the occipital bone (occipital bone size) were

measured (Fig. 2-1A and B). Using an MR midline image,

the axial length of the brain stem (BSL), medullary height

(MH), and the position of 4th ventricle (4VH) were meas-

ured (Fig. 2-1C).1-3)

CM-I was categorized on the basis of multiple analyses.

The radiographic analysis was performed using Osirix soft-

ware.

2．Morphometric measurement and evaluation of CCJ in-

stability (Fig. 2-2D-F)

CCJ instability was diagnosed using a morphometric
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Fig.　1　Volumetric examination of the posterior cranial fossa (PCF).

A, B, C, and D were reproduced from [11] with permission.

A: 3D-CT reconstructed image of the PCF using Osirix software.

B: 2D-CT images of the PCF. Red areas indicate the volume of PCF (VPCF).

C: 2D-CT image demonstrating the area of the inferior outlet of the foramen magnum at the level of the basion and opisthion.

D: 2D-CT image demonstrating the area of the superior outlet of the foramen magnum at the level of the jugular tubercle.

The PCF was defined as the almost circular space bounded by the tentorium cerebelli, occipital bone, clivus, petrous bone, and

petrous ridges. The ridges of the petrous bones form the anterolateral border of the cavity and their connection to the posterior

clinoids (posterior petroclinoid ligament) forms the anterior border. The caudal end of PCF was defined as the foramen magnum,

including the McRae’s line. McRae’s line was defined as the line between the basion and opisthion. The volume of brain in PCF

(VBPCF) was calculated as the neural content of the PCF, including the cerebellum, mesencephalon, pons, and medulla (blue ar-

eas in A, and red areas in B).

Abbreviations: A = anterior, P = posterior, L = left, R = right, H.C. = hypoglossal nerve canal, J.F. = jugular foramen, J.T. = jugular tu-

bercle, O.C. = occipital condyle

study and craniocervical traction test, which were de-

scribed by the authors of the present study and Goel et al.

in past reports and a textbook.12,16-20) For the craniocervical

traction test, a tong was attached to the skull under intra-

venous anesthesia in the supine position and morphomet-

ric measurements were performed. Then, the patient was

placed in an upright position and craniocervical instability

was assessed on the basis of neurological symptoms, fol-

lowed by repeat morphometric measurements. Cases with

displacement of the occipito-atlanto-axial joints (> 1.5

standard deviation [SD]) were defined as having instability.

Craniocervical traction using 10-15 kg was applied, which

resolved the neurological symptoms and led to a reduction

of the occipito-atlanto-axial joints.

We did not perform CCJ traction test for individuals

younger than 12 years, who are inside the growth period,

to avoid inaccurate evaluation of instability and need for

invasive intervention for the child during development and
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Fig.　2-1　Morphometric measurements of the posterior cranial fossa (PCF) and craniocervical junction (CCJ).

A, B, C, D, E, and F were reproduced from [11] with permission.

A: 2D-CT midline sagittal image demonstrating morphometric measurements of the basiocciput (clivus) (left black double arrow)

and supraocciput (right black double arrow).

B: 2D-CT coronal image at the hypoglossal nerve canal (hgc) and jugular tubercle (jt) demonstrating morphometric measure-

ments of the exocciput (condyle) (double black arrows). O.C. = articular process of the occipital condyle (white dotted lines).

C: Magnetic resonance (MR) midline sagittal image demonstrating morphometric measurements of the axial length of the brain-

stem (BSL) (large black dotted line), medullary height (MH) (black small dotted line), and the position of the 4th ventricle (4VH)

(black small dotted line).

Abbreviations: IOP = internal occipital protuberance, TDS = top of tuberculum sellae, Twining’s line  (white small dotted lines) = 

line between the tuberculum sellae (TS) and internal occipital protuberance (IOP), McRae’s line = line between the basion and

opisthion, TH = tonsillar herniation (black arrow)

The measurements included the axial length of the clivus (basiocciput and basisphenoid) from the top of the dorsum sellae to the

basion; the axial length of the supraocciput from the center of the internal occipital protuberance to the opisthion; and the axial

length of the occipital condyle (exocciput) from the top of the jugular tubercle to the bottom of the occipital condyle and the su-

praocciput (distance between the opisthion and the center of the internal occipital protuberance). These three measurements

were combined as the occipital bone size. The axial length of the brain stem (BSL) was calculated between the midbrain-pons

junction and medullo-cervical junction. MH was defined as the vertical distance between the ponto-medullary junction and

McRae’s line. The position of the 4th ventricle (4VH) was defined as the vertical distance between the fastigium (transverse summit 

of the roof of fourth ventricle) of the 4th ventricle and Twining’s line. TH indicates the length of herniation of the cerebellar tonsils.

growth.

3．Statistical analyses

The patient groups were compared with normal con-

trols, with patients and controls divided into 3-year age

groups and 20 years or older than 20 years (Table 1). IBM

SPSS statistics software (IBM Corp., Armonk, NY, USA) was

used for statistical analyses. The means were compared

between patients and normal controls using the Mann-

Whitney U test. A p-value < 0.01 was used to determine

significance. For multiple analyses, heavy palindromic tests

were used. Abnormalities of VPCF, VAFM, and occipital

bone size were defined as values below 1.5 SD.

III．Results of volumetric and morphometric analyses

1．Volumetric and morphometric analyses of PCF and CCJ

(Table 2)

The data regarding the development and growth of nor-

mal controls matched those of previous reports.21,22)

VBPCF was not significantly different between the cases

and controls in all age groups. Of the measured items,

only VPCF, occipital bone size, and VAFM were signifi-

cantly different between the cases and healthy controls.

Using palindromic tests in multifactorial analyses, three
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Fig.　2-2　Morphometric measurements of the posterior cranial fossa (PCF) and craniocervical junction (CCJ).

D: 2D-CT midline image of CCJ demonstrating the reference lines.

Line A indicates the plane of the posterior surface of the anterior arch of atlas. Line B indicates the line between the lowest point of 

the anterior arch of atlas and the lowest point of the posterior arch of atlas. Line C indicates the superior plane of the clivus. Line D 

indicates the plane of the posterior surface of dens. Line E indicates the plane of the top of the anterior arch of atlas and the lowest 

point of the posterior arch of atlas.

E and F: 2D-CT midline image demonstrating the morphometric measurements of ADI (interval between anterior arch and dens), 

BAI (interval between basion and Line A), BDI (interval between basion and top of dens), DAI (interval between top of dens and

Line B), AXA (angle between axis [Line D] and atlas [Line E]), and CXA (angle between clivus [Line C] and axis [Line D]).

parameters (VPCF, VAFM, and occipital bone size) were

used to classify the CM-I group into three independent

groups: CM-I types A (160 cases), B (156 cases), and C (131

cases) (Table 1). CM-borderline (37 cases) indicated bor-

derline small occipital bone size and small VAFM (−1.0 to

−1.5 SD). In CM-I type B, C, and CM-borderline, the

VBPCF/VPCF ratio in patients older than 4 years was sig-

nificantly larger than that in the normal controls.

CM-I type A had normal VPCF, VAFM, and occipital

bone size (Fig. 3A) in all age groups. CM-I type B had nor-

mal VPCF, small VAFM and occipital bone size, large vol-

ume of the PCF above the Twining’s line (VPCF-ATW), and

small volume of the PCF below the Twining’s line (VPCF-

BTW) (Fig. 3B) in all age groups. CM-I type C had small

PCF, VAFM, and occipital bone size in all age groups (Fig.

3C). In CM-I types A, MH was decreased and 4VH was in-

creased compared to controls in patients 8 or older than 8

years. In CM-I type C, MH was decreased and 4VH was in-

creased compared to controls in all age groups. CM-

borderline had normal VPCF and occipital bone size, but

borderline small VAFM at ages 8 or older than 8 years

(Fig. 3D).

2．Craniocervical traction test (Table 3)

The distance between the anterior arch of the atlas and

dens (ADI) was used to evaluate the atlanto-axial horizon-

tal dislocation. A change in ADI of 4 mm between flexion

and extension is an accepted index of atlanto-axial hori-

zontal dislocation.12,16-20) The vertical distance between the

top part of dens and the lowest line of the axis (DAI) was

used to evaluate the vertical basilar invagination. DAI > 15

mm from the top of dens above the McRae’s line is an ac-

cepted index of basilar invagination.12,16-20) Furthermore, the

morphometric analyses during craniocervical traction test

revealed BDI, BAI, and CXA as reliable and reproducible

measurements in patients with instability of occipito-

atlanto-axial joints.

In the supine position, BDI, BAI, and CXA were normal.

However, in the sitting position, the BDI decreased, BAI in-

creased, and CXA decreased. During traction, these values

returned to the normal range. In the follow-up evaluation

of patients who underwent joint stabilization, normal val-

ues of BDI, BAI, and CXA were maintained. However, in

patients without joint stabilization, these values were ab-

normal.

In 70 cases with instability, HDCT was present in 28

cases, bony anomalies (including basilar invagination) in

43 cases, and trauma in 18 cases. Among CM-I type A,

CM-I type B, CM-I type C, and CM-borderline cases, 58

(36.3%), 3 (1.9%), 5 (3.8%), and 4 (10.8%) had instability, re-

spectively. The proportion of CM-I type A cases with insta-

bility was higher than those in the other groups (p < 0.01).

Pathogenesis and Classification of CM-I
(Fig. 3)

I．Mechanisms and pathogenesis of ptosis of the brain-

stem and cerebellum in CM-I type A (Fig. 3A, E, and F)

In patients with CM-I type A, VPCF, VAFM, occipital

bone size, and VBPCF/VPCF were not significantly differ-

ent compared to the control group. Therefore, the mecha-

nism underlying ptosis of the brainstem and cerebellum

was not the narrow space in the PCF, but rather was due

to other mechanisms. In this study, CM-I type A cases
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Table　1　Materials for morphometric and volumetric study

4-7-year-old 8-11-year-old 12-15-year-old 16-19-year-old 20-49-year-old

Normal controls 150 20 24 23 25 58

Males and Females 8 and 12 10 and 14 11 and 12 11 and 14 24 and 34

Mean or median age (yrs.) 5.5 ± 1.41 9.4 ± 1.40 12.6 ± 1.37 17.7 ± 1.37 33.7 ± 10.2

CM-I type A 160 18 27 28 10 77

Males and Females 8 and 10 12 and 15 13 and 15 4 and 6 35 and 42

Mean or median age (yrs.) 5.4 ± 1.40 9.5 ± 1.44 12.5 ± 1.37 17.8 ± 1.35 33.2 ± 10.1

CM-I type B 156 17 24 25 10 80

Males and Females 7 and 10 11 and 13 12 and 13 4 and 6 35 and 45

Mean or median age (yrs.) 5.9 ± 1.38 10.1 ± 1.47 14.0 ± 1.34 17.7 ± 1.38 31.7 ± 10.8

CM-I type C 131 15 14 17 12 73

Males and Females 7 and 8 7 and 7 8 and 9 5 and 7 31 and 42

Mean or median age (yrs.) 5.8 ± 1.70 10.0 ± 1.70 13.7 ± 1.41 17.6 ± 1.37 38.7 ± 10.25

CM-borderline 37 3 4 5 5 20

Males and Females 1 and 2 2 and 2 2 and 3 2 and 3 8 and 12

Mean or median age (yrs.) 5.7 ± 1.41 9.4 ± 1.50 12.7 ± 1.35 17.8 ± 1.37 32.4 ± 10.4

Results are expressed as mean ± standard deviation.

Abbreviations: CM-I: Chiari malformation type I, CM-borderline: Chiari malformation borderline

demonstrated decreasing MH and increasing 4VH with the

downward displacement of the brainstem and cerebellum

(Fig. 3A). In CM-I type A, the downward displacement of

the brainstem and cerebellum was observed in patients 8

or older than 8 years, which is in line with human devel-

opment, suggesting that the mechanism underlying CM-I

type A was not congenital, but rather acquired.

Milhorat, Bolognese, and other authors reported the

phenomenon of functional cranial settling, in which the

cranium (occipital bone) falls into the craniocervical junc-

tion.12) This functional cranial settling may be the cause of

ptosis of the brainstem and cerebellum (Fig. 3E and F).

Goel et al. also reported that atlanto-axial instability might

cause ptosis of the brainstem and cerebellum.16) They re-

ported evidence showing that atlanto-axial fixation re-

solved the instability and ptosis of the brainstem and cere-

bellum.12,16) Among CM-I type A cases, almost 40% had CCJ

instability, whereas among CM-borderline cases, 10% had

CCJ instability. CM-I types B and C patients also had CCJ

instability, but only in a few patients (1%-4%).

In addition, Milhorat and authors reported that tether-

ing could cause ptosis of the brainstem and cerebellum

due to traction. Traction at the tethered regions of the spi-

nal cord and brainstem with the cerebellum could cause

their downward displacement into the spinal canal (Fig. 3

G).13) They reported that sectioning of the filum terminale

and/or lysis of adhesions in patients with CM-I type A and

tethered cord syndrome may resolve the syrinx and allow

the tonsil to rise.13) The other mechanisms of ptosis of the

brainstem and cerebellum include increased intracranial

pressure induced by intracranial hypertension and/or hy-

drocephalus, which results due to dissociation of pressure

between the intracranial cavity and spinal canal cavity.3,23)

The authors believe that the causes of CM-I type A are

different from those of CM-I type B, CM-I type C, and CM-

borderline, and these causes can be distinguished during

surgical treatment. Therefore, CM-I type A should be

treated differently from malformations, i.e., congenital eti-

ology.

II．Mechanisms and pathogenesis of ptosis of the

brainstem and cerebellum in CM-I types B and C, and

CM-borderline (Fig. 3B-D)

Although the occipital bone size and VAFM were small

in patients with CM-I type B, VPCF was normal because of

compensation by the enlarged volume of the PCF above

the Twining’s line (VPCF-ATW) due to the steepness of the

cerebellar tentorium. In individuals with CM-I type C,

VPCF, VAFM, and occipital bone size were small. Increas-

ing brain stem length (BSL) correlated with the elongation

of the brainstem. Ptosis of the brainstem and cerebellum

was caused by a small VAFM due to the underdevelop-

ment of the occipital bone and large VBPCF/VPCF (Fig. 3

B-D). This shallow space induced by the underdevelop-

ment of occipital bone relative to the normal development

of the brainstem and cerebellum results in overcrowding of

the PCF, leading to sagging of the caudal brainstem and

cerebellum into the spinal canal, similar to ptosis and

elongation of the brainstem.

Occipital bone size and VAFM were small in patients
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Table　2-1　Results of volumetric analyses

4-7-year-old 8-11-year-old 12-15-year-old 16-19-year-old 20-49-year-old

Volumetric analysis: Normal controls (150 cases) 20 24 23 25 58

VPCF (mL) 178.2 ± 9.48 181.7 ± 9.36 185.8 ± 9.54 188.7 ± 8.42 189.4 ± 8.77

VPCF-ATL (mL) 38.1 ± 4.74 40.5 ± 5.28 42.8 ± 5.12 43.8 ± 5.12 44.2 ± 5.10

VPCF-BTL (mL) 140.7 ± 4.88 141.0 ± 4.17 142.6 ± 4.45 145.0 ± 4.17 147.6 ± 4.38

VAFM (mL) 21.7 ± 3.12 22.5 ± 3.24 23.0 ± 3.25 24.8 ± 3.24 25.3 ± 3.22

VBPCF (mL) 144.5 ± 3.45 147.8 ± 3.21 148.8 ± 3.11 149.8 ± 3.12 150.1 ± 3.13

Volumetric analysis: CM-I type A (160 cases) 18 27 28 10 77

VPCF (mL) 179.0 ± 9.40 181.7 ± 9.33 185.8 ± 9.54 188.5 ± 8.40 189.8 ± 8.75

VPCF-ATL (mL) 38.1 ± 4.73 40.2 ± 5.25 43.8 ± 5.13 44.8 ± 5.12 44.2 ± 5.12

VPCF-BTL (mL) 140.8 ± 4.82 141.5 ± 4.13 142.0 ± 4.42 144.0 ± 4.17 145.6 ± 4.45

VAFM (mL) 21.7 ± 3.14 22.7 ± 3.23 23.02 ± 3.24 25.2 ± 3.24 25.4 ± 3.24

VBPCF (mL) 145.5 ± 3.45 148.7 ± 3.22 148.5 ± 3.18 151.0 ± 3.15 151.2 ± 3.14

Volumetric analysis: CM-I type B (156 cases) 17 24 25 10 80

VPCF (mL) 154.3 ± 8.87 162.3 ± 9.16 164.1 ± 8.64 188.7 ± 8.42 189.4 ± 8.77

VPCF-ATL (mL) 42.2 ± 4.35† 47.7 ± 4.84† 54.1 ± 4.84† 64.8 ± 5.12† 65.2 ± 5.10†

VPCF-BTL (mL) 112.1 ± 5.10 115.4 ± 5.05 117.0 ± 5.73 123.8 ± 5.34 124.0 ± 5.44

VAFM (mL) 13.7 ± 3.12* 17.5 ± 3.28* 18.0 ± 3.41* 19.8 ± 3.24* 20.3 ± 3.43*

VBPCF (mL) 141.5 ± 4.34 146.5 ± 4.48 147.6 ± 4.42 150.0 ± 3.44 150.1 ± 3.46

Volumetric analysis: CM-I type C (131 cases) 15 14 17 12 73

VPCF (mL) 160.7 ± 8.27* 172.4 ± 8.18* 173.4 ± 8.63 * 181.7 ± 8.42* 182.4 ± 8.77*

VPCF-ATL (mL) 33.1 ± 4.34* 34.7 ± 4.96* 35.2 ± 5.35 * 37.8 ± 5.10* 38.5 ± 5.14*

VPCF-BTL (mL) 127.6 ± 7.10* 138.5 ± 7.40* 139.8 ± 7.20 * 142.8 ± 7.31* 144.0 ± 7.31*

VAFM (mL) 12.7 ± 3.02* 16.5 ± 3.22* 17.04 ± 3.25 * 17.8 ± 3.45* 18.8 ± 3.34*

VBPCF (mL) 145.7 ± 4.61 148.7 ± 4.67 149.8 ± 4.07 150.8 ± 3.22 152.1 ± 3.23

Volumetric analysis: CM-borderline (37 cases) 3 4 5 5 20

VPCF (mL) 177.2, 178.4, 178.5 181.2 ± 8.44 185.0 ± 9.51 187.6 ± 8.54 189.5 ± 8.54

VPCF-ATL (mL) 35.6, 38.2, 38.5 40.2 ± 5.38 41.9 ± 5.23 43.0 ± 5.04 44.8 ± 5.32

VPCF-BTL (mL) 138.2, 140.5, 142.4 141.7 ± 4.27 142.8 ± 4.52 143.8 ± 4.51 145.0 ± 4.47

VAFM (mL) 16.1, 21.5, 21.7 19.4 ± 3.25* 20.2 ± 3.47* 20.8 ± 3.23* 21.2 ± 3.53*

VBPCF (mL) 142.2, 144.5, 146.2 146.9 ± 3.43 147.8 ± 3.25 150.1 ± 3.42 150.8 ± 3.43

Results are expressed as value ± standard deviation.

*: significantly smaller or shorter than those of normal controls (p < 0.01).

†: significantly longer or larger than those of normal controls (p < 0.01).

Abbreviations: VPCF: volume of the posterior cranial fossa, VPCFV-ATL: volume of the posterior cranial fossa above Twining’s line,  VPCF-BTL: 

volume of the posterior cranial fossa below Twining’s line, VAFM: volume of the area of the foramen magnum, VBPCF: the volume of the brain in 

the posterior cranial fossa

with CM-borderline, so we hypothesized that the mecha-

nism underlying ptosis of the brainstem and cerebellum

was also underdevelopment of the occipital bone and shal-

lowness of the surrounding area of the foramen magnum,

which was a focal condition. In this type, the foramen

magnum and major cisterns demonstrated tightness and

compression of the brainstem and cerebellar tonsils and

vermis, which caused neurological symptoms and inter-

fered with the CSF flow.

In patients with CM-I type C, the brainstem was elon-

gated and both the brainstem and cerebellum were dis-

placed downward (Fig. 3C). In CM-I type C, the decreasing

MH and increasing 4VH demonstrated downward displace-

ment of the brainstem and cerebellum, which worsened

the situation. In CM-I type C, the downward displacement

of the brainstem and cerebellum was confirmed since the

age of early infancy, suggesting that it is caused by con-

genital factors. Taylor et al. identified two distinct popula-

tions of Chiari malformation based on the presence or ab-

sence of PCF “crowdedness”.24)
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Table　2-2　Results of morphometric measurements of the occipital bone

4-7-year-old 8 -11-year-old 12-15-year-old 16-19-year-old 20-49-year-old

Occipital bone size: Normal controls (150 cases) 20 24 23 25 58

 Clivus: axial length (mm) 40.2 ± 3.87 42.5 ± 4.12 45.7 ± 3.96 46.8 ± 3.67 47.5 ± 3.55

 Supraocciput axial length (mm) 41.5 ± 3.35 44.7 ± 4.28 46.7 ± 3.64 47.2 ± 3.53 46.8 ± 3.64

 Condyle axial height at the right (mm) 20.2 ± 2.16 21.4 ± 2.25 22.8 ± 2.34 23.7 ± 3.65 24.0 ± 3.24

axial height at the left (mm) 20.4 ± 2.21 21.3 ± 2.27 22.7 ± 2.31 23.5 ± 3.54 23.9 ± 3.32

Occipital bone size: CM-I type A (160 cases) 18 27 28 10 77

 Clivus: axial length (mm) 41.2 ± 3.87 42.3 ± 4.12 45.5 ± 3.96 47.3 ± 3.65 47.4 ± 3.54

 Supraocciput axial length (mm) 41.5 ± 3.27 43.9 ± 4.21 45.7 ± 3.65 47.4 ± 3.53 47.8 ± 3.62

 Condyle axial height at the right (mm) 20.2 ± 2.16 21.4 ± 2.25 22.8 ± 2.34 23.7 ± 3.65 24.0 ± 3.24

axial height at the left (mm) 20.5 ± 2.22 21.3 ± 2.27 22.7 ± 2.31 23.5 ± 3.54 23.9 ± 3.32

Occipital bone size: CM-I type B (156 cases) 17 24 25 10 80

 Clivus: axial length (mm) 34.7 ± 3.26* 36.1 ± 3.42* 37.1 ± 3.11* 39.8 ± 3.13* 40.5 ± 3.50*

 Supraocciput axial length (mm) 33.2 ± 3.15* 37.8 ± 3.98* 38.4 ± 3.12* 40.2 ± 3.48* 86.8 ± 3.64*

 Condyle axial height at the right (mm) 14.7 ± 3.15* 15.8 ± 3.24* 17.6 ± 2.52* 18.7 ± 3.54* 20.0 ± 3.42*

axial height at the left (mm) 14.8 ± 3.27* 16.0 ± 3.31* 7.9 ± 2.78* 18.4 ± 3.50* 20.9 ± 3.25*

Occipital bone size: CM-I type C (131 cases) 15 14 17 12 73

 Clivus: axial length (mm) 41.8 ± 3.27* 43.1 ± 3.72* 44.9 ± 4.17* 45.5 ± 3.44* 45.6 ± 3.24*

 Supraocciput axial length (mm) 41.7 ± 3.54* 41.8 ± 3.76* 46.8 ± 3.94* 45.2 ± 3.33* 46.3 ± 3.43*

 Condyle axial height at the right (mm) 20.8 ± 3.73* 20.8 ± 3.14* 22.4 ± 2.94* 23.3 ± 3.65* 23.5 ± 3.22*

axial height at the left (mm) 20.2 ± 3.24* 21.4 ± 3.07* 22.8 ± 2.34* 23.4 ± 3.54* 23.9 ± 3.31*

Occipital bone size: CM-borderline (37 cases) 3 4 5 5 20

 Clivus: axial length (mm) 38.5, 39.4, 40.2 42.2 ± 4.23 45.1 ± 3.78 46.4 ± 3.54 47.4 ± 3.36

 Supraocciput axial length (mm) 40.2, 41.5, 42.2 44.8 ± 4.83 47.2 ± 3.55 47.0 ± 3.42 47.8 ± 3.77

 Condyle axial height at the right (mm) 19.5, 20.4, 21.3 21.8 ± 2.72 22.7 ± 2.33 23.8 ± 3.67 24.0 ± 3.24

axial height at the left (mm) 20.4 ± 2.21 21.3 ± 2.27 22.7 ± 2.31 23.5 ± 3.54 23.9 ± 3.32

Results are expressed as value ± standard deviation.

*: significantly smaller or shorter than those of normal controls (p < 0.01).

Abbreviations: CM-I: Chiari malformation type I, CM-borderline: Chiari malformation borderline

III．Developmental and embryological aspects of the

pathogenesis of CM-I

The fundamental pathological mechanism underlying

CM-I types B and C, and CM-borderline is underdevelop-

ment of the occipital bone. During development, the oc-

cipital bone is formed from the enchondral bone, which

originates from occipital somites. Therefore, the patho-

genesis of CM-I types B and C may be related to insuffi-

ciency of the para-axial mesoderm as the source of occipi-

tal somite.1,3) Speer et al. proved the existence of a muta-

tion in an unidentified gene that influenced segmentation

of the mesoderm and neural tube.9,10) Milhorat et al. re-

ported that there were some families with CM-I with an

underlying genetic basis that was inherited in an autoso-

mal dominant pattern.2)

Conversely, CM-I type C is characterized by severe dis-

proportion between the occipital bone and brain. However,

during surgery, although the running up of lower cranial

nerves and C1 and 2 roots was observed, the anatomical

relationship between the original location of the nerves

and foramina was normal. This evidence suggests that the

segmentation and migration of neural crest cells was nor-

mal. The authors suggest that the displacement of the

brainstem and cerebellum indicates misalignment of seg-

mentation between occipital somite and hindbrain at the

early embryonic stage.25,26) In addition, in the late fetal pe-

riod, when the brainstem and cerebellum rapidly develop

and grow, the additional force as traction and/or squeez-

ing may cause elongation and downward displacement of

the brainstem and cerebellum.27)

Decision of Surgical Intervention and
Its Procedures

Chiari malformation is managed using appropriate sur-

gical methods that can treat ptosis of the brainstem and
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Table　2-3　Results of morphometric measurements of the neural structures in the posterior cranial fossa

4-7- year-old 8-11-year-old 12-15-year-old 16-19-year-old 20-49-year-old

Neural structures: Normal controls (150 cases) 20 24 23 25 58

Brain stem length (BSL) (mm) 44.7 ± 3.55 47.5 ± 2.43 48.8 ± 2.74 50.1 ± 2.45 51.2 ± 2.34

Medullary height (MH) (mm) 12.8 ± 3.35 15.2 ± 4.42 17.5 ± 3.38 18.1 ± 4.55 18.4 ± 4.25

4th Ventricle height (4VH) (mm) 2.37 ± 3.21 3.24 ± 2.76  3.64 ± 2.97  4.11 ± 3.58  4.18 ± 3.12

Neural structures: CM-I type A (160 cases) 18 27 28 10 77

Brainstem length (BSL) (mm) 45.7 ± 3.58 47.7 ± 2.42 48.7 ± 2.73 50.0 ± 2.43 51.2 ± 2.32

Medullary height (MH) (mm) 13.0 ± 3.28 12.4 ± 4.40* 11.8 ± 3.41* 10.1 ± 4.55* 10.4 ± 4.27*

4th Ventricle height (4VH) (mm) 2.37 ± 3.22 6.25 ± 2.78†  6.65 ± 2.96†  8.12 ± 3.60†  8.17 ± 3.14†

Neural structures: CM-I type B (156 cases) 17 24 25 10 80

Brain stem length (BSL) (mm) 45.5 ± 2.21 50.6 ± 2.02 51.8 ± 2.27 50.2 ± 2.47 51.3 ± 2.44

Medullary height (MH) (mm) 14.1 ± 2.24 15.8 ± 2.69 16.0 ± 2.95 18.0 ± 4.52 18.4 ± 4.27

4th Ventricle height (4VH) (mm)  2.40 ± 2.18  3.17 ± 3.57 4.05 ± 3.24  4.12 ± 3.57  4.15 ± 3.15

Neural structures: CM-I type C (131 cases) 15 14 17 12 73

Brain stem length (BSL) (mm) 47.7 ± 1.73† 47.3 ± 2.53 48.5 ± 2.56 50.4 ± 2.55 51.0 ± 2.65

Medullary height (MH) (mm) 6.9 ± 2.8* 12.4 ± 4.38* 27.0 ± 3.42* 12.7 ± 4.65* 12.8 ± 4.43*

4th Ventricle height (4VH) (mm) 4.87 ± 2.1† 5.44 ± 2.82†  6.63 ± 2.95†  7.12 ± 3.60†  7.20 ± 3.52†

Neural structures: CM-borderline (37 cases) 3 4 5 5 20

Brain stem length (BSL) (mm) 42.3, 44.2, 44.9 47.3 ± 2.53 48.5 ± 2.56 50.4 ± 2.55 51.0 ± 2.65

Medullary height (MH) (mm) 10.4, 12.8, 13.4 15.4 ± 4.38 17.0 ± 3.42 18.4 ± 4.65 18.8 ± 4.43

4th Ventricle height (4VH) (mm)  1.23, 2.47, 2.55 3.44 ± 2.82  3.63 ± 2.95  4.12 ± 3.60  4.20 ± 3.52

Results are expressed as value ± standard deviation.

*: significantly smaller or shorter than those of normal controls (p < 0.01).

†: significantly longer or larger than those of normal controls (p < 0.01).

Abbreviations: CM-I: Chiari malformation type I, CM-borderline: Chiari malformation borderline

cerebellum.28,29) Therefore, we selected foramen magnum

decompression (FMD) for CM-I type B and CM-borderline

cases, because VAFM and occipital bone size were small in

these patients. FMD consists of craniectomy of the sur-

rounding area of the foramen magnum (2-3-cm square),

decompression of the brainstem and cerebellum, and crea-

tion of major cisterns and flow out of CSF from the foram-

ina of Magendie and Luschka.30,31) The authors suggest that

FMD is adequate for CM-I type B and CM-borderline with

small VAFM but normal VPCF.

Conversely, in CM-I type C, it is necessary to expand the

entire PCF and remodel the relationship between the brain

and occipital bone. According to Sakamoto and the

authors,31,32) expansive suboccipital cranioplasty (ECSP) in-

volves extensive decompression to expand the surrounding

area of the foramen magnum and the entire PCF (along

the transverse sinus and sigmoid sinus), C1 laminectomy,

dural plasty, and osteoplasty to maintain the PCF expan-

sion. ESCP can normalize the VPCF and major cisterns,

which is adequate for the decompression of the brainstem

and cerebellum, and to remodel the appropriate positional

relationship between the brainstem, cerebellum, and oc-

cipital bone by expanding the entire PCF, including C1. We

selected ESCP for CM-I type C because FMD was not ade-

quate under the setting of small VAFM, small VPCF, and

small occipital bone size.

In CM-I type A, other surgical methods that can treat

ptosis of the brainstem and cerebellum must be selected.

Craniocervical posterolateral fixation (CCF) should be se-

lected for cases with craniocervical instability causing

functional cranial settling.12,16) It is important to identify the

occipito-atlanto-axial joints with instability, and determine

the appropriate method of screw insertion. The most im-

portant anchor for screw insertion is C2, and a pedicle

screw is the ideal choice for C2.

Surgical Intervention for CM-I,
CM-borderline, and Instability

I．Materials and methods

1．Surgical indications and patient population

Surgery was performed in cases of myelopathy, upper

cervical cord symptoms, brainstem symptoms, and Japa-

nese Orthopaedic Association (JOA) score < 14.33)

In total, 484 patients underwent surgical treatment: 302

underwent FMD, 104 underwent ESCP, and 70 underwent
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Fig.　3　Illustrative cases of CM-I types A, B, and C, and CM-borderline.

Pictures were reprinted and modified from [16].

Left panel: 2D-CT axial image at the level of the foramen magnum; right panel: magnetic resonance (MR) sagittal midline image.

A: CM-I type A; B: CM-I type B; C: CM-I type C; D: CM-borderline;

E and F: MR midsagittal images demonstrating the character of CM-I with HDCT. The VPCF, VAFM, and occipital bone size were 

normal in size.

E: MR midsagittal image in supine position showing normal BDI (7.7 mm), normal BAI (3.5 mm), normal CXA (141°), large retro-

odontoid pannus (asterisk), and low-lying cerebellar tonsils.

F: On the assumption of the upright position, there was cranial settling (2.5 mm decrease in BDI), posterior gliding of occipital

condyle (4.3 mm increase in BAI), anterior flexion of the occipito-atlantal joint (8° decrease in CXA), and increased cerebellar pto-

sis with downward displacement of cerebellar tonsils to C1 (white arrow). Note the greatly increased impaction of the foramen

magnum anteriorly and posteriorly.

Bilateral black dotted arrow = CXA, asterisk = retro-odontoid pannus, white arrow = tonsillar herniation.

G: MR midsagittal image demonstrating the character of CM-I type A with TCD. VPCF, VAFM, and occipital bone size were normal 

in size. MR image showing elongation and downward displacement of the brainstem and cerebellum, and a large supuracerebellar 

cistern (double asterisk).

Abbreviations: HDCT = hereditary disorders of connective tissue
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Table　3　Results of morphometric measurements of craniocervical junction in the craniocervical traction test

Normal Controls

30 cases 

(12-year-old≤) 

Craniocervical test During 

operation

in positioning

Follow up

CSJ cases

Follow up

ICSJ cases
Nontraction Traction

ADI (mm)

Flexion position in sitting 3.4 ± 0.47 7.4 ± 1.24‡ 3.3 ± 0.55 N.A. 3.4 ± 0.53 7.4 ± 1.24‡

Neutral position in sitting 2.8 ± 0.54 3.1 ± 0.63 3.0 ± 0.51 3.2 ± 0.45 3.0 ± 0.48 3.1 ± 0.63

Extension position in sitting 2.0 ± 0.48 2.3 ± 0.58 2.7 ± 0.47 N.A. 3.2 ± 0.52 2.3 ± 0.58

Supine position 2.8 ± 0.57 2.4 ± 0.34 2.5 ± 0.74 in positioning  2.2 ± 0.64 2.5 ± 0.52

Sitting position 2.4 ± 0.58 2.1 ± 0.42 1.94 ± 0.44 2.2 ± 0.781 2.4 ± 0.68 2.3 ± 0.64

BAI (mm)

Supine position 1.8 ± 1.21 2.0 ± 1.25 2.2 ± 1.52 in positioning  2.2 ± 1.30 2.5 ± 1.48

Sitting position 2.1 ± 1.88 5.1 ± 1.22‡ 1.85 ± 0.71 2.0 ± 1.21 2.3 ± 1.38 5.3 ± 1.57‡

BDI (mm)

Supine position 7.4 ± 1.58 8.7 ± 1.70 8.8 ± 2.23 in positioning 8.3 ± 1.82 7.6 ± 2.01

Sitting position 7.2 ± 1.59 3.9 ± 1.81† 8.4 ± 2.20 8.7 ± 2.70 8.2 ± 1.84 3.8 ± 1.92†

AXA (°)

Supine position 37.6 ± 6.55 35.2 ± 5.44 4.72 ± 6.23 in positioning 34.5 ± 6.04 35.3 ± 5.43

Sitting position 37. 4 ± 6.84 36.5 ± 5.96 35.8 ± 5.88 36.7 ± 6.40 35.4 ± 5.44 34.4 ± 5.41

CXA (°)

Supine position 147.6 ± 6.61 145.2 ± 5.27 146.5 ± 5.68 in positioning 144.8 ± 5.49 145.8 ± 5.58

Sitting position 147. 8 ± 6.00 136.8 ± 6.47† 145.4 ± 5.88 146.8 ± 6.45 145.2 ± 5.58 134.2 ± 5.58†

Results are expressed as mean ± one standard deviation.

†: significantly smaller than those of normal controls (p < 0.01).

‡: significantly larger than those of normal controls (p < 0.01).

Abbreviations: CSJ: complete stabilization of joints, ICSJ: incomplete stabilization of joints, ADI: the distance between the atlas and dens, 

BAI: the distance between basion and anterior arch of the atlas, BDI: the distance between basion and top of dens, AXA: the angle 

between the atlas and axis, CXA: the angle between clivus and axial, N.A.: not applicable

CCF. 10 patients underwent ventricle peritoneal shunt and

10 underwent section filum terminale and/or lysis of the

adhesion of the spinal cord.

The patient group for surgical interventions was the

same as that for the volumetric and morphometric study.

The patients were treated between April 2002 and March

2020 at the institute or hospitals as described above.

2．Operative procedures for CM-I types B and C, and CM-

borderline

After decompression and opening the dura mater, nor-

malized CSF flow was confirmed using color Doppler ul-

trasonography (CDU).34) If normalized CSF flow was not ob-

served, the arachnoid membrane was opened. In such

cases, the arachnoid veil or regional adhesions may inter-

fere with CSF outflow from the foramina of Magendie and

Luschka. Therefore, lysis of adhesions was performed.

In children younger than 12 years, the cranium and

brain are under development, so the possibility of dispro-

portion between the cranium and brain changes over time.

For patients younger than 12 years, FMD was performed

first.

3．Operative procedures for CM-I type A and instability

CCF was performed for CCJ instability.35,36) If the patient

had instability at the occipito-atlanto-axial joints, occipito-

cervical posterolateral fixation (OCF) should be performed.

For patients with instability at the atlanto-axial joints

alone, C1/2 posterolateral fixation (C1/2 FIX) should be

performed. In cases where a pedicle screw could be in-

serted for C2, fixation of C2 with screws was adequate. In

cases where screw insertion was not possible, it was neces-

sary to fix C2 to C3 or C4.

CCF was performed in a total of 70 cases, of which C1/2

FIX was performed in 36 cases and OCF in 34 cases. For

cases (7 cases) with CCJ instability associated with CM-I

types B and C, and CM-borderline, staged CCF combined

with ESCP or FMD was performed.37)

In children younger than 12 years, the relationships be-

tween anatomical structures are under development, so

there is a possibility of overestimating instability. In chil-

dren, the loss of function of occipito-atlanto-axial joints in-
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duces significant handicap. Therefore, CCF was not per-

formed in children younger than 12 years.

4．Neurological and neuroradiological examinations, follow-

up, and statistical analyses

Postoperatively, the neurological symptoms and signs,

JOA score, recovery rate of JOA score (JOA score RR)

([postoperative points − preoperative points]/[full points −

preoperative point] × 100%),33) and neuroradiological find-

ings (cervical spine dynamic X-ray, 2D-CT, and MRI of the

cervical spine) were examined every 3 months. Persistent

syringomyelia was defined by confirmation of syringomye-

lia larger than 2 mm in diameter.

Surgical outcome was assessed using χ2 and Fisher’s

tests. A p-value < 0.01 was used to determine significance.

II．Results of surgical intervention

The follow-up duration was 24-216 months (mean: 88.5

months). The results were based on the most recent data.

In total, 58 patients were lost to follow-up after more than

3 years of operation, in whom the results of the final ex-

amination were estimated.

1．Results of JOA score and its RR after FMD and ESCP

(Table 3)

Among adults and adolescents aged 12 years and older,

the improvement rate for neurological symptoms and signs

in FMD was 87.8%. The JOA score RR in FMD was 58.7%,

and 92.2% of cases showed improvement or stabilization of

the neurological symptoms. In 14 cases (7.8%), the neuro-

logical symptoms deteriorated during follow-up. In 10 out

of 127 cases with syringomyelia (7.9%), the symptoms per-

sisted. The improvement rate for neurological symptoms

and signs in ESCP was 88.4%. The JOA score RR in ESCP

was 60.2%, and 98.0% of cases had an improvement or sta-

bilization of neurological symptoms. In two cases (2.0%),

the neurological symptoms deteriorated during follow-up.

In 1 out of 38 cases with syringomyelia (2.6%), the symp-

toms persisted. There was no significant difference be-

tween the FMD and ESCP groups in terms of improvement

or stabilization of neurological symptoms and JOA score

RR. Persistent syringomyelia and deterioration of neuro-

logical symptoms and/or signs were significantly more

common in patients who underwent FMD compared to

ESCP (p > 0.01).

In children younger than 12 years, the improvement rate

for neurological symptoms and/or signs was significantly

lower in CM-I types A (68.9%) and C (69.0%) than in CM-I

type B (80.5%) and CM-borderline (85.7%) (p > 0.01). The

JOA score RR was significantly lower in CM-I type C

(48.6%) than in CM-I type A (57.2%), CM-I type B (58.2%),

and CM-borderline (54.3%) (p > 0.01). Persistent syringo-

myelia and deterioration in neurological symptoms and/or

signs were significantly more common in patients with

CM-I types A (33.3% and 31.1%, respectively) and C (50.0%

and 34.5%, respectively) than in CM-I type B (3.3% and

4.2%, respectively) and CM-borderline (0% and 0%, respec-

tively) (p > 0.01).

2．Results of JOA score and its RR after CCF (Table 4)

The JOA score RR for the 70 cases who underwent CCF

was 69.7%. In total, 46 cases (67.1%) had complete bony

fusion, 59 (84.3%) had stabilized joints, and 11 (15.7%) had

incomplete stabilization. Syringomyelia resolved in all 21

cases.

The preoperative JOA score was significantly lower in

OCF than in C1/2 FIX. In 36 cases who underwent C1/2

FIX, the JOA score RR was 78.7%. In total, 26 cases (72.2%)

had complete bony fusion, 32 (88.9%) had stabilized joints,

and 4 (11.1%) had incomplete stabilization. The JOA score

RR in the 34 cases who underwent OCF was 63.5%. In to-

tal, 21 cases (61.8%) had complete bony fusion, 27 (79.4%)

had stabilized joints, and 7 (20.6%) had incomplete stabili-

zation. In cases who underwent C1/2 FIX, the JOA score

RR, stabilization rate, and rate of bony fusion of joints

were higher than those in cases who underwent OCF.

3．Complications and side effects

In the FMD and ESCP groups, there was no mortality or

permanent morbidity. Total transient morbidity occurred

in 10 cases (2.5%). Complications were observed in six

cases (2.0%) with FMD and four cases (3.9%) with ESCP.

After FMD, two cases (0.7%) had wound infections, one

(0.3%) had arachnoid adhesions, and one (0.3%) had CSF

leakage. After ESCP, two cases (2.0%) had wound infection,

one (1.0%) had cerebellar slugging without neurological

symptoms, and one (1.0%) had CSF leakage. Repetitive and

persistent neck pain continued in three cases (2.9%) with

ESCP. There were significantly more frequent complica-

tions and side effects after ESCP than those after FMD.

In both C1/2 FIX and OCF, there was no mortality or

permanent morbidity. Transient morbidity occurred in two

cases (2.9%). The complications included transient swal-

lowing disturbance in one case (1.4%) after OCF and injury

to the vertebral artery without neurological symptoms in

one case (1.4%) after C1/2 FIX. After OCF, repetitive and

persistent neck pain continued in three cases (8.8%) and

functional loss of visual fields occurred in two cases

(5.9%). There were significantly more frequent complica-

tions and side effects after OCF than C1/2 FIX.

Discussion about Outcomes of
Surgical Interventions

I．Outcomes of surgical intervention after FMD and

ESCP (Table 4)

Among children aged younger than 12 years, the im-

provement rate of neurological symptoms and/or signs

was significantly lower in CM-I type A than in CM-I type B

and CM-borderline, and the rate of persistent syringomye-
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Table　4　Japanese Orthopaedic Association score and its recovery rate after foramen magnum decompression and expansive

suboccipital cranioplasty

Improved

neurological 

symptoms/signs

JOA score RR 

(%) 

 (mean with 

± 1 SD) 

Re-syringomy-

elia

Stabilized

neurological 

symptoms/

signs

Deteriorated

neurological 

symptoms/

signs

Transient 

morbidities

Total number: 404 cases 339/404 (83.9%) 58.5 ± 10.4 21/221 (9.5%) 24/404 (5.9%) 42/406 (10.4%) 10/404 (2.5%)

12 years or older (≥12 years)

FMD: 180 cases

(for CM-I types A, B and CM-borderline) 

158/180 (87.8%) 58.7 ± 10.2 10/127 (7.9%) * 8/180 (4.4%)  14/180 (7.8%) *  3/180 (1.7%)

ESCP102 cases (for CM-I type C) 90/102 (88.2%) 60.2 ± 10.1 1/38 (2.6%) 10/102 (9.8%) 2/102 (2.0%) * 4/104 (3.9%) *

Younger than 12 years (< 12)

FMD for all types: 122 cases

CM-I type A: 45 cases 31/45 (68.9%) ** 57.2 ± 9.1 4/12 (33.3%) * 0/45 (0%) 14/45 (31.1%) * 1/45 (2.2%)

CM-I type B: 41 cases 34/41 (80.5%) 58.2 ± 10.1 1/30 (3.3%) 5/41 (12.2%) 2/41 (4.2%) 1/41 (2.4%)

CM-I type C: 29 cases 20/29 (69.0%) ** 48.6 ± 10.2** 5/10 (50.0%) * 0/29 (0%) 10/29 (34.5%) * 1/29 (3.4%)

CM-borderline: 7 cases 6/7 (85.7%) 54.3 ± 10.4 0/4 (0%) 1/7 (14.2%) 0/7 (0%) 0/7 (0%)

*: significantly higher or more than the other groups (p < 0.01).

**: significantly lower or less than the other groups (p < 0.01).

Abbreviations: JOA score: Japanese Orthopedic Association score, JOA score RR: recovery rate of the Japanese Orthopedic Association score, 

Re-syringomyelia: syringomyelia remaining, SD: standard deviation, FMD: foramen magnum decompression, CM-I: Chiari malformation type I, 

CM-borderline: the cases which have neurological brain stem and/or myelopathy, but tonsillar herniation less than 5 mm, ESCP: expansive 

suboccipital cranioplasty

lia and deterioration of neurological symptoms and/or

signs were significantly more common in CM-I type A than

in CM-I type B and CM-borderline. These data suggest that

in CM-I type A, FMD is not the most appropriate treat-

ment of the mechanism of ptosis of the brainstem and

cerebellum. Therefore, other operative procedures should

be considered.

Among patients younger than 12 years, the improve-

ment rate for neurological symptoms and/or signs and the

JOA score RR were significantly lower in CM-I type C than

in CM-I type B and CM-borderline. In addition, the rate of

persistent syringomyelia and deterioration of neurological

symptoms and/or signs were significantly more common

in CM-I type C than in CM-I type B and CM-borderline.

These data suggest that in CM-I type C, FMD was unable

to resolve the mechanism of ptosis of the brainstem and

cerebellum and was not adequate to decompress the

brainstem and cerebellum or normalize the CSF flow at

the foramen magnum. Therefore, additional decompression

should be considered. In children aged younger than 12

years, CM-I type C should be treated with ESCP or two-

staged surgery, with initial FMD followed by observation,

and in case of worsening neurological symptoms and/or

signs or persistent syringomyelia, ESCP should be per-

formed.

Among patients aged 12 years and older, both ESCP and

FMD are associated with good surgical outcomes. The out-

comes reported in the present study were better than

those reported previously in cases who underwent FMD

only. In addition, morbidity and complications occurred

less frequently in the present study than in previous re-

ports.38-40) This suggests that the selection of surgical proce-

dures (i.e., ESCP or FMD) according to the morphometric

analyses was appropriate.

We believe that it is essential to confirm the normaliza-

tion of CSF flow at the foramen magnum during the op-

eration. If CSF flow is not normalized with dural opening,

more extensive decompression, opening of the arachnoid

membrane, lysis of foramina of Magendie and Luschka,

and/or shrinkage of tonsils should be considered. Milhorat

et al. proposed a tailored operation for patients so that the

operative procedures should be selected based on the CSF

flow dynamics assessed using CDU.27) We decided regarding

the need for extensive craniotomy and dural plasty, as well

as shrinkage of tonsils, based on the CSF flow dynamics

assessed using CDU during the operation. We suggest that

the CSF flow can be normalized by initial decompression

by enlargement of the craniotomy, followed by dural open-

ing and plasty, and finally by shrinkage of the cerebellar

tonsils.

II．Outcome of CCF for instability of occipito-atlanto-

axial joints (Table 5)

For CCF, both C1/2 FIX and OCF achieved high rates of

improvement of neurological symptoms and stabilization

and/or bony fusion of joints.35,36,41) Our results were superior

than those of previous reports of CCF,35,36,41) which sug-

gested that surgical treatment of CCF was effective for cra-
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Table　5　Japanese Orthopaedic Association score and its recovery rate after craniocervical fixation

Operative 

procedures

Improved neurological 

symptoms/signs

Preop. JOA score

 (mean ± 1 SD) 

Postop. JOA score

 (mean ± 1 SD)

JOA score 

RR (%) 

Bony fusion of 

joints

Stabilization of 

joints

CCF: 70 cases 65/70 (92.9%) 4-15 (9.7 ± 2.48) 10-17 (15.5 ± 2.51) 69.7% 47/70 (67.1%) 59/70 (84.3%)

C1/2 FIX 36 cases 34/36 (94.4%) 4-12 (9.0 ± 2.55) * 14-17 (15.4 ± 2.58) 78.7%* 26/36 (72.2%) * 32/36 (88.9%) *

OCF 34 cases 32/34 (94.1%) 3-12 (6.4 ± 2.43) ** 10-17 (15.7 ± 2.48) 63.5%** 21/34 (61.8%) ** 27/34 (79.4%) **

*: significantly higher than OCF (p < 0.01).

**: significantly lower than C1/2 FIX (p < 0.01).

Abbreviations: JOA score: Japanese Orthopedic Association score, JOA score RR: recovery rate of Japanese Orthopedic Association score, SD: 

standard deviation, CCF: craniocervical fixation, C1/2 FIX: atlantoaxial posterior lateral fixation, OCF: occipitocervical fixation

nial settling due to craniocervical instability. OCF leads to

a greater loss of function and more frequent complications

and side effects due to the fixing of occipito-atlanto-axial

joints compared to C1/2 FIX. Therefore, patients for fixa-

tion, including that of the occipital bone, should be care-

fully selected. Craniocervical traction test was useful to de-

tect instability at the occipito-atlantal joints and risk of

loss of function by fixation.

Using morphometric analyses during craniocervical trac-

tion test, we detected the instability, hypermobility, and

dislocation of occipito-atlanto-axial joints. The

morphometric analyses also helped to select the treatment

method for joint fixation, determine the symptoms of in-

stability, and confirm whether the instability was reducible.

It is necessary to recognize the advantages and disadvan-

tages of joint fixation, including possible loss of joint func-

tion. It is necessary to consider the effects of OCF and C1/

2 FIX on swallowing, neck rotation, and secondary visual

loss.

We selected the operative procedure and need of joint

fixation on the basis of the morphometric analyses per-

formed during craniocervical traction test. This strategy

improved or stabilized the neurological symptoms and/or

bony fusion in CCF. In children aged younger than 12

years with instability of CCJ in CM-I type A, CCF surgery

should be delayed until the patient is 12 years old or the

development is complete.

Conclusions

Morphometric analyses of PCF and CCJ should be per-

formed to determine the mechanism and treatment of pto-

sis of the brainstem and cerebellum. CM-I was divided into

three independent types by morphometric analysis.

Surgical treatment of CM-I was selected based on the

mechanism of ptosis of the brainstem and cerebellum in

each CM-I type. All surgical treatments had good outcome

and safety profile. The appropriate surgical method for the

management of CM-I should address the mechanism un-

derlying ptosis of the brainstem and cerebellum. It is im-

portant to confirm the normalization of CSF flow during

the operation.

In this study, FMD was initially performed for patients

younger than 12 years. Patients younger than 12 years

with CM-I types A and C should be monitored for persis-

tent syringomyelia and deterioration of neurological symp-

toms/signs. In such cases, additional surgery with ESCP or

CCJ should be performed after the age of 12 years.

Morphometric analyses of CCJ during craniocervical

traction test should be performed to identify the instability

of joints and decide the appropriate operative procedure

for fixation. CCF achieved high rate of improvement of

neurological symptoms and joint stabilization.
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