




then projected to the atlas space to generate an averaged PCF

mask superimposed on the atlas space. The average reference atlas

and the superimposed PCF regions are shown in Fig 2.

Automated Segmentation of PCF
Volume
Automated segmentation of the PCF

volume is achieved by use of the previ-

ously described CMI reference atlas.

First, a global linear transformation is

applied to register the atlas template to

the subject dataset by use of the FLIRT

tool from FSL software package (http://

www.fmrib.ox.ac.uk/fsl).13 Only the

brain region is used for the global regis-

tration to avoid adverse effects of cranial

and extracranial structures on registra-

tion.14 After the global linear transfor-

mation, a more precise local alignment

with a nonlinear registration is achieved

by use of the FMRIB Nonlinear Image

Registration Tool (FNIRT) from FSL,15

which is based on minimizing a sum-of-

squares cost function by use of a Leven-

berg-Marquardt modification of the

Gauss-Newton method. Finally, the PCF

mask is mapped to the subject MR imag-

ing through the inverse of the registration

to automatically segment the PCF volume.

Automated Segmentation of Brain
Tissue
The proposed PCF parcellation method

quantifies the volumes of tissue content

of the PCF, which include the brain

stem, cerebellum, medulla, and pons.

Each pixel inside the PCF mask is labeled

as gray matter, white matter, or CSF, by

use of an algorithm that is based on the

hidden Markov random field model and

expectation maximization.16 The cere-

bellar tonsils extending beyond the fora-

men magnum are excluded as the result

of PCF masking. A flow chart of the FSL

implementation of the process for PCF

segmentation and measurement of the

PCF tissue volume is shown in Fig 3.

The intensity-based segmentation of the PCF tissues was com-

pared with FreeSurfer-based (http://surfer.nmr.mgh.harvard.edu)

segmentation of the hindbrain. The details of the FreeSurfer seg-

mentation method are provided by Fischl et al.17 FreeSurfer seg-

mentation is an atlas-based segmentation method, which used

both the intensity distribution and the spatial relationships of

previously defined brain regions. Labeled brain regions in the

brain stem and gray and white matter in left and right cerebellum

were combined and used as the hindbrain volume in this study.

Assessment of Automated Segmentation Accuracy and
Reliability
The accuracy of the automated segmentation was assessed by

comparing the automatically segmented PCF with manual seg-

FIG 2. Chiari-specific atlas template and the boundary of the PCF compartment (red outline)
shown in sagittal (A and B) and axial (C and D) planes. A 3D volumetric rendering of the PCF mask
(blue) generated from the atlas template and surrounding cranium (white) are shown in E and F.

FIG 3. Flowchart illustratingtheFSL implementationoftheautomatedpro-
cess for PCF segmentation andmeasurement of the PCF tissue volume.
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mentation in 5 patients with CMI. Percentage volume difference

between the manual and the automated segmentations were cal-

culated to test for systematic differences. Additionally, the Dice

similarity coefficient was used to evaluate the degree of spatial

overlap between the automatically and manually segmented PCF.

The Dice similarity coefficient is defined as

DSC �
2*V� A � M�

V� A� � V�M�

where A and M denote automated and manual segmentations,

and V denotes volume of the region. The value of Dice similarity

coefficient ranges between 0 –1, representing no overlap to com-

plete spatial overlap, respectively. A Dice similarity coefficient

value �0.7 is considered as a good agreement between 2 com-

pared measurements.18

The reliability of the automated seg-

mentation across scan sessions was

tested by means of MR imaging data

from the 3 healthy subjects who were

scanned twice on 2 separate days. The

mean absolute percentage difference of

the 2 measurements was calculated by

dividing the absolute difference of the 2

measurements by their mean. A paired,

2-tailed t test was applied to determine

the significance of differences between

volume measurements obtained by use

of 2 methods.

The posterior fossa brain tissue vol-

ume was measured in 5 patients with

CMI by use of the proposed automated

method and compared with measure-

ments obtained by means of FreeSurfer. The mean percentage

difference between 2 measurements and degree of spatial overlap

was calculated. In addition, the derived crowdedness index, de-

fined as the ratio of the tissue volume and the PCF compartment

volume, were compared as well. Finally, linear association be-

tween PCF volumes and the length of the 6 different linear PCF

markers were assessed by calculating the Pearson correlation co-

efficient and significance level by use of the data from the 14

patients with CMI. All statistical calculations were performed by

use of MedCalc statistical software (MedCalc, Mariakerke,

Belgium).

RESULTS
PCF Volumes
Examples of midsagittal and axial images with the identified PCF

boundary and the 3D-rendered PCF volume from a representa-

tive patient with CMI are shown in Fig 4. The PCF volumes of

each of the 5 patients with CMI measured with the 2 methods and

the Dice coefficient representing the degree of overlap are shown

in Fig 5. The mean and the SD of the manual and the automated

segmentations of the PCF volumes in these 5 patients with CMI

were similar (197 � 11 mL and 196 � 9 mL, respectively). The

difference was not significant (P � .7). The mean percentage vol-

ume difference was �0.3 � 1.9%. The mean degree of overlap

(Dice coefficient) between the automatically and manually ob-

tained PCF masks was 0.96 � 0.001.

The PCF volumes measured from the 3 healthy subjects who

were scanned twice on 2 separate days and the relative percentage

difference are listed in Table 1. The mean absolute percentage

difference was 0.6 � 0.2%, with a range of 0.4% to 0.8%; the dif-

ference between volume measurements was not statistically sig-

nificant (P � .995).

PCF Crowdedness Indexes
The posterior fossa brain tissue volume, crowdedness indexes of

the 5 patients with CMI measured with the proposed method and

with FreeSurfer, and the Dice coefficient are listed in Table 2. The

mean and SD of the volumes measured with the proposed method

and with FreeSurfer were 162 � 8 mL and 168 � 9 mL, respec-

tively. The tissue volumes measured by use of FreeSurfer were

FIG 4. Outline of the PCFmask (red) generated by use of the proposedmethod onmidsagittal (A)
and axial (B) planes of T1-weighted MR imaging of a patient with CMI.

FIG 5. Comparison of PCF volume obtained manually and with the
automated segmentation in CMI. The Dice similarity coefficient (DSC)
and the relative percent change obtained for each of the 5 patients
are shown above the volume bars.

Table 1: Repeated automated PCF volumes measurements

Subject
Age/
Sex

PCF
Volume (mL),
Scan 1

PCF
Volume (mL),
Scan 2

Relative
Percentage
Difference

1 36/M 186.1 186.8 0.4%
2 29/M 207.5 205.9 0.8%
3 36/F 194.7 195.6 0.5%
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consistently larger in each subject, with a mean percent difference

of 3.6 � 1.1% (P � .005). The mean and SD of the spatial overlap

were 0.945 � 0.004. Images illustrating the tissue segmentation by

the 2 methods are shown in Fig 6A,-B, respectively. The corre-

sponding PCF crowdedness indexes were 0.826 � 0.012 and

0.856 � 0.017, respectively. Because FreeSurfer does not provide

the PCF volume, the PCF volume obtained by the proposed

method was used to estimate the PCF crowdedness obtained by

use of the 2 methods.

None of the 6 linear PCF measures were significantly associ-

ated with the PCF volume. Five of the linear measures correlated

positively with the PCF volume with the following corresponding

Pearson correlation coefficients: supraocciput length (r � 0.38,

P � .18), McRae line (r � 0.37, P � .20), clivus (r � 0.32, P � .27),

Twining line (r � 0.30, P � .30), and length of cerebellum (r �

0.29, P � .31). As expected, the herniation length was negatively

correlated with the PCF volume, with a Pearson correlation coef-

ficient of �0.17 (P � .57).

DISCUSSION
Quantification of the PCF volume and the degree of PCF crowd-

edness were shown to be beneficial for differential diagnosis of

tonsillar herniation7,11 and for prediction of surgical outcome.10

The lack of a reliable automated method for PCF volumetry by use

of MR imaging, however, limits the clinical use of these PCF

markers. Advanced automated methods for brain parcellation

have matured in recent years and are becoming more widely

used.16,17 This work represents adaptation of established brain

segmentation techniques tailored toward PCF volumetry in CMI.

The proposed atlas-guided PCF segmentation method is en-

hanced by the creation of a CMI-specific reference atlas that cap-

tures the altered PCF morphology associated with CMI. An excel-

lent agreement between the proposed automated method and

manual segmentation by an expert observer is evident by the small

relative percentage difference of �0.3 � 1.9% and the very high

mean Dice coefficient of 0.96. The delin-

eation of the PCF obtained by use of the

proposed automated method highly

agrees with the manual delineation in

terms of accuracy and spatial overlap in

patients with CMI. Furthermore, a high

degree of repeatability is evident from

the small absolute percentage difference

of 0.6 � 0.2% found by use of quantifi-

cation of the repeated scans in 3 healthy

subjects. The automated volume mea-

surement of PCF is minimally affected

by the normal variability in patient po-

sitioning in the MR imaging scanner.

The mean PCF volume measurement obtained in our small

cohort of adult patients with CMI (196 � 8.7 mL) tends to be

larger than previously reported CT and MR-based measurements

of 186 mL by Nishikawa et al,11 174 � 25 mL by Noudel et al,10

and 166 � 8 mL by Milhorat et al.7 The bias in the mean volume

measurements may be attributed to the differences in the modal-

ities and the possible differences in the segmentation protocols,

particularly how the PCF boundaries were defined. Another con-

tributing factor may be related to the difference in the sampling

resolution of the volumetric data. In contrast to isotropic 1-mm

3D imaging used in this work, previous reports used 2D-based

imaging with thicker sections for the volumetric measurements

that can lead to measurement errors caused by large partial vol-

ume effect. In addition, the limited number of subjects used in

this study to validate the proposed automated method against

manual segmentation may not be representative of a CMI popu-

lation in terms of PCF volume.

The tonsillar herniation in CMI has been attributed to over-

crowding of the PCF as a result of a small PCF and normally

developed brain tissue volume.7,10,11 Therefore, in addition to

PCF volume measurement, accurate quantification of brain tissue

volume is also critical. Our measurement of mean PCF tissue

volume of 162.1 � 8.2 also tends to be slightly larger than previ-

ously reported values of 156 mL by Nishikawa et al11 and 151.8 �

3.1 mL by Milhorat et al.7 However, the measurement of crowd-

edness, the ratio of PCF tissue volume to PCF volume of 0.826 �

0.012, is in good agreement with the mean value of 0.833 reported

by Nishikawa et al.11

The comparison of the hindbrain tissue volume measure-

ments between the proposed method and FreeSurfer revealed a

statistically significant mean difference of 3.6 � 1.1% (P � .005).

The tissue volumes found through the use of FreeSurfer were

consistently larger than volumes obtained by using the proposed

method. As demonstrated in Fig 6, this difference is the result of

FIG 6. Outline of the PCF tissue masks (red) generated by use of the proposed method (A) and
FreeSurfer (B) in 1 of the patients with CMI.

Table 2: Comparison of PCF tissue segmentation by means of the proposed method and FreeSurfer

Patient

PCF Tissue Volume
(mL) (Proposed
Method)

PCF Tissue Volume
(mL) (FreeSurfer)

Percentage
Volume Difference

Dice
Coefficient

Crowdedness
Index (Proposed
Method)

Crowdedness
Index (FreeSurfer)

1 162.8 169.4 4.1% 0.949 0.842 0.876
2 172.1 181.6 5.5% 0.939 0.828 0.874
3 151.9 156.2 2.8% 0.940 0.824 0.847
4 170.1 174.0 2.3% 0.948 0.831 0.850
5 153.9 158.6 3.1% 0.949 0.806 0.830
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the exclusion of the tonsillar tissue volume that descends be-

low the foramen magnum. This tissue is excluded because it is

outside the PCF and thus does not contribute to the PCF

overcrowding.

Assessment of the associations between PCF volumes and the

linear PCF markers revealed that none of the 6 measures were

significantly associated with the PCF volume. The 5 linear land-

marks of the PCF were all modestly positively correlated with the

PCF volume. The lack of significance can be explained in part by

the small sample. The length of herniation negatively correlated

with the PCF volume, which is expected when a normal size cer-

ebellum is compressed inside an increasingly smaller PCF.

The reference atlas used to guide the segmentation was pre-

pared by use of MR images from patients with CMI, all of whom

had tonsillar herniation �5 mm. Therefore, this atlas may not be

optimal for segmentation of healthy subjects because of morpho-

logic differences. However, for the purpose of reproducibility es-

timate, data from healthy subjects were used because repeated

scans from patients with CMI were not available. Even with this

limitation, an excellent reproducibility with an average difference

of 0.6 � 0.2% is obtained, reflecting the robustness of the pro-

posed method.

CONCLUSIONS
The PCF volume and the degree of crowdedness can be reliably

quantified in MR imaging data of patients with CMI by use of an

atlas-based approach. Automatically delineated PCF compart-

ments were similar in volume and spatial overlap with those de-

lineated manually by an expert observer. These early results sug-

gest that automated segmentation could substitute for manual

delineation of the PCF, thereby advancing the use of PCF parcel-

lation for improved diagnosis and treatment decisions in CMI.
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