Three-Dimensional Technique for Automatic Brain Segmentation of the Ventricles Based on Optimal Histogram Thresholds of MRI
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Abstract: The segmentation technique presented in this paper is part of ongoing research work to develop a new imaging and segmentation technique to generate a three-dimensional structure of the brain in order to enhance the visualization of brain fiber tracts in diffusion tensor images using developmental software by Phillips. The visualization enhancement will be achieved by displaying the 3D brain structure as a semi-transparent image, such that key anatomical landmarks, as well as the mathematically constructed fiber tracts, may be observed within the brain. This paper describes the development and implementation of task-oriented techniques for automatic brain segmentation to locate and display the lateral ventricles within the brain structure in order to support the 3D rendering as landmarks in the complete 3D structure. With an automatic segmentation technique, the software will calculate and discern the different regions in the brain without ad-hoc interventions. This is a difficult task because the brain structure is different from one patient to the next, in addition to the fact that the data to be analyzed is from patients who may already have brain abnormalities. Ten T1-weighted 3D Gradient Echo MR images obtained from patients at Miami Children’s Hospital (MCH) were used for the development of this technique.
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1
Introduction
The challenge in displaying the anatomical structure of the brain as a three dimensional figure is to observe certain anatomical landmarks as they course through the 3D structure. This is critical to understand the position of fiber tracts in diffusion tensor imaging (DTI). Such is the rationale in developing a simple yet effective segmentation algorithm to extract and display anatomical landmarks within the 3D brain structure. 

DTI relates image intensities to the relative mobility of endogenous tissue water molecules. It provides a unique and significant tool for demonstrating and assessing neural connectivity in living brain tissue, researching and diagnosing white-matter disorders, and investigating developing brain structures and brain functional mapping.

The display of the brain image as a semi-transparent, three-dimensional structure will facilitate the analysis of DTI images so that neurosurgeons, neuroscientists, and radiologists will be able to better discern the localization of the fiber tracts within the anatomical structure of the brain as well as any malformation that a patient may have. This image segmentation software as conceived will hence be used in the medical setting as a tool for pre-surgical procedures and for enhanced analysis of patients that are identified as candidates for neurosurgery.
1.1 Historical Overview

A limited number of fiber-tracking software are available either commercially or as free developmental sources provided to research settings. These are used at different hospitals for brain research and pre-surgical evaluation. One of the most widely used fiber-tracking software available is Philips Research Integrated Development Environment (PRIDE) developed by Phillips Medical Systems. A drawback of this and other fiber tracking software is that they only allow visualization of the brain as a set of three slices, in each orthogonal dimension (sagittal, coronal, and transverse), limiting the spatial connectivity of the fiber tracts. This limited representation of the brain hinders the work of medical staff & researchers in understanding the neuronal connectivity.
There are currently a number of methods which perform semi-automatic or interactive brain segmentation. However, the user must first select specific regions of the brain so the software can identify the position and size of the brain structure before performing the segmentation [1].
There are also techniques for automatic brain segmentation in the literature, with each technique focused on the specific characteristics of the structure(s) that it tries to extract from the brain. For example, in some studies it is only necessary to extract the white matter from the brain [2, 3], while in other studies several structures are extracted, such as the corpus callosum, ventricles, hippocampus, and caudate nuclei [4]. 
Histogram thresholding based on grayscale intensities of MR images has been used previously for automatic segmentation of brain images [5, 6, 7]. Different methods are used for selecting the threshold between the grayscale intensities to separate white matter, gray matter, and cerebrospinal fluid (CSF) in the image. These methods then go on to use other specific strategies, such as clustering algorithms or calibration techniques, to extract individual regions in the brain.
2
Segmentation Method
The segmentation technique proposed will be implemented using the Interactive Data Language (IDL) development environment, such that it is compatible with Phillips’ PRIDE to augment its capabilities and provide more complete 3D tractography. The 10 sets of MRI data used to implement and test the new software was provided by Miami Children's Hospital (MCH) with IRB approval. All of the images were skull-stripped using MRIcro [8], a standalone freeware program.

The algorithm developed to perform the task of brain segmentation consists of two main sections, first to determine the location of the ventricles within the brain in all orthogonal directions (coronal, sagittal, and transverse) and then to perform histogram thresholding in each dimension within a defined radius in order to extract the lateral ventricles. Both parts of the algorithm are based on the grayscale distribution of T1-weighted MR images and the fact that the CSF of the ventricular system is displayed with low grayscale values contrasted to the white matter of the brain.

The following notation is used in describing the dimensions of the data: x describes the sagittal dimension, moving left to right across each slice, from x = 0 to x = 256 (number of slices), y describes the coronal dimension, moving from anterior to posterior, from y = 0 to y = 256, and z describes the transverse dimension, moving from inferior to superior, such that z = 0 at the most inferior slice.
2.1  
Automatic Search for Region of Lateral Ventricles
The automation of the brain segmentation technique requires finding the maximum radius of the ventricles within the brain in all directions (coronal, sagittal, and transverse) and masking out all data outside that radius. The geometry used as part of the search algorithm was selected based on existing clinical knowledge about the anatomy of the ventricles and their positioning within the brain. 
The maximum length and width of the ventricles in the x and y directions was found by inspecting each transverse slice of the brain with MRIcro. The MRI data of all patients was inspected and the values were stored as a patient database. These values were used in calculating a rectangular area which is used as a filter to calculate the ‘height’ of the ventricles in the z (transverse) dimension by identifying the slices which contain pixels that are part of the lateral ventricles. The filtering area shifts from one slice to the next such that it may follow and envelope the general space in which the ventricles are expected to be positioned. The expected positioning of the ventricles in each slice was calculated from the patient’s database as the mean plus the average deviation across the data, where VAx is the range of the anterior ventricles in x, VPx is the range of the posterior ventricles in x, and Vy is the range of the ventricles in the y direction.
Fig. 1 displays the geometry of the rectangles used as the mapping filters. The search for the ventricles’ region begins at the bottom-most slice (ignoring those slices which don’t contain any brain image) with mapping using rectangle number 1 in fig. 1. The size of this first rectangle is VPx by 
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. The size of the rectangle is shifted one slice at a time by a calculated step size in each direction, until it reaches the size of rectangle number 2 (VAx by 
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Fig. 1 Geometry to search the region of the ventricles
The step size in each direction was calculated as:
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Where: n is the number of slices to inspect, 
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With these values calculated, the following algorithm was designed based on statistical analysis of the distribution of grayscale values in each slice, to find the slices in the MRI that contain the lateral ventricles, i.e. to find the ‘height’ (z axis) of the ventricles in the image. That is,
a. Find the slices in the MR image containing less than 80% (empirically selected) of background. These are the slices which contain valuable brain information and not just background information which is all black (grayscale value = 0).
b. Initialize the size of the search rectangle to VPx by 
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and the search position to the value obtained from the patient’s database (mean plus standard deviation of the position in x and y).
c. For each slice selected in step (a), starting with the bottom slice, perform steps (d) and (e).
d. Calculate and store the total of all grayscale values in the image within the search rectangle.
e. Adjust the size of the search rectangle and its position in x and y according to the step size in each direction.

f. Find the average value of all the totals calculated and the standard deviation across all slices.
g. The slices containing a total of grayscale values within the average plus the standard deviation are those which contain the image of the ventricles.
After the region of the ventricles in all dimensions within the brain structure is known, it was possible to mask out all the data outside of this region before continuing onto the next segmentation step.
2.2
3-Dimensional Histogram Thresholding
Again using the lower grayscale values of the ventricles in the MR image, it was possible to extract the ventricles from the white matter in the image. The optimal thresholding technique was designed such as to find an optimal threshold for each slice. For each slice within the region of the ventricles, the following steps are performed,
a. Find the histogram with respect to the grayscale values of the slice

b. Divide each value of the histogram by the total sum of all values, to find the probability of each gray scale

c. Use the ‘Optimum Thresholding’ algorithm to find the optimum threshold in the histogram:
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, where L is the maximum number of gray levels in the slice. Let the mean of the gray levels in the slice be:
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[image: image14.wmf]0

1

0

P

iP

i

i

å

=

=

q

m

, and the mean of the gray levels of the lighter pixels be: 
[image: image15.wmf]1

1

1

P

iP

L

i

i

å

+

=

=

q

m

. The optimal threshold occurs when the separation between 
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 is maximum. The interclass variance between the “lighter pixels” class and the “darker pixels” class is used as the measure of the distance between the two means and is given by: 
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. Hence, the optimal threshold is found when the variance is maximized: 
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d. Perform a binary mask on the slice to identify the darkest landmarks in the 3D brain image, which represent the ventricles: assign a value of ‘255’ (white) where the gray levels of the slice are less than the optimal threshold 
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 and a value of ‘0’ (black) where the gray levels are greater than 
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The algorithm described was applied for each dimension of the image separately, and the results obtained from each dimension were superimposed to render the complete structure of the ventricles. By applying the threshold algorithm to each dimension, it is possible to extract certain pixels in the image that belong to the ventricular structure but that may not have a significantly lower grayscale value as compared to the surrounding area in a slice.
3 Results and Discussions
The developed segmentation algorithm was tested with T1 3D Gradient Echo images from 10 patients. Fig. 2, 3, and 4 display one slice in each dimension of the MRI of a patient, where the left image displays the reformatted MRI slice and the right image displays the extracted ventricular structure.
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Fig. 2 Patient 1: Reformatted sagittal T1 slice (left), with segmented lateral ventricles in white (right)
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Fig. 3 Patient 1: Reformatted coronal T1 slice (left), with segmented ventricles in white (right)
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Fig. 4 Patient 1: Transverse T1 slice (left), with segmented ventricles in white (right)
The reconstructed 3D ventricular structure of the same patient, obtained from the superimposition of the extracted images in each dimension is shown in fig. 5. The image shown here was obtained after using a function LABEL_REGION provided by IDL, which labels all of the regions of the 3D image with a unique region index. The regions labeled by IDL were sorted according to the size of the region (i.e. the number of voxels belonging to each region) and all but the 3 largest regions were masked out, which include the background (all black voxels), the ventricles, and some additional noise.
An initial noise-reduction algorithm was developed, which finds the highest pixel connectivity within the regions found by IDL. Pixel connectivity was defined as the number of neighbors a pixel may have in each dimension. Once the total connectivity was calculated for all regions, those with values less than 10% of the highest connectivity value were masked out. This allowed for the removal of the maximum number of noisy regions from the main anatomical structures. The resulting 3D image of the ventricles is displayed in fig. 6. It may be noticed that the noise reduction algorithm was very effective for this image while enhancing the ventricular structure.
Using opacity and transparency settings provided by IDL, the 3D brain was displayed as a transparent structure so that the ventricles could be seen within the image, as shown in fig. 7. To achieve this, the original skull-stripped brain image was superimposed on the segmented image containing just the ventricles.
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Fig. 5 Patient 1: Side and top views of 3D ventricles
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Fig. 6 Patient 1: Side and top views of 3D ventricles after noise reduction algorithm
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Fig. 7 Patient 1: Side and top views of 3D ventricles within semi-transparent 3D brain structure
The results obtained with the MRI of another patient are as follows: Fig. 8 displays the extracted region from a single sagittal slice in the 2nd patient and fig. 9 displays the region extracted from a single transverse slice in the same patient.  It may be noticed that the algorithm did not extract the region with as much accuracy as with the first patient, mainly due to the low contrast of the MRI itself, in which the whole image is displayed with very low grayscale values. The reconstructed 3D ventricle structure is displayed in fig. 10, in which the additional noise may also be appreciated. After applying the initial noise reduction algorithm, the result was as shown in fig. 11. It may be noticed also in this image that the segmentation of the ventricle from this MRI was not very accurate, even after applying the noise reduction algorithm. The reconstructed 3D semi-transparent brain structure for patient 2 is displayed in fig. 12, in which the cranial view of the 3D ventricles obtained from the segmentation algorithm is observed.
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Fig. 8 Patient 2: Reformatted sagittal T1 slice (left), with segmented lateral ventricles in white (right)
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Fig. 9 Patient 2: Reformatted transverse T1 slice (left), with segmented ventricles in white (right)
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Fig. 10 Patient 2: Top view of 3D ventricles (left), after noise reduction algorithm (right)
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Fig. 12 Patient 2: Top view of 3D ventricles within semi-transparent 3D brain structure
4 Conclusions

In this study we evaluated characterizing features of the brain ventricular structure to be applied towards a three-dimensional automatic segmentation algorithm of MR images. We translated the known anatomical structure of the ventricles into a geometrical arrangement to allow for the automatic selection of the region in the brain in which the ventricles are located. Furthermore, we used the grayscale characteristics of the ventricles in the T1-weighted MRI and histogram thresholding to extract and display the ventricles in the brain.
Future work in this area includes further development of algorithms to eliminate noise in the images. This noise is mainly obtained from incorrect selection of certain pixels in the image as part of the ventricular structure. Our goal is to use these methods in DTI and co register 3D anatomical brain structures with fiber tracts. The enhanced software will be applied in the medical setting at MCH for research involving 3D location of the tracts in neurological conditions.
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