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Abstract

Multiple sclerosis (MS) affects both white matter and gray matter (GM). Measurement of GM
volumes is a particularly useful method to estimate the total extent of GM tissue damage because
it can be done with conventional magnetic resonance images (MRI). Many algorithms exist for
segmentation of GM, but none were specifically designed to handle issues associated with MS,
such as atrophy and the effects that MS lesions may have on the classification of GM. A new GM
segmentation algorithm has been developed specifically for calculation of GM volumes in MS
patients. The new algorithm uses a combination of intensity, anatomical, and morphological
probability maps. Several validation tests were performed to evaluate the algorithm in terms of
accuracy, reproducibility, and sensitivity to MS lesions. The accuracy tests resulted in error rates
of 1.2% and 3.1% for comparisons to BrainWeb and manual tracings, respectively. Similarity
indices indicated excellent agreement with the BrainWeb segmentation (0.858-0.975, for various
levels of noise and rf inhomogeneity). The scan-rescan reproducibility test resulted in a mean
coefficient of variation of 1.1% for GM fraction. Tests of the effects of varying the size of MS
lesions revealed a moderate and consistent dependence of GM volumes on T2 lesion volume,
which suggests that GM volumes should be corrected for T2 lesion volumes using a simple scale
factor in order to eliminate this technical artifact. The new segmentation algorithm can be used for
improved measurement of GM volumes in MS patients, and is particularly applicable to
retrospective datasets.

Introduction

Determination of gray matter (GM) volume in brain magnetic resonance images (MRI) has
become an important measurement tool for multiple sclerosis (MS) patient monitoring and
research. Previously, MS was considered primarily a white matter (WM) disease, with
prominent focal regions of demyelination visible by macroscopic examination of the tissue
and on MRI. Histological studies of MS brain tissue have shown that MS lesions are also
located in the gray matter and that these GM lesions make up a substantial proportion of
overall tissue damage due to MS (Peterson 2001; Kutzelnig, 2005). While there are new
MRI techniques that allow visualization of cortical lesions, such as fluid-attenuated
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inversion recovery (Bakshi 2001), double inversion recovery (Geurts 2005), averaged high
resolution T1-weighted images (Bagnato 2006), and phase-sensitive inversion recovery
(Nelson 2007), GM pathology is difficult to measure in vivo because most GM lesions are
not visible on conventional MRI (Pirko 2007). Measurement of GM volume loss provides an
alternative, indirect measure of GM pathology. Previous studies have shown that GM
atrophy is detectable at all stages of MS (Chard 2004; Ge 2001; Sastre-Garriga 2004;
Tiberio 2005) and is correlated with disability (Chen 2004; De Stefano 2003). These studies
suggest that GM measurements are clinically relevant, provide important insights about
disease progression, and may be useful in the evaluation the efficacy of new therapies.

To measure cross-sectional differences and changes over time in GM volumes, accurate
segmentation methods must be used. A variety of different approaches to brain tissue
segmentation have been described in the literature. Few algorithms rely solely on image
intensity, (Schnack 2001) because these approaches are overly sensitive to image artifacts
such as radiofrequency inhomogeneity, By inhomogeneity, and aliasing, and can not
adequately account for overlapping intensity distributions across structures. Therefore, to
improve segmentation accuracy, most tissue segmentation algorithms combine intensity
information with other techniques, such as the use of a priori anatomic information
(Chalana 2001; Van Leemput 1999) or edge information through deformable contours
(Davatzikos 1995; Xu 1999; Zeng 1999). Intensity information is analyzed differently in
each approach, including Gaussian mixture models (Ashburner 2005; Andersen 2002;
Marroquin 2002; Zhang 2001), discriminant analysis (Amato 2003), k-nearest neighbor
classification (Mohamed 1999), and fuzzy c-means clustering (Pham 1999; Suckling 1999;
Ahmed 2002; Zhu 2003; Zhou 2007). The use of multiple images has significant advantages
over a single image because the different contrasts can be enhanced between tissues. For
example, fluid attenuated inversion recovery (FLAIR) images have desirable contrast
between MS lesions and the normal-appearing brain tissue and can be combined with other
images to obtain gray/white matter segmentation (Sajja 2006).

There are a few widely available and commonly used brain tissue segmentation methods that
use both intensity and a priori anatomic information. These algorithms, such as the
segmentation tool in SPM (Ashburner 2005) and FAST in FSL (Smith 2004), have been
designed for general use, and therefore, are not necessarily optimized for specific pulse
sequences or for application to images from patients with a specific disease. For example,
the use of general-use programs to segment MR images of MS patients often results in
misclassification of MS lesions as gray matter due to overlapping intensities, which then
requires time-consuming manual editing and introduces operator variability into the
measurements. These methods are also prone to classification errors due to partial volume
effects between MS lesions and normal tissue. Furthermore, for retrospective image
analysis, where image data may not have been acquired using optimal sequences for use
with one of the widely available segmentation tools, a customized segmentation method may
be required to obtain the most accurate results.

In this report, we present a new automated method to measure gray and white matter tissue
volumes from MRIs using a probability-based tissue segmentation algorithm that
incorporates intensity, anatomic, and morphologic information. The method has been
designed specifically for application to retrospective analysis of images from multiple
sclerosis patients. Results of tests to determine reliability and accuracy of the new method
are also reported.
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The overall flow chart, including pre-processing steps and gray matter segmentation steps, is
shown in Figure 1. Prior to GM segmentation, the brain is isolated from non-brain tissues in
fluid attenuated inversion recovery (FLAIR) images using a fully automated knowledge-
based segmentation method, as previously described (Fisher 1997). The outer contour of the
brain, a smoothed surface that includes the ventricles and other cerebrospinal fluid
surrounding the brain, is also determined in this step, and the total brain parenchymal
volume and volume within the outer contour are determined. In images of MS patients, T2
hyperintense white matter lesions are segmented in the FLAIR images using a modified
version of the iterated conditional modes algorithm (Besag 1986).

T1-weighted images, and/or any other images to be used in the tissue classification step, are
pre-processed by anisotropic diffusion filtering (ADF) (Perona 1990), N3 intensity variation
correction (Sled 1998), and inter-slice intensity correction programs. The inter-slice
intensity correction algorithm estimates and reduces the loss of signal due to intensity drop-
off in the superior and inferior slices. A single multiplication factor is estimated for each
slice by measuring the mode of the pixel-by-pixel ratios between contiguous slices within
the brain. FLAIR and T1-weighted images are co-registered using a normalized mutual
information algorithm (Pluim 2003) with downhill simplex optimization (Press 1988).
Patient motion between 2 interleaved sets is corrected using the same normalized mutual
information registration algorithm by separating, registering, and re-combining the two
interleaved image sets.

After preprocessing, voxels within the brain mask are classified into gray matter, white
matter and cerebrospinal fluid. The classification algorithm uses a probability-based method
where intensity, anatomic, and morphologic information are all incorporated to derive a final
GM segmentation.

To calculate the intensity-based probability map, the grayscale values for all normal-
appearing brain voxels (i.e. voxels included in the brain mask, but not included in the lesion
mask) are analyzed with a modified fuzzy c-means (FCM) clustering method to generate
probability maps for each tissue type. For this study, FCM was applied to the T1-weighted
images. In addition to the standard FCM, our algorithm includes additional parameters to
factor in local information, as shown:
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where ujy is the fuzzy membership of tissue i at voxel k, calculated from x which is the
intensity at voxel k, and v;, which is the mean intensity for tissue i. The fuzzy membership
with local information is u’;, where uiyn is the fuzzy membership for class i of voxel k’s
local neighbor n. The additional parameters are w that weights one tissue over the other to
account for various tissue intensity characteristics, and 3, that determines the influence of
the fuzzy memberships of local neighbors. Since cortical gray matter can be very thin, a 2D
local region with 4 neighbors was used. The parameters 3 and w were determined based on
the best results obtained as compared to manual tracing in terms of the similarity index
(Zijdenbos 1994). Similarity index was calculated by Equation 2.
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2TP

Similarity Index = ——————
Ay e = TP FP+FN Eq. 2

TP, FP, and FN are the number of true positive (correctly labeled as GM), false positives
(incorrectly labeled as GM) and false negative (incorrectly not labeled as GM) voxels. The
downhill simplex algorithm was used for optimization, where the cost function was the
average similarity index between the automatically generated masks and the manually traced
GM and WM masks. In this way, parameter  was set to 0.1, and w for GM and WM were
calculated to be 0.85 and 0.10, respectively.

An individualized anatomy-based probability map is derived from the Harvard Brain Atlas
(Kikinis 1996). The atlas was first converted to a general GM probability map by creating a
mask image containing only GM structures and then applying morphologic operators and
Gaussian filters with spherical 3D kernel of 2mm radius to smooth the result. The converted
atlas-based GM probability map is individualized by aligning it with each patient’s MRI
using a 12 degree-of-freedom affine transformation.

The third GM probability map, the individualized morphological probability map, is created
from morphologic models of the cortical and deep GM. The cortical GM model represents
the probability of cortical GM as a function of the distance from the approximated brain
surface. This brain surface is determined by the mid-sagittal plane and the edges on initial
brain segmentation excluding the lateral ventricle edges. The lateral ventricles are
segmented by a series of morphologic operators (dilation, erosion, median filter, and seed
fill) on the segmented brain mask. The mid-sagittal segmentation is achieved through
minimization of left and right hemispheric intensity differences. The morphologic deep GM
model consists of 3D ellipsoids with shapes and locations that are based on functions of the
directions and lengths of the principal axes of the left and right lateral ventricles and the
centroid positions of each cerebral hemisphere. The ellipsoids cover all the deep GM
structures excluding the diencephalon, which can be captured by the cortical GM model
because it borders the brain surface.

In the final step, a combined probability image is created as the product of all three GM
probability maps. Then the binary GM mask is generated by setting a threshold of 0.5 on the
combined probability map. The final GM tissue volume is calculated after a linear 3-class
partial volume correction (Santago 1990). The normalized GM volume is calculated as:
Gray matter fraction = [gray matter volume] / [outer contour volume].

Four different types of tests were performed to evaluate the performance of the new GM
segmentation algorithm: (1) segmentation of simulated MRI datasets and comparison to
correct results to determine accuracy; (2) segmentation of real MRI datasets and comparison
to results from manual tracings as another way to evaluate accuracy; (3) segmentation of
scan-rescan images to determine the reproducibility; and (4) segmentation of the same
image with simulated MS lesions of various volumes to determine the effects of lesions.

(1) Accuracy Tests with Simulated MRIs—We used simulated MRI data (BrainWeb,
http://www.bic.mni.mcgill.ca/brainweb/; Collins 1998) to evaluate the accuracy of
segmentation in terms of volumetric errors and similarity indices by comparing our
segmented tissue masks to the gold standard tissue masks. The segmentation algorithm was
evaluated for the effects of rf inhomogeneities at 0%, 20%, and 40 using the similarity index
(Equation 2).
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(2) Accuracy Tests with Manually Traced Real MRIs—We used MRIs from 3 MS
patients and 3 normal healthy controls to evaluate the segmentation accuracy in real MRIs
that were acquired in 2000 as part of another study. The images were acquired on a 1.5T
Siemens Vision scanner using a circularly polarized head coil, and included a FLAIR [30
contiguous axial slices, echo time (TE) = 105ms, repetition time (TR) = 6000ms, inversion
time (T1) = 2000ms, 2 excitations (NEX), field of view (FOV) = 172mmx230mm, matrix
size = 192x256, to yield an in-plane resolution = 0.9x0.9mm, and slice thickness 5.0mm]
and a T1-weighted spin echo [30 contiguous axial slices, TE = 20ms, TR =800ms, 1 NEX,
FOV = 172mmx230mm, matrix size of 192x256, in-plane resolution 0.9x0.9mm, and slice
thickness 5.0mm].

The images were processed through our automated GM segmentation algorithm and,
separately, the GM was manually traced in each image. VVolume errors and similarity indices
were calculated using the manual segmentation as a gold standard. Pearson correlation
coefficients were determined between volumes calculated from manual and automated
segmentation. The leave-one-out approach was used to avoid testing and training on the
same dataset. Because we originally optimized the segmentation parameters (w and B) using
these same manually traced images, we could not use these optimized parameters for this
part of the validation. Instead, for each of the six cases, we optimized the parameters
separately using only the other five cases and excluding the test data.

(3) Reproducibility Tests with Repeated MRIs—For a separate study, MRIs were
acquired from 9 MS patients who were imaged at 3 different time points within two weeks.
Each image set was processed separately through the automated GM segmentation
algorithm. The reproducibility of the algorithm was evaluated by calculating the coefficient
of variation of GM volumes calculated from the repeated images for each patient.

(4) Tests for Effects of MS Lesions on Segmentation—Finally, the segmentation
algorithm was tested for the effects of white matter lesions in the FLAIR images. Masks of
segmented MS lesions were morphologically dilated with 3D spherical kernels of various
sizes (1.2,1.5,1.9,2.1, 2.6, 2.8, 2.9, 3.5, and 3.9 mm) in order to simulate different sized
MS lesions within the same MRIs. The dilated lesion masks were masked by the brain tissue
mask to ensure that “lesion” voxels did not extend into non-parenchymal space. The
automated segmentation was then performed on the same MRI repeatedly using different
lesion masks and GM volume was measured. This testing was repeated in 18 different MS
patients to ensure that lesions of various starting sizes and locations were included. Linear
regression was performed to evaluate the dependence of GM volumes on T2 lesion volumes.

An example of a set of input (a-b), intermediate images (c—g), and final segmentation results
(h) is shown in Figure 2. Figure 3 compares results obtained from our new method and two
commonly available segmentation methods (FAST version 3.51 in FSL and SPM5). Note
that our method successfully classified the periventricular MS lesion as WM whereas the
other methods misclassified the lesion as GM or CSF.

(1) Accuracy Results with Simulated MRIs

Using BrainWeb simulated MR images, the error was 1.20% for GM volume at 3% noise
and 20% RF inhomogeneity level. The similarity index for GM mask images was 0.964.
Similarity index of 0.7 or above is considered good agreement. The new segmentation
program performed well in the presence of RF inhomogeneity and the various noise levels,
as shown in Table 1.
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(2) Accuracy Tests with Manually Traced Real MRIs

The comparison with manually traced segmentation showed good agreement. The mean
absolute error (s.d.) for GM volume was 3.1% (2.6). The automated and manually derived
tissue volumes for each image set were highly correlated (r=0.993), however, the Bland-
Altman plot demonstrates that there is a bias toward higher differences in larger brains
(Figure 4). The similarity indices of automated segmentation compared to manually tracing
were good. In controls, the mean similarity index was 0.841, and in MS patients, the mean
similarity index was 0.836.

(3) Reproducibility Results with Repeated MRIs

The mean coefficient of variation for GM volumes obtained from 3 repeated MRIs was
1.0%. The coefficient of variation for gray matter fractions was 1.1%. The reproducibility
data are shown in Figure 5.

(4) Effects of MS Lesions on Segmentation

The effects of lesion size are shown in Figure 6 for all 18 MS patients. There is a clear and
fairly consistent effect of total T2 lesion volume on the measured GM volume for each case.
As the lesion size was systematically increased, the gray matter volume decreased. The
lesion volume and the gray matter volume were inversely proportional with a mean (s.d.)
slope of —0.26 (0.07). As shown in Figure 6b, this GM volume loss was caused by slight
changes in fuzzy membership values for the voxels with intermediate intensities between
GM and WM as the lesion sizes were increased.

Discussion

This work describes a new, fully automated method for GM segmentation in brain MRIs that
was specifically designed for MS patients. The major strength of the method is that it can be
applied to analyze routine clinical MRIs and for retrospective analyses, as shown in the
validation studies described here. Clinical quality MRIs commonly include conventional T1-
weighted and FLAIR or proton-density/T2-weighted image sets, and the proposed method
takes advantage of their different tissue contrasts. While there are accurate, sophisticated
methods available to analyze high quality MRIs, (Ashburner 2005, Dale 1999) it may not
always be feasible to acquire images of sufficient quality for such methaods, as the
acquisition times can be prohibitive when combined with other required scans. Furthermore,
most of the newer techniques that require high contrast, high resolution images would not
obtain reliable segmentation results with images acquired from previous MS clinical trials.
There have been very few attempts to analyze routine clinical or previously acquired MRIs
with suboptimal quality by today’s standards.

The new GM segmentation method combines probability maps derived from intensity
statistics, anatomic information, and morphology. The use of both anatomic and
morphologic probability maps is a unique aspect of our algorithm. These maps essentially
provide patient-specific information about the locations of cortical GM and deep GM
structures that is more precise than the use of either the anatomic or morphologic maps
provide alone. This is a key step for correct tissue classification in MS brains since T1-
hypointense lesions and lesion/WM partial volume voxels would otherwise be misclassified
as GM. The misclassification of lesion voxels is a common problem with the application of
general-use brain segmentation software, such as SPM, to segment GM in MS patients, and
requires time-consuming manual editing to obtain an acceptable segmentation (Sanfilipo
2005). The misclassification of lesions as GM is a potential problem for both cross-sectional
and longitudinal studies. In cross-sectional studies, comparison of SPM-derived GM
volumes between different subjects without correcting misclassified GM voxels may lead to
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a result that is actually a composite of both GM and lesion volumes, which, in turn, may
lead to misinterpretation of the results. As shown by the “staggering” of the data for each
patient in Figure 6(a), initial GM volumes are not strongly correlated to lesion volume, but
SPM-derived GM volumes may artificially appear to be correlated to lesion volume if the
misclassification of T1 hypointense lesions is left uncorrected. In longitudinal studies, this
presents an even bigger problem because MS lesions are highly dynamic, and the
misclassified lesion volume change may be even greater than the true GM volume change.
By performing the lesion segmentation step separately, masking out the lesions, and
combining intensity, anatomic, and morphologic probability maps to segment GM, the
misclassification of MS lesions can be avoided.

A related issue which can also adversely affect GM segmentation in MS brains is the
misclassification of “dirty white matter”, that is, diffusely abnormal white matter, with
intensity on T2-weighted MRI in between that of focal MS lesions and normal-appearing
white matter. The T1-weighted spin echo images used here, which are very common in MS
clinical trials and routine MRI exams, are not sensitive to dirty white matter, so this was not
a problem for our algorithm. Extension of the algorithm for application to proton density /
T2-weighted dual echo scans may require modifications to account for potential
misclassification of dirty white matter. However, in general, the incorporation of the
anatomic and morphologic probability maps also serves to minimize the misclassification of
peri-lesional dirty WM.

The use of two different types of prior probability maps, anatomic and morphologic, is also
important for segmentation of MS brains because many patients have a significant degree of
atrophy, leading to enlargement of the lateral ventricles. For this reason, a simple affine
transformation of an anatomic reference, such as a smoothed brain atlas or an average brain
data set, would not provide a useful estimate of GM locations, particularly for deep gray
matter structures. The morphologic probability map improves GM location estimates
because it is derived directly from the patient image data and, therefore, takes into account
the degree of brain atrophy for that individual. The use of the morphologic probability map
is also much faster than the alternative approach of performing a full non-linear registration
to map the atlas to each individual brain.

In order to illustrate one of the advantages of our approach for GM segmentation of MS
brains, we included Figure 3, which compares results of our method to those of two widely-
used and freely-available segmentation methods: FAST/FSL and SPM. This figure serves to
demonstrate that our method successfully avoids the problem of lesion misclassification that
plagues other techniques. However, the comparison is not fully justified, because our
method utilizes more information as input, requiring both the T1-weighted image and the
FLAIR lesion segmentation results. For this reason, we did not include a complete
quantitative comparison of the different methods. During our testing, however, we did apply
SPM and FAST/FSL to the same brain images that were manually traced. The average
similarity indices (standard deviation) were 0.8381 (0.01), 0.7887 (0.04), and 0.7084 (0.08)
for our method, SPM, and FSL, respectively. Previously published similarity indices of SPM
and FSL with BrainWeb images were 0.934 and 0.90, respectively (Ashburner 2005, and
Ferreira da Silva 2007), which are similar to the average Sl of 0.94 reported here for our
method applied to BrainWeb. Therefore, quantitatively, there is no appreciable difference
between the accuracy of the different segmentation techniques. This makes sense given how
small the lesion volume is in comparison to whole brain GM volume.

Various tests were performed to evaluate our new algorithm in terms of both numerical
results (volumes) and segmented image results (GM masks). The accuracy and
reproducibility of our new GM segmentation method were shown to be comparable to those
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of other published techniques (Chard 2002). It is difficult to directly compare validation
results across segmentation techniques because of differences in evaluation methods, patient
groups, and MRI acquisition parameters. The simulated MRIs available through BrainWeb
offer one way to do direct comparisons. In comparison to other published results using
BrainWeb images, our segmentation method performed comparably well (Ashburner 2005;
Shattuck 2001; Zhu 2003). For GM segmentation, our method resulted in a similarity index
of 0.938 as compared to 0.932 and 0.893 reported by Ashburner using SPM and by Shattuck
using a partial volume model.

Another test performed was the comparison to manual tracings of gray matter in real MRIs.
This was done because BrainWeb images are slightly unrealistic, with sharper edges
between GM, WM, and CSF than what is observed in actual MRI data. While our algorithm
clearly agreed well with manually segmented images, the numerical accuracy results were
only moderately good, with a mean error rate of 3.1%. This is not surprising given that the
“gold standard” for comparison is based on manual tracing, which is known to be error-
prone and highly subjective. There was also an observed bias in the comparison between
techniques -- the volume difference was greater in larger brains. This bias was found to be
due to differences in the ability to distinguish the GM-CSF border in deep sulci in large and
small brains. Brains with low gray matter volume typically have a significant degree of
whole brain atrophy and vice versa. These brains with significant atrophy have very large
sulci with clear GM-CSF edges, whereas those without significant atrophy have ambiguous
GM-CSF edges due to partial volume effects in the tight sulcal spaces. The brains that were
manually traced for the validation study had a very wide range in brain parenchymal fraction
(0.74 t0 0.87), and therefore a wide range in GM-CSF separation in the deep sulci, which
made this bias evident.

Evaluation of the accuracy of segmentation algorithms is difficult due to the lack of a true
gold standard. In this study, the accuracy tests were performed with widely used BrainWeb
simulation images and with manually traced images, both of which result in fully
quantitative evaluation of algorithm performance for detection of gray matter. To verify that
this quantitative evaluation was representative of an expert qualitative review, a
neuroradiologist was asked to perform a blinded review of the GM segmentation results for
each of the 3 methods shown in Figure 3 as well as the manually traced GM results for 4
brains each. The results showed that our method resulted in acceptable GM segmentation in
all cases while some results from other methods were unacceptable due to the
misclassifications of lesions as GM and non-gray matter classified as gray matter. The mean
subjective scores demonstrated consistency with the quantitative evaluation (manual tracing
= 1.1, our method: 2.0, FSL: 2.5, and SPM: 2.5, where 1 = excellent segmentation and 3 =
unacceptable results).

The scan-rescan test was performed in order to evaluate the applicability of our
segmentation method for longitudinal studies of GM atrophy, wherein the extent of GM
tissue loss can be estimated by the difference in GM fractions obtained at 2 different time
points. Coefficients of variation of approximately 1% from repeated scans obtained within 2
weeks demonstrate that the algorithm is highly reproducible. The rate of GM atrophy in
RRMS patients has been estimated to be about 0.86% per year (Chard 2004). Therefore, this
method is most appropriate for application to longitudinal studies of duration 2 years, or
longer. For shorter term studies, a more precise method for measurement of GM tissue loss
is recommended.

We also performed a test to determine if the GM volume is affected by changes in total T2
lesion volume. We found that there was a systematic and linear relationship between GM
volume and T2 lesion volume. Unlike the issue of misclassified lesion voxels discussed
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above, this effect stems from the fact that unsupervised clustering algorithms, such as fuzzy
c-means or SPM, are sensitive to the distribution of the voxel intensities that are fed to it as
input. The input intensity distributions determine the final cluster centers and class
memberships of each voxel. Thus, even a relatively minor change in the input voxels can
have an effect on the final clustering result, because voxels with intensities that fall in the
overlap range between GM and WM may switch tissue types as the cluster centers change.
In our algorithm, lesion voxels are masked out of the input before we run fuzzy c-means.
Therefore, as the lesions grow or shrink, the actual voxels that are used as input in the
intensity-based classification step will change, and this was shown by our simulations to
have a clear effect on the resulting GM volumes (see Figure 6a). Figure 6b illustrates that
the tissue type switching occurs in voxels with intensities between that of GM and WM. We
were initially surprised by this observation, because we would expect the distribution of
masked WM voxels to be unbiased. However, when the lesion size increases and the lesions
are subsequently masked out, the distribution of WM tissue intensities actually shifts
downward, closer to the GM cluster, presumably because the voxels that are surrounding the
original lesions are not, in fact, a random sample of WM voxels, and their distribution is
slightly biased toward brighter WM. With the slightly different distribution, the mean cluster
intensities also change slightly, which causes some voxels to switch from GM to WM as the
WM cluster shifts closer to GM. For example, some voxels that previously had a GM
probability of 0.52, might end up with a GM probability of only 0.48 after the lesions are
dilated. This effect occurs in any segmentation algorithms to some extent, and is significant
because if left uncorrected in a longitudinal study of MS patients, some portion of the
change in GM volume would appear to be correlated to T2 lesion volume and T2 lesion
volume changes, just due to this technical issue. We performed a systematic test to calculate
the extent and significance of this association, so that in future studies of GM volumes in
MS patients, we can correct for the effects of T2 lesions using the calculated mean slope of
the GM volume versus T2 lesion volume regression lines.

In summary, our results indicate that the new segmentation algorithm can be used for
reliable measurement of GM volumes in normal healthy controls and MS patients even
using MRIs of relatively poor quality from a retrospective study. Issues inherent to the
analysis of MRIs of MS patients, such as the effects of lesions and whole brain atrophy,
have been addressed directly in the design of the algorithm. We are currently using this
method to measure GM atrophy in a large longitudinal study of MS patients to determine the
kinetics of GM tissue loss. In general, quantitative measurement of gray matter is a valuable
research tool due to its relevance in a wide variety of medical conditions in addition to MS,
such as schizophrenia (Hulshoff Pol 2002), HIV dementia (Stout 1998), Alzheimer’s disease
(Rusinek 1991). This algorithm is likely to be applicable and sensitive to GM tissue loss in a
wide range of conditions.
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Figure 1.

Overall segmentation process flow starting with the input FLAIR and T1-weighted images
and the pre-labeled brain atlas, and ending with the segmented gray matter mask and
volume. (DGM = deep gray matter, CGM = cortical gray matter, FCM = fuzzy c-means
classification, GM = gray matter)
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288
Figure 2.

Example of input (a—b), intermediate (c—g) and final segmentation (h) images: a) input
FLAIR image, b) input T1-weighted image, c) brain segmentation, d) lesion segmentation,
e) intensity-based probability map, f) anatomy-based probability map, g) morphology-based
probability map, and h) resulting GM mask.
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Figure 3.
Comparison with commonly available segmentation methods: a) input FLAIR, b) input T1-

weighted image, ¢) SPM5 GM, d) FSL GM, e) new method.
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Figure 4.
(a) Plot of GM volumes from manual versus automatic segmentation in 3 MS and 3 healthy
normal control subjects. (b) Bland-Altman plot of the same subjects.
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Figure 5.
Gray matter fractions measured from scan-rescan images acquired on 9 MS patients. Each
patient was scanned 3 times over a 2 week period.
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Figure 6.

a) Effect of lesion size on automated gray matter volume measurements in 18 different MS
patients where the average slope was —0.26. b) Histogram from GM, WM and the GM
region that became WM when the lesion size increased during the simulation.
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