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Abstract

Automated classification is a well established technique for pattern recognition. In this work, the focus is upon
testing for detectable differences between categories, rather than upon building a model for predicting category
from new data. We applied image processing and pattern recognition techniques to determine whether there are
differentiating features in the structure of blood vessels of the cortex when comparing dementia, its subtypes, and
normal cortex. We derived measures from images of tissue using multi fractal analysis, which complements more
conventional image analysis techniques. Although statistical methods found no evidence of differences between
dementia subtypes, several machine learning methods were able to correctly classify many instances, leading us to
conclude that detectable difference do exist. Further investigation along these lines may provide new understanding
of the causes, pathology and treatment of these diseases. Our findings demonstrate the utility of multi-fractal
analysis combined with machine learning techniques in dementia research.

1.Introduction

The goal of this study is to investigate the efficacy of automated classification algorithms for
differentiating between disease subtypes, using multi-fractal spectra, lacunarity and integrated
density measures. This is a novel approach to the automated classification of dementia subtypes,
as these measures have not been previously applied to this problem. Our results indicate that
these measures may be of use as not only did they identify differences in blood vessel patterns
associated with different cortical areas, but also reveal an anatomical basis for differences
between disease subtypes. This suggests that multi-fractal analysis is a useful tool in
neuropathology that can be applied to the study of other central nervous system diseases where
blood vessels are implicated.

Automated classification is a common goal of machine learning, and is the task of assigning a
class label to a set of measurements. This is achieved by determining some relationship between a
set of measurements and a corresponding set of values on a nominal scale that represent category
or class. The relationship is obtained by applying an algorithm to training samples that are 2-
tuples <u, z>, consisting of an input vector # and a class label z. The learned relationship can
then be applied to instances of # in order to discover the corresponding class label z [1]. A
number of machine learning techniques including Genetic Algorithms [2], and Neural Networks
[3] have been shown to be very effective for solving such problems.

Whilst automated classification is commonly employed in pattern recognition tasks, it can also be
used to indicate that groups can be distinguished on the basis of a given set of measurements. If
the measurements are sufficient to distinguish between classes, this should be revealed by the
success of classifier algorithms in predicting the class correctly for the majority of data records.
In this work, we compare standard statistical techniques and several machine learning algorithms.
The data used for this comparison are based on image data obtained from patients with
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Alzheimer’s disease, with vascular dementia due to small vessel disease, and with no known
pathology.

The remainder of this paper is organized as follows. Section 2 gives an overview of current
knowledge regarding dementia and its effects upon the structure of blood vessels in the cortex.
Section 3 describes the analysis and classification of complex objects. Section 4 describes the
machine learning methods applied. Section 5 describes the methods used. Section 6 presents
results, and section 7 concludes the paper.

2.Alzheimer’s and Small Vessel Disease Dementia

Dementia is a clinical syndrome which results from degeneration of the brain. There are number
of different subtypes of dementia of which Alzheimer’s disease (AD) is the most common.
Vascular dementia is the second most common cause of dementia, and includes subtypes due to
large vessel disease (i.e. infarcts) and small vessel disease. The brain relies on a capillary network
of vessels to bring oxygen and nutrient-bearing blood. The oxygen perfuses from the vessels to
the brain cells and sub-optimal perfusion will interfere with cellular mechanisms. Changes to the
microvascular system of the brain have been demonstrated in both AD and SVD dementia.
However, there has been little quantitative investigation of the capillary network in patients with
dementia [4]. One of the current research questions is whether there are differentiating features in
the structure of blood vessels of the cortex when comparing dementia, its subtypes and normal
cortex.
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Fig. 1. Typical images of blood vessel structure obtained from the frontal lobe of patients with (a)
Altzeimer’s disease, (b) Small vessel disease, (c) both diseases, and (d) non-demented aged controls.

Figure 1 shows typical binary images of blood vessel structure obtained from the frontal cortex
for patients with these four pathologies. The images in Figure 1 are of the frontal lobe showing in
(a) AD, (b) SVD (c¢) AD-SVD and (d) non-demented control. Previous research has indicated that
there may be a difference in vessel distribution or coverage between controls and dementia.
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When viewing Figure 1 it becomes apparent that if such a difference exists, then it requires very
sensitive pattern analysis, as traditional variables such as density and length of vessels cannot
discriminate between these four cases.

3. Analysis of Complex Objects

Natural objects, including cells and tissues studied in pathology, have complex structural
characteristics that are difficult to describe using Euclidean geometry. As an alternative, fractal
analysis has found applications in the measurement of the space-filling properties of tumours,
blood vessels, neurones and their support cells [5, 6, 7]. One of the tasks that pathologists
routinely perform in diagnosis is the assessment of complexity of shape or texture of tissue such
as muscle, bone or nervous tissue and microscopic images of individual cells, tumour growth and
blood vessels [8, 9]. Some of these complex patterns can be approximated in terms of fractal
structures and can be analysed using principles from global fractal or multi-fractal analysis [10].

Fractal analysis has been used extensively to characterise complex scaling phenomena in
biological material [11]. Fractal analysis provides a quantitative parameter, generalised fractal
dimension, for the extent to which an object fills space, and indicates whether scale-invariance is
present [12]. However, the generalised dimension that is most often calculated does not always
differentiate between structures due to their common scale-invariant properties [11, 6]. Multi-
fractal analysis is a rather novel approach to analysing biological patterns [13, 14]. Multi-fractal
analysis is based on the premise that structure is determined by many processes operating at
different scales. The calculated multi-fractal spectrum reflects the diversity of the developmental
or environmental influences contributing to the final complexity of the structures [15, 16].
Recently, multi-fractal analysis has been applied to biological tissues composed of complex
structures and extended into the medical domain for analysing tumours and blood vessel
complexity, especially for magnetic resonance images (MRI) [17, 18, 19].

The multi-fractal spectrum D(g) consists of many dimensions ranging from -co to +oo. Of these
only three are understood, Dy, D; and D, [10]. Dy is the generalised dimension or Hausdorff
dimension, D; is the information dimension and D; is the correlation dimension. In practice one
can use the box-counting method to obtain the multi-fractal spectrum by determining the
probability P(m, &) of finding m points in a box of size & estimated over different origins of the
grid and for different box sizes [20]. For dimension ¢ the corresponding scaling exponent D(g)
can be obtained by

1 E 7
1 n i p;
D(q)~——

B 1
qg-1| Ine @

Although there are drawbacks to this method as discussed by Fernandez and co-workers [13], it
is useful if only the positive spectrum is considered whilst the D(g) values are monotonically
decreasing [10]. In particular, the case where g=1 is normally solved by approaching / from
both directions and taking the mean of these two values.

From the data a second parameter, the lacunarity, can also be determined [21]. Lacunarity is a
multi-scale measure of texture describing the complex interactions of the shape and distribution
of gaps within an image. Lacunarity was originally introduced to account for the finding that
some images have the same fractal dimension value for visually different textures. It has so far
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been mainly used for texture analysis other than biological features apart from the analysis of
trabecular bone using CT images where it differentiated between images that differed only in the
slice thickness [22]. Our analysis is the first to use lacunarity for pathological diagnosis. It is a
useful parameter since many structures may have the same fractal dimension but differ in their
lacunarity. Lacunarity can be defined as in equation 3, where A is the lacunarity and M(¢g) are the
statistical moments obtained from equation 4.

_{(M@)-(M@)

A(g)_ <M(€)2> (2)
M(e)= im"P(m,g) 3)

4.Machine Learning Methods

Machine learning is a powerful tool for classification type problems in pathology [23]. Up to
now, very little use has been made of this tool in cellular and vascular pathology. Inductive
decision tree analysis, logistic regression, back propagation neural networks and learning vector
quantification have been some of the methods used to differentiate between malignant and
normal cells [24, 25, 26]. Improved results have been reported for machine learning compared to
linear and quadratic discriminant functions or logistic regression analysis [27, 28]. Cluster
analysis has been reported in human pathology for identifying proliferative and angiogenic
(blood vessel formation) activity [29, 30].

A number of automated classifier algorithms are available using the excellent Weka toolbox
[31]. These are briefly discussed below and include the Decision Table, Nearest Neighbours,
Decision Tree Induction, Kernel Density and Naive Bayes algorithms. We also used an
implementation of the CMAC neural network, which is not included in the Weka toolbox.

The Decision Table algorithm divides the dataset into cells, where each cell contains identical
records. A record with unknown class is assigned the majority, or most frequent, class
represented in the cell. The goal of training is to find a minimum set of attributes that are optimal
in predicting the class [32].

The Nearest Neighbours algorithm [33] simply stores samples. When an example is presented to
the classifier, it looks for the nearest match from the examples in the training set, and labels the
unknown example with the same class. In practice the algorithm looks at the nearest k
neighbours, where k is a parameter set by the user. We have used this algorithm with k=1 and
k=3.

The Decision Tree Induction algorithm [34] uses the C4.5 algorithm to form a tree by splitting
each variable and measuring the information gain provided. The split with the most information
gain is chosen as the first split, then the process is repeated until the information gain provided is
below a threshold.

The Kernel Density algorithm [35] estimates a probability distribution of the data separately for

each class. Each point is represented by a kernel function, and the kernels for all points in the
class are summed to provide a composite function. An unknown point is evaluated by each

649


default
CIMCA 2004 Proceedings/ISBN 1740881885

default
649


CIMCA 2004 Proceedings/ISBN 1740881885

composite function separately, and the class function corresponding to the highest probability is
chosen.

The Naive Bayes algorithm [36] assumes that attributes are independent. From the correlation
analysis above, we know this is untrue, but the algorithm performs surprisingly well. It estimates
prior probabilities by calculating simple frequencies of the occurrence of each attribute value
given each class, then returns a probability of each class, given an unclassified set of attributes.

The Cerebellar Model Articulation Controller (CMAC) [37] with the Kernel Addition Training
Algorithm [38] divides the input space using multiple overlapping grids and builds a probability
density function for each class. An unknown input then can be associated with an appropriate
probability value for each class. The input is assigned to the class having the largest probability.

The Default Classifier is used as a “straw man” against which to assess the other algorithms. The
idea is to assign the unknown record to the most frequently occurring class in the whole dataset,
but this must take account of cross validation, which will be used to assess the other algorithms.
Given a dataset containing s samples, selecting the most frequent class in the remaining 7,-/
samples will result in O correct guesses for datasets where the number of records in each class is
similar. A better method is to select a record at random from the remaining s-/ samples, and
choose the class of that record. If the dataset contains k& classes, with the number of samples in
each class given by {n; ... n;}, the expected number of correct guessesis given by equation 4. This
value was calculated for each problem by manual inspection of the datasets, and is provided in
table 2.
1 k
P I @)

5.Methods

The microvascular network was visualised using appropriate methods described elsewhere [39].
Grey scale images of cortex were obtained using a Sony CCD video camera on an Olympus
microscope attached to an IBM computer using Optimas software. Images (640x480 pixels) were
optimised by obtaining 3 images of each region with fixed brightness, contrast and filter
permutations and combining these images using the public domain software Object-Image (NIH)
on a Macintosh computer. The resultant image was thresholded to provide a binary image. We
obtained 50 images, comprising 18 from the parietal region (side of brain), 20 from the frontal
region (front of brain) and 12 from the occipital region (rear of brain).

The multi-fractal spectrum was obtained using a macro based on the box-counting method,
provided by NIH, in conjunction with a purpose written program. Our other measures were
provided by NIH. Here mean density is the average grey value within the selection. This is the
sum of the grey values of all the pixels in the selection divided by the number of pixels. Standard
deviation of the grey values is our second variable. Integrated Density is the sum of the grey
values in the selection, with background subtracted. This is calculated as

(sum _grey —background)
N .

ID = )

Our program calculated the lacunarity from the box-counting analysis using
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Variance

AE)y=—— (6)

(mean)

The values obtained from the multi-fractal analysis were all highly correlated with each other; so
one value was selected on the basis of minimum correlation with other measures. The correlation
dimension D; measure was selected, and this was used in the machine learning classification
experiments. Images were also identified by the presentation or diagnosis, a nominal variable
representing the class. This takes a value of AD for Alzheimer’s disease, SVD for small vessel
disease, AD-SVD for both, and CONTROL for normal (non-diseased tissue).

A fully crossed two fixed factor Analysis of Variance (ANOVA) was performed to test for
differences in brain tissue using the measures of integrated density, correlation coefficient, and
lacunarity between patients with and without small vessel disease, and with and without
Alzheimer’s disease. Separate analyses were performed for integrated density, correlation
dimension, and lacunarity, using data from the frontal and parietal brain tissues. The amount of
data available from the occipital region was smaller so precluded these data from the analysis. An
F-test was used to test the null hypothesis that data were drawn from the same population,
regardless of the diagnostic label.

We used the seven machine learning algorithms mentioned in the previous section, to classify
records into four classes (AD or SVD or AD-SVD or CONTROL) and also to classify records
into two classes (disease (AD, SVD, AD-SVD), or CONTROL). This was repeated for data from
the three regions. The small amount of data from the Occipital region precluded investigation of
the four class problem. The performance of the algorithms was tested using leave-one-out cross
validation in order to avoid over fitting [40]. Accuracy was measured as the number of correctly
predicted class labels. All classifier algorithms are deterministic, so the model produced should
depend only upon the data set used. Nevertheless, we repeated each test 20 times to check that the
implementation does not introduce any stochastic element.

6.Results

The multi-fractal spectrum is shown in Figure 2 for the ranges where D(g) is monotonically
decreasing and the measure (dimensions) can be said to be multi-fractal when analysed using
box-counting. A difference is apparent between frontal/parietal and occipital cortex for all D(g).
This suggests that the occipital lobe has a different small vessel structure irrespective of
pathology or our sample cohort had occipital lobe atrophy. With respect to differentiating
pathologies, AD-SVD has higher D(g) values compared to other pathologies and control in the
frontal cortex. In the parietal cortex it is AD that has overall lower D(g) values compared to the
other groups. In the parietal cortex the pathologies are more clearly differentiated for higher D(g)
values, all being separated from the control MF spectrum except for AD-SVD. In the occipital
cortex the D(g) spectrum has lower values and shows only a slight differentiation between AD (1
case only) compared to both control and AD-SVD spectra in D(g) values above 1.
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Fig. 2. Multi-fractal spectrum for frontal cortex (top), parietal
cortex (middle), and occipital cortex (bottom).

When considering differences between the dementia sub-types, the control group had the smallest
fractal dimension (D, = 1.519) and SVD the largest (D, = 1.544). AD had a D, of 1.535 and AD-
SVD a D; of 1.531 reflecting differences in the actiology of these dementia subtypes.

The values of lacunarity indicate that variability between gaps of vessel patterns were greater in
the occipital lobe compared to the frontal and parietal lobe (0.58, 0.53, 0.52). For our control and
pathology groups we found controls to have the largest lacunarity followed by AD-SVD, AD and
SVD respectively (0.5409, 0.5343, 0.5306, 0.5278). In a relatively homogeneous image, as the
lacunarity approaches 1, the variation in gap size distribution is minimal. This is reflected by the
control group having the highest lacunarity index and suggesting an optimal blood vessel
distribution throughout the cortex.

The results of the ANOVA test found no evidence (at the 95% CI level) that the presence of
Alzheimer’s disease or vascular disease influenced levels of integrated density, correlation
dimension, or lacunarity in the frontal or parietal tissues of any of the patients (Table 1).
However, these figures suggest that we might expect better results from the parietal region than
from the frontal region, as the F values obtained are higher for the former.

Table 1. Results of ANOVA test for samples obtained from the Frontal and Parietal regions.

Frontal Parietal
Measurement F value df P value F value df P value
integrated density 0.59 3,16 0.63 2.64 3,13 0.09
correlation dimension 0.88 3,16 0.47 1.76 3,13 0.20
lacunarity 0.74 3,16 0.54 0.9 3,13 0.47
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Results of the machine learning experiment are summarised in table 2. Although all tests were
repeated 20 times, no difference in accuracy was found for subsequent runs using the same data
set. This confirms that the machine learning implementations do not introduce stochastic
elements. The numbers shown in bold face are those results where the machine learning method
achieved better accuracy than the default classifier, and imply some success in separating classes
of dementia using the measurements described previously.

Columns 2 and 3 show the number of correctly classified records using data obtained from the
Frontal region only. Column 2 shows the results of the four-class problem, while column 3 shows
the results from the 2-class problem. Most of the algorithms, apart from the CMAC, performed
badly on the Frontal 4-class problem. The CMAC is known to have a large number of model
parameters, or weights [38], so the model produced is inherently less stiff than models produced
by the other methods. Therefore over-fitting of the model cannot be ruled out. This is supported
by the results form the Nearest Neighbours algorithm. Setting the number of neighbours to 3
(k=3) would be expected to produce a stiffer model which here results in a useless model
(accuracy = 0 out of 20), while a less stiff model (k=1) results in a more accurate model (3 out of
20). We therefore doubt that there is sufficient information in the measurements used to reliably
separate these classes. The results for the Frontal 2-class problem are much better, with five out
of seven models produced achieving better accuracy than the default classifier, and three of these
getting 14 correct out of 20. We conclude that there is probably sufficient information in the
measurements used to reliably separate these classes.

Columns 4 and 5 show results for the four-class and two-class problem using data from the
Parietal region. Column 4 shows results from the 4-class problem. Most of the machine learning
algorithms did much better than the default classifier, apart from Decision Table, which appears
to perform poorly on nearly every problem. Although 9 correct records out of 18 does not sound
very successful, this compares favourably to the default classifier, which suggests that only 3.8
records could be correctly predicted using a random guess. Column 6 shows results from the 2-
class problem. Here all of the machine learning algorithms performed better than the default
classifier, with the best performance of 15 out of 18 records correctly identified, compared with
10.4 for a random guess. It appears that the data available from the Parietal region is sufficient to
correctly classify disease types based on the measurements obtained. This implies that, in the
Parietal region, the various disease subtypes are indeed associated with physical changes that are
manifest in the structure of the microvascular system.

Column 6 shows results for the two-class problem from the Occipital region. All the algorithms
apart from the CMAC performed very poorly on this problem. There is clearly insufficient
evidence here for a link between disease subtype and the structure of the microvascular system.

Table 2. Results of the machine learning experiment.

Classifier Frontal | Frontal | Parieta | Parieta | Occipita
4-class | Disease |1 1 1
4-class | Disease | Disease

Number of records | 20 20 18 18 12
Default 44 11.2 3.8 10.4 5.5
CMAC 6 14 9 13 7
Decision Table 0 14 0 12 0
N.Neigh. k=1 3 10 4 13 3
N.Neigh. k=3 0 10 9 15 5
Decision Tree 2 14 8 13 0
Kernel Density 2 13 9 14 4
Naive Bayes 2 12 9 15 5

653


default
CIMCA 2004 Proceedings/ISBN 1740881885

default
653


CIMCA 2004 Proceedings/ISBN 1740881885

Overall these results were better than would be expected from the results of the ANOVA tests,
which show that such differences were not statistically significant. However, the ANOVA test
makes the assumption of a Normal distribution and equal variances, and is robust only for large
sample size. Furthermore, the ANOVA uses only one measurement in each test, whereas the
machine learning methods are able to combine multiple measurements in one test, and fit
complex discriminant functions to the resulting multidimensional space.

7. Conclusions

In this study, we have made use of measurements and techniques that have not previously been
applied to the classification of dementia sub-types. Our results suggest that dementia subtypes
can be distinguished from images of cortical tissue, as long as suitable measurements are used.
Differences between dementia subtypes were most marked in data from the Parietal region. We
conclude that there are differences between the structures of small blood vessels in subjects with
dementia subtypes. This implies that physical changes underlying dementia are manifest by
features in the microvascular system, and that these changes are detectable using analysis based
on well-established techniques.

Multi-fractal spectra showed differences between images obtained from different locations,
suggesting that it is possible to discriminate between these locations based on these measures
alone. These spectra also showed some differences between disease subtypes and control for
higher D(q) values. This suggests a complex interaction between parameters leading to the
expression of a particular clinical subtype. Lower D, values found for the occipital lobe confirm
anatomical differences between the lobes rather than an age or disease affect. This needs to be
considered in future research. The lowest value of lacunarity was found for SVD, which confirms
blood vessel pathology as a causative factor in this dementia subtype.

Statistical methods using ANOVA found no evidence of difference between disease subtypes.
However this technique relies on the assumption of a normal distribution, in contrast to the
machine learning methods. A larger sample size may increase the power for the ANOVAs
allowing a better chance of statistically detecting an effect. This is hampered by the scarcity of
suitable images of diseased brain tissue. Sources of error that may have reduced the power of the
ANOVA include the pixel resolution of the photographs as well as not including age as a
variable. An improved statistical design may be to reduce between patient/brain variability by
measuring each brain in both the parietal and frontal areas rather than the independent samples
paradigm as performed in our study. One ANOVA could then partition out variability between
different patients before testing for disease effects.

The machine learning techniques did provide evidence of a difference between dementia sub-
types, and suggest that these pathologies may be associated with detectable changes in structure
of small blood vessels in the cortex. The success of these methods appears to depend upon the
area of the cortex studied, with samples from the Parietal region providing the most promising
results. As with the ANOVA analysis, a larger sample size may also improve the machine
learning outcomes.

We have addressed an important research question in the understanding of dementia. We have

proposed suitable differentiating features based on images of the structure of blood vessels of the
cortex. We have presented evidence for a difference between dementia, small vessel disease, and
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normal cortex. This has implications for the understanding of this group of diseases, as well as for
the analysis of cortical images in other contexts.
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