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A novel method for the quantification of heterogeneity and spatial correlation in 3D MP-RAGE images of
white matter is presented. The technique is based on the variogram, a tool commonly used in geosciences
for the analysis of spatial data, and was tailored to the special requirements of MR image analysis. Influences
from intensity non-uniformities, noise and arbitrary greyscale were quantified and considered in the calcula-

IS(;{; E/e‘:lrccl(s):rrelation tions. The obtained variograms were fitted with spherical model functions to infer parameters that quantify
Variogram heterogeneity and size of the correlation structures of the tissue. Numerically generated samples with
White matter changes well-defined correlation properties were employed to validate the estimation process and to provide an in-
Ageing terpretation of the parameters obtained. It is shown that the method gives reliable results in an interval of
MP-RAGE correlation structures sized between 2 mm and 20 mm. The method was applied to 24 MP-RAGE datasets
of healthy female volunteers ranging in age from 19 to 73 years. White matter was found to have two prom-
inent correlation structures with sizes of approximately 3 mm and 23 mm. The heterogeneity of the smaller

structure increases significantly with age (r=0.83, p<10~5).
© 2012 Elsevier Inc. All rights reserved.
Introduction 2002). The underlying degenerative alterations are likely to be the result

Magnetic resonance imaging is an excellent tool for the non-invasive
acquisition of in vivo images with high soft tissue contrast. By means of
dedicated sequences one can exploit a variety of contrast mechanisms
given by the interaction of magnetic fields and spins within the human
body. Especially for brain imaging, MRI is the diagnostic method of choice
for several neurodegenerative diseases (Polman et al., 2005) as well as for
the investigation of normal brain structures in cross-sectional and longi-
tudinal studies (Evans et al.,, 2006).

An important example for the diagnosis of structural changes of the
brain is the observation of white matter hyperintensities (WMH) in MR
images. WMHs can be caused by very different reasons. On one hand,
they arise in the course of neurodegenerative diseases, such as multiple
sclerosis, as a consequence of the inflammation process in regions of dam-
aged myelin sheaths. On the other hand, WMHs can also be found in a
multitude of elderly subjects not necessarily accompanied by any specific
symptoms. These observations are commonly referred to as age-related
white matter changes (ARWMOC). Basile et al. (2006 ) found age, hyperten-
sion and lacunar stroke to be the most important determinants for the
development of ARWMC. There are indications that these risk factors
are connected to changes in the vascular structure of tissue (Pantoni,
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of a continuous process that cannot be observed directly in MR images
before they manifest as ARWMC in an advanced state. This assumption
is supported by several studies which investigated changes in human
cerebral white matter (WM) structure using different advanced MRI
methods such as diffusion tensor imaging (DTI), magnetisation transfer
ratio (MTR) contrast and quantitative MRI techniques. Fractional anisot-
ropy was found to decline with increasing age (Giorgio et al., 2010; Salat
et al,, 2005) while the mean diffusivity showed a positive correlation to
age (Giorgio et al,, 2010). Furthermore, Ge et al. (2002) demonstrated
that the MTR starts to decrease in subjects older than 40 years. Neeb et
al. (2006) analysed the distribution and voxel correlation in quantitative
water content maps and found significant correlations of H,0O standard
deviation and spatial correlation distance with age in white matter of
male subjects. However, the abovementioned methods and studies re-
quire specialised sequences and demanding post-processing.

We demonstrate in this study a way of gaining information about
the spatial heterogeneity of WM from a single 3D MP-RAGE image be-
yond that obtained from simple histogram analysis or observer depen-
dent visual rating scales. Since the MR-RAGE sequence is a ubiquitous
tool in neuroscientific applications, the variography method presented
may be applied retrospectively to a huge body of existing data without
the need for acquisition of new data with specialised MR protocols. We
employ a technique similar to those widely used in geosciences, where
they are subsumed by the term geostatistics. The first ideas in that field
can be traced back to Krige (1960), and the first mathematical descrip-
tions were given by Matheron (1963). Nowadays, these methods are
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applied to the investigation of the distribution of minerals in an ore
body, the amount of precipitation across a landscape or the soil contam-
ination in a polluted area. These quantities are called regionalised vari-
ables (ReVs) (Journel and Huijbregts, 1991, p.27 ff.). For the spatial
analysis of ReVs, so called variograms are employed which allow for
the inference of parameters that quantify the heterogeneity and spatial
correlation of the ReV.

In the following it is demonstrated that, in a similar way to the
abovementioned examples, the greyscale values in an MR image of
WM can also be regarded as a ReV. Alterations of WM, even on micro-
scopic scales, locally influence the distribution of protons in the tissue
as well as their relaxation behaviour and therefore determine the
spatial distribution of measured intensities in simply Ti-, T,- or pro-
ton density-weighted MR images. Although in most cases such local
changes cannot be observed visually, variography can reveal structur-
al alterations. The variographic analysis presented here takes up ideas
from texture analysis (Castellano et al., 2004), such as co-occurrence
matrices and the auto-regressive model, and extends them to the
concept of ReVs. The resulting variograms provide an easily assessable
relation between distance and intensity similarity of the voxels in a sin-
gle diagram and reduce the information content of the whole image to a
few significant and representative parameters. For applications to MRI
data, the original, geoscientific methods were adapted to the require-
ments of MR image analysis in order to preserve the quantitative nature
of the results and to allow for inter-subject comparability. That is, the ef-
fect of image non-uniformities, the influence of noise and the arbitrary
greyscale had to be included in the analysis. In order to give some in-
sight in the interpretation of the variograms, numerical samples were
first generated and analysed. The results of the variographic analysis
of 24 MP-RAGE datasets obtained in vivo from healthy female volun-
teers of different ages are presented. In order to demonstrate the utility
of the method, the influence of age on the parameters obtained from the
variograms of WM is investigated.

Theory
Variography

Comparing segmented WM in MP-RAGE images to an identical
shape filled with Gaussian noise only, visual rating hardly allows for
objective differentiation (Fig. 1). Even a closer look at the histograms
of both intensity distributions does not reveal structure specific infor-
mation. Nevertheless, the two samples differ in the essential property
of spatial correlation: the intensities of two arbitrarily chosen voxels
from the noise image vary independently of their separation while
two voxels in WM tend to have more similar intensities if they are
closer together. This might be expected intuitively since the mea-
sured intensity is the mean value over the internal substructure of a
voxel. If the mean value in a given voxel is increased due to alteration
processes in the microstructure of the tissue, it is likely that raised
greyscale values in neighbouring voxels will also be found. Such a
spatial correlation can be depicted by a semi-variogram, in the fol-
lowing abbreviated by variogram. A variogram illustrates the statisti-
cal variability of the intensity difference of two voxels that are
separated by the distance d. To describe this variability mathematical-
ly, one has to interpret the image as a ReV which is defined by an in-
tensity value, i(x), at each measured location, x. Further, the ReV may
be regarded as a particular realisation of a random process, I(x), that
is assumed to be intrinsically stationary:

E{I(x)} —E{I(x)} = 0,V (X, %) (1a)
Var{I(x)=I(x)} = f(Ixe—xil) (1b)

where E is the expectation value, Var the variance and the norm of x;, —
x; denotes the Euclidean distance between locations x; and x;. This

intrinsic hypothesis reflects, to some extent, the abovementioned idea
of the spatial correlation of the ReV: neighbouring voxels have more
similar intensities; distant voxels have a larger variability in their
greyscale values. With these assumptions the variogram, y(d), of the
image, i(x), can be estimated by (Matheron, 1963):
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Since it is crucial for the significance of the statistics to have a suffi-
ciently large number of measured values for each distance, y(d) is usually
obtained from all N(d) data pairs separated by distances within an in-
terval, [dmin dmax], rather than from a single distance value. The nominal
distance, d, is then the mean value over this interval:
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Quantification of variogram parameters

Once a variogram is sampled for several distances, the resulting
curve can be fitted to an appropriate model function in order to extract
parameters that quantify the spatial correlation of the sample. The
choice of the model function is not completely arbitrary. The theory of
intrinsically stationary random processes demands conditional nega-
tive definiteness of y(d) (Journel and Huijbregts, 1991, p.35). There
are several standard models fulfilling this condition which are used in
the literature to describe the correlation of samples. One of these stan-
dard models is the spherical model that is employed in the present
work to fit WM variograms. The spherical model is defined as:
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Here, 0? describes the behaviour of 7y for large distances and is
thus equal to the nominal variance of the ReV since the following
holds (Journel and Huijbregts, 1991, p.37):

Y(d—e) = Var{i(x)}. (5)

The nominal variance is a measure for the width of the ReV distri-
bution. A broader distribution, which corresponds to a larger 02, rep-
resents larger dissimilarities in the ReV values. Thus, 02 is referred to
as heterogeneity. The parameter d. denotes the distance where the
variogram first reaches its plateau value, 0%, and thus corresponds
to the distance where spatial correlation vanishes. Consequently, a
given value of the ReV is correlated to all values within the surround-
ing region of size d.. Therefore, d. is called the correlation distance in
the following and is a measure for the size of the correlating structure.
If d. is smaller than the shortest measured distance, yspr(d) equals o’
for all d> 0. This results in a discontinuity of vy at the origin, where the
variogram is zero by definition. Such a discontinuity is called the nugget
effect and can be due to the presence of structures in the ReV at length
scales below the shortest measured distances (e.g. real nuggets in ore
distributions). However, it can also be an indicator of measurement
errors (Cressie, 1991) such as a finite signal-to-noise ratio (SNR).

In practice, and very likely in the case of WM, the use of a single
correlation structure in the analysis can be an oversimplification. In
order to find an appropriate variogram function for a more complex
ReV, the model function can be generalised. The theory of random pro-
cesses indicates that a linear combination of valid models is again a valid
model (nested models, see Journel and Huijbregts, 1991, p.150 ff.). This
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