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Abstract

We describe a method for mining a neuroimaging database for associations between text and brain
locations. The objective is to discover association rules between words indicative of cognitive function as
described in abstracts of neuroscience papers and sets of reported stereotactic Talairach coordinates. We
invoke a simple probabilistic framework in which kernel density estimates are used to model distributions
of brain activation foci conditioned on words in a given abstract. The principal associations are found
in the joint probability density between words and voxels. We show that the statistically motivated
associations are well aligned with general neuroscientific knowledge.
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1 Introduction

One of the important goals of functional neuroimaging is to associate a specific cognitive function with
a specific brain area or a network of such areas. A neuroimaging study typically investigates a cognitive
function by manipulating the subjects’ behavior and observes the changes in brain activity that correlate
with this manipulation. Brain areas with the highest change in activity are reported as a list with three-
dimensional coordinates (locations) of the activation foci in the so-called Talairach space, — a stereotactic
space allowing approximate comparison of brains from different humans (Talairach and Tournoux, 1988).
The accuracy of such ‘brain maps’, however, depends critically on several factors. The experiment should be
able to control the subject’s behavior; the data acquisition protocol should be able to accurately measure the
changes; the data analysis should be able to tease out the stimulus-induced changes from other fluctuations
and confounds; the registration of the activation locations to the standard volume should be accurate. It is
very difficult if not impossible for an experiment to fulfill these criteria, hence, a single neuroimaging study
represents a ‘noisy’ measurement of the given effect. To reduce the noise in a neuroimaging database we
may investigate for consensus in the brain-behavior relationships across a multiple relevant studies. Ideally,
this would be a search through the published neuroimaging studies, in practice we are limited to mining of
rather limited databases.



Neuroimaging databases provide interesting multidimensional multimedia data sets, involving the neu-
roimages, e.g., represented as raw reconstructed volume data acquired by functional magnetic resonance
imaging as in the fMRIDC database (Van Horn et al., 2001), or in the form of brain activation foci sets as
in the BrainMap, BrainMap DBJ or Brede databases (Fox and Lancaster, 1994; Fox and Lancaster, 2002;
Nielsen, 2003). These databases furthermore contain context information typically derived from the paper
in which the neuroimage was published.

We will here describe a method for mining for associations between spatial features and the textual
description as available in the abstract. We let the words in the abstract represent cognitive function and
the list of locations represent the spatial distribution. We mine across all cognitive functions in the entire
brain to find the most characteristic fact. A list of associations allows us to make a novel entrance to
the information in a neuroscientific database extending our previous methods based on multivariate and
asymmetry measures (Nielsen and Hansen, 2004; Nielsen, 2003).

While the present application is original, modeling of combined image and text features is not new, see
for example an application involving web-data (Kolenda et al., 2002). Mining for association rules has been
described in, e.g., analysis of supermarket transactions (Agrawal et al., 1993) or in geographical information
systems (Koperski and Han, 1995). We have previously discussed neuroscientific database technique in terms
of cleaning (Nielsen and Hansen, 2002b) and activation volume similarity measures (Nielsen and Hansen,
2004).

2 Method

We use the data from the Brede database which presently records 121 neuroimaging papers with a total of
2655 locations (Nielsen, 2003).

A simple bag-of-words model is used for representation of the abstract: Terms of consecutive letters are
extracted and converted to lower-case. Terms that only appear in a single abstract are omitted. An extensive
manually constructed stop word list of several thousand words is used to filter out words that are expected
to carry limited or no semantic information on cognitive function. This, for example, eliminates commonly
used words (e.g., “the”, “and”) and terms referring to methodology (e.g., “positron”, “activation”). Since
we are interested in modeling abstract associations between context and location we have in this study also
eliminated brain anatomy terms (e.g., “temporal”, “prefrontal”).

The bag-of-word representation is not optimal since it does not model sentence structure and does not
represent the immediate context, e.g., “time” may appear as “time-specific memories” or “the raw time
series”. The bag-of-words representation is chosen basicly because of its simplicity, and surprising efficiency
when identifying global context, see e.g., (Lee and Seung, 1999).

The data in the Brede database is organized in a hierarchy adapted from the BrainMap database (Fox
and Lancaster, 1994) in which the top level contains scientific papers with bibliographical information.
Each of these might have one or more “experiments” which correspond to a single image or “contrast”.
Each experiment in turn includes one or more locations. Not all locations that are reported are in full
compliance with the Talairach atlas. Some locations are referenced relative to the so-called MNI space, and
are transformed before being added to the Brede database (Brett, 1999). We reconstruct the full brainmap
activation volume from the listed activated locations by a process we call “voxelization”. In this step the
discrete activation foci are first converted to a 3D probability density function and then sampled in a regular
grid in the 3D volume. The probability density estimate is obtained by a Parzen kernel density estimator
with a Gaussian kernel (Nielsen and Hansen, 2002b; Turkeltaub et al., 2002).

Let B; be the set of papers containing the term ¢, and £, the set of Talairach coordinates {x; : I € Ly}
in the bth paper. The joint probability of the Talairach space x and a term ¢ is
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with p(x|l) given by
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Here we have let the priors be uniform for simplicity: p(I|b) = p(b|t) = p(¢) o< 1. The kernel width is fixed
in 2 to 0 = 10 millimeter. Alternatively it can be optimized by leave-one-out cross-validation (Nielsen and
Hansen, 2002b). Equation 2 is just one form of a number of possible weighting schemes. An alternatively
is to set p(l|b) = 1/|Ls|, where the |- | denotes the number of items in the set. This weighting scheme will
deemphasize locations that is in a paper with many locations, and individual locations from papers with few
location will have large weight. There does not seem to be a simple scheme for choosing an optimal prior.

When a suitable estimate for p(x,t) is obtained we next consider foci of high joint probability density
over Talairach space and terms. The highest “association” (¢*,x*) is the maximum in p(x,t)

t*,x* = arg max p(x,t). (3)

t,x

The highest association for each term is found. For numerical reasons the continuous 3D Talairach space x
is in the present application sampled on a relatively coarse 4 x 4 x 4mm? regular grid. Hence, the probability
density p(x,t) is converted to a discrete probability normalized to unity and we represent the joint probability
by the term x voxel matrix p(x,t) = X. After sampling the matrix has 304 x 63648 elements: The joint
probability density p(x,t) is sampled in 63648 grid points (voxels) and 304 terms remain after stop word
removal.

Latent semantic analysis (LSI) is a widely used multivariate technique for analysis of text data (Deerwester
et al., 1990). In the typical application of LST a principal component analysis of a term document database is
performed and the components with high variance often carry significant semantic content. The components
consist of a ‘term histogram’, i.e., the vocabulary of the given context, and a vector quantifying how much
the context is expressed in the set of documents. An alternative to LSI based on non-negative factor has
recently been proposed (Lee and Seung, 1999). By retaining a limited set of components the procedure can
be considered a denoising scheme in which correlations not relevant for the major contexts are sifted out.
We here generalize the non-negative LSI scheme to analysis of spatially coupled text data. We perform
K-component non-negative matrix factorization (NMF) (Lee and Seung, 1999) on the term-voxel matrix
X(T x V)

X =WH+ U, (4)

where W(T' x K) and H(K x V) are the factor matrices and U(T x V') contains the residuals. A new
K-ranked term x voxel matrix X is formed as the product of the reduced positive factor matrices

X = WH. (5)

We compare in the following results obtained by the original term-voxel matrix and the NMF denoised
matrix.

For the present study a number of specialized Matlab functions have been implemented and these have
been included in the Brede neuroinformatics toolbox (Nielsen and Hansen, 2000). The toolbox furthermore
includes the stop word list and the Brede database. Both the software and the database is presently available
on the web from http://hendrix.imm.dtu.dk/.

3 Results and Discussion

Table 3 lists the top of the automatically generated list with terms and x, y and z Talairach coordinates as
well as the identifier (WOBIB number) for the bibliographic entry in the Brede database. Only the most
salient coordinate is shown for each term.

The first entry in the list is the term “pain” associated with the location (0, 16,28). This coordinate is in
the anterior cingulate according to the labeling produced by the AAL/MRIcro tool (Rorden and Brett, 2000;



Term X y z WOBIB

1 pain 0 16 28 1356 5758 606269 7275 76 ...
2 visual 40 —-64 -8 12357914152123...
3 motor 0 —4 52 11116 23 31 40 44 45 57 66 . ..
4  memory 0 =52 20 25272932353739495164 ...
5 perception —36 0 4 1323 3033 3640 42 43 57 62 ...
6 painful —40 0 4 13586069 75 83 101 102 114 117 ...
7 noxious —36 0 4 5769 72767995100 102 117 118
8 retrieval 0 —-52 24 2032415073 78808590 105...
9 heat —36 0 4 5769757995100 101 102 114 117 ...

10 thermal —48 —4 8 56 6069 72 75 101 102 118

11  patterns —40 -4 4 162228 30353745496169 ...

12 somatosensory 0 8 36 8134856 575860627275 ...

13 warm —40 0 4 6069 76 102 118

14 verbal 0 20 28 6101221 2551 8385 110 119

15 attention 0 16 28 314 18 24 46 58 60 65 83 120

16  hand —36 —28 52 11134548495760 758494 ...

17  perceived 0 20 20 452568395118

18 sensation —36 0 4 5669 7276 102 118

19 sensory 4 =12 56 141621222324 31485658 ...

20 movements 0 —4 56 131123244546 84 104

21 time 28 —56 48 310 2526 30 32 40 52 63 65 ...

22 spatial 0 20 24 36274446 47 53 59 63 65 ...

23 hot 0 16 28 5760 76

24 interaction 0 16 28 16 18 51 60 76 82

25 cognitive 0 20 24 6851586670 748385109...

26 finger —32 =24 52 11434448 74 108

27  cold —36 0 4 56 57 58 69 83 102

28 semantic —4 =52 32 210205078113 121

29 handed 40 4 12 1117259598 100 113 117 118

30 eminence 0 20 24 6076

31 thenar 0 20 24 6076

32 auditory 56 —16 0 91419203942 74 85

33 neutral —12 -8 —4 431396566 71939798 117

34  voluntary —-32 —28 52 112384108

35  integration —40 —4 4 723485369

Table 1: Automatically generated list with the top associations between terms and the voxels, shown with
x, y and z Talairach coordinates in millimeter and Brede database identifier (WOBIB).
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Figure 1: Visualization of the voxel space x restricted to the z = 0 transversal slice. The voxels and terms
with the highest associations are plotted together with a blue outline of the brain and red Talairach axes.
For each term only the 50 most associated voxels are shown. The labeling on axes are the centimeters from
the anterior commissure, — the structure indicating the origo of the Talairach space.

Tzourio-Mazoyer et al., 2002). This is in agreement with an expert review stating “the anterior cingulate
cortex (ACC) is the cortical region that is activated in almost every study of elicited pain [...]” (Ingvar,
1999). Figure 1 shows an example where the analysis has been restricted to the z = 0 transversal slice (z
is the inferior-superior axis). Under this constraint the most important “pain” locations are found in the
anterior insula and thalamus — as also found in pain studies (Ingvar, 1999). A number of other pain-related
words appear in the list, e.g., painful, noxious and heat. These are associated with voxels in the insular region
(—36,0,4). Thus the highest association are in alignment with an expert review (Ingvar, 1999). Figure 2
displays the load of the individual studies on the pain components at the voxel with the highest association.
19 papers in total contribute to the association and at the specific voxel with the highest association there
are 3 studies that dominates with over 62% of the probability. The reason why the pain topic dominates is
that the Brede database presently records many thermal pain studies. Other words are associated with these
frequent occurring studies: warm, hot, cold, somatosensory and sensation, and the general term “perception”
associates with the same voxel as “noxious”.

The second highest is “visual” associated with (40, —64,—8). This is labeled as occipital lobe by the
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Figure 2: Contributions from the individual studies on the “pain” component at the voxel with the highest
association.

Talairach Daemon (Lancaster et al., 1997) and occipital inferior by AAL/MRIcro and is placed laterally
compared to the primary visual cortex near the fusiform and temporal gyri. The highest contribution for
this association comes primarily from visual object recognition studies such as (Ishai et al., 2000, WOBIB:
28), (Gerlach et al., 1999, WOBIB: 29), (Jordan et al., 2001, WOBIB: 25). Hence, in the context of the
present database the term “visual” is associated with visual object recognition areas as this is the dominant
visual stimulus type in the relatively limited number of studies included in the database. As more generic
visual studies are included the generic term “visual” will presumably associate with earlier visual areas
situated medially.

The term “memory” appears as fourth in the list with the Talairach coordinates (0, —52,20) and the
coordinate is labeled “posterior cingulate” by the Talairach Daemon and precuneus by AAL/MRIcro. “Re-
trieval” is also listed and its major association is close to the “memory” foci. Presently, the Brede database
records many studies that activate the posterior cingulate, and episodic memory retrieval is the cognitive
function that is presently found to be most associated with this area (Cabeza and Nyberg, 2000), so in the
context of the Brede database the association is not surprising.

A number of associations appear for the sensorimotor areas: “hand”, “finger” and “motor” near primary
and supplementary hand and finger sensorimotor areas. As 32nd in the list “auditory” associates with
(56, —16,0) in the right superior temporal gyrus, i.e., with auditory cortex. Figure 1 shows that “auditory”
has high association when the analysis is restricted to z = 0.

In table 3 the highest associating terms and Talairach coordinates are shown after the joint matrix has
been denoised by the NMF bottleneck (equations 4 and 5). With K = 20 components 92.8% of the variance
is maintained and it causes only minor re-orderings in the list, e.g., the three top entries are the same. A
specific “latent semantic” component corresponding to a column in the right factorized matrix H is plotted
in figure 3. This appears in the posterior inferior part of the brain in both hemispheres and is interpretable
as a visual object recognition component.

The textual information (the paper abstract terms) and the brain activation geometry (the locations)
form a many-to-many relationship: Each location is not individually associated with specific words. Instead
it is a set of words that is associated with sets of location. Where just a few words are associated with a
single location as in modeling of the “lobar anatomy” field in the BrainMap database (Nielsen and Hansen,
2002b) the modeling of term ¢ and voxel x spaces is easier and it is possible to construct atlases and predict



Term y z WOBIB

1 pain 0 12 32 1356 5758606269 7275 76 ...

2 visual 40 —-64 -8 12357914152123...

3 motor 0 —8 52 1111623314044 455766 ...

4  memory 0 —52 20 25272932353739495164 ...

5  perception —36 4 13233033 364042 43 5762 ...

6 painful —40 4 13586069 75 83 101 102 114 117 ...
7 heat —36 4 5769757995100 101 102 114 117 ...
8 retrieval 0 —-56 28 2032415073 78808590105...

9 noxious —36 0 4 5769 72767995100 102 117 118
10 thermal —-44 -4 8 56 6069 72 75 101 102 118
11  somatosensory 0 4 40 8134856 57 58 60 62 7275 ...
12  patterns —-40 -4 4 162228 30353745496169 ...
13  warm —40 0 4 6069 76 102 118
14 verbal 0 20 24 6101221 2551 8385110 119
15  sensation —36 0 4 5669 7276102 118

Table 2: Top of list after the term voxel matrix has been denoised by NMF with K = 20 components.
This maintains 92.8% of the “variance” as computed by the Frobenius norm of the reconstruction error:
r=1-[X=X[% /X%

labels (Nielsen and Hansen, 2002a). The information on the location level is, however, only anatomical,
— not functional. The experiment is an intermediate level between the paper and location levels and this
level has functional annotation: In the Brede database there are short texts associated with each experiment
and each experiment might be linked to one or more “external component”. The external components are
functional labels and arranged in a semantic tree. This information is constructed during database entry,
i.e., supervised labels. Our present approach is entirely unsupervised and data-driven relying only on the
information in the article — not the extra labeling provided during database entry.

Our present method does not distinguish “known” or obvious associations from interesting and novel
association, e.g., an example of obvious associations are pain and voxels in the anterior cingulate and insular
cortices. For an expert it might appear obvious that pain is associated with these areas. However, what
is “expert knowledge” is not always clear, e.g., a text book (Heimer, 1994) written prior to the bulk of
functional neuroimaging studies states that “[tJo what extent the perception of pain and temperature requires
the cerebral cortex is not clear” and mentions that “part of the anterior cingulate area participates in the
perception of pain”, but has no reference to the insular area.

4 Conclusion

We have proposed a spatio-textual data mining approach for discovery of association rules between terms and
Talairach coordinates in neuroimaging studies. We have illustrated the relative information content between
terms and locations by inspecting the principal associations that appear well aligned with neuroscience
consensus. Meaningful relations between single terms and single locations appear from the many-to-many
relationship between abstracts and sets of Talairach coordinates. The utility of this form of data mining is
presently limited by the relatively small databases available. This leads to certain idiosyncrasies induced by
‘non-uniform’ sampling of neuroimaging papers in the databases, as e.g., in the Brede database where pain
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Figure 3: A “latent semantic” component identified by the NMF (a specific row h in H, c.f., equation 4)
plotted in a Corner Cube environment (Rehm et al., 1998). The iso-surfaces are shown with P = 0.1 (faces)
and P = 0.5 (wire-frames) of the top probability inside. The iso-surfaces of the scores in h are interpreted as
probabilities. The high scoring words from the corresponding row in W are “visual”, “matching”, “category”,
“perceptual” and “faces” interpretable as visual object recognition. The red lines are Talairach axes and the
blue curved lines are the brain outlines.

related studies are relatively abundant. We hope that the intense neuroinformatics activities funded by the
NIH’s Human Brain Project will increase the size and depth of neuroimaging databases.
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