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Abstract

We present a general method for automatic meta-analyses in neuroscience and apply it
on text data from published functional imaging studies to extract main functions associated
with a brain area — the posterior cingulate cortex. Abstracts from PubMed are downloaded,
words extracted and converted to a bag-of-words matrix representation. The combined data
is analyzed with hierarchical non-negative matrix factorization. We find that the prominent
themes in the PCC corpus are episodic memory retrieval and pain. We further characterize the
distribution in PCC of the Talairach coordinates available in some of the articles. This shows
a tendency to functional segregation between memory and pain components where memory
activations are predominantly in the caudal part and pain in the rostral part of PCC.

Keywords: Meta-analysis; PubMed; Positron-emission Tomography; Magnetic resonance imag-
ing; Cingulate gyrus; Brain Mapping; Memory; Pain; Alzheimer Disease; Automatic Data Pro-
cessing; Bibliometrics.

1 Introduction

Functional neuroimaging methods such as positron emission tomography (PET) or functional mag-
netic resonance imaging (fMRI) map function to brain anatomy by manipulating behavior and mea-
suring a change in regional activity. The resulting maps are used to infer the principles of brain
function. The accuracy of these functional maps however, depends critically on the specificity of
the behavioral paradigm and on the sensitivity of the analytical tools for detecting the interesting
signal. In any individual study, it is very difficult, if not impossible to avoid the particular subject’s
in part irreproducible behavior and it is not possible a priori to describe the spatiotemporal charac-
teristics of the signal necessary for accurate modelling and detection. Investigating the consensus
among results from a large number of brain imaging studies can overcome the problem of false
positive and false negative results. Furthermore, neuroimaging studies may discover unexpected
changes in activity in areas that so far have not been associated with a given behavior, thus gen-
erate new hypotheses. Unexpected activations may be genuine, showing a novel and interesting
association between brain and behavior or spurious, for instance a false positive activation from
some uninteresting behavior that the paradigm did not control for. If such changes are repeat-
edly encountered over a large number of different paradigms that addressed the same behavioral
function, then it is probable that they are of significance and deserve further investigation.

The potential for data mining across neuroimaging studies has already been recognized and
exploited to investigate the consistency of activation patterns associated with a given brain function
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Figure 1: Number of posterior cingulate entries in the PubMed database as a function of the
year of publication. The query was “("posterior cingulate" OR "posterior cingulum" OR

"retrosplenial" OR "retrosplenium")”. It is normalized with the total number of entries of
each year in the PubMed database.

(Cabeza and Nyberg, 2000) or to generate new hypotheses about the function of a given brain
area (Bush et al., 2000; Maguire, 2001; Maddock, 1999). In these papers, the authors manually
generate tables and figures that summarize results across a large number of studies in order to
inspect for consensus. The expanding number of published studies however, makes it increasingly
time-consuming for the individual researcher to generate exhaustive result summaries. Here, we
propose an automatic method which can extract from the neuroimaging literature the consensus
about the functions of a given brain area. This method is thought to assist researchers by providing
a quick summary of a large number of scientific publications. To illustrate the approach we apply
this method to extract functions that are consistently associated with the posterior cingulate cortex
(PCC). To this end we have used article abstracts indexed by PubMed under the keywords that
relate to both PCC and functional imaging methods.

Despite the increasing attention that this area has attracted over the years (see figure 1), there
is no “textbook” consensus about the functions undertaken by this area. Different reviews associate
this area with a variety of brain functions, e.g., evaluative functions (for spatial orientation and
memory) (Vogt et al., 1992), successful episodic memory retrieval (Cabeza and Nyberg, 2000),
emotion (Maddock, 1999), navigation (Maguire, 2001), visuospatial attention (Mesulam et al.,
2001; Small et al., 2003), pain (Bromm, 2001), and “resting state” (Shulman et al., 1997; Binder
et al., 1999; Mazoyer et al., 2001; Raichle et al., 2001).

Our method is two-stage: In the first stage we will make unsupervised text mining in the form
of clustering based on the words in abstracts of PubMed that mention our specific target area
(the PCC), and we compare these results with the results reported by previous manual reviews to
assess the validity of this automatic analysis. In the second stage we use the Talairach coordinates
(Talairach and Tournoux, 1988) within the clustered articles and describe the spatial distribution
in terms of the cluster labels from the first stage. This is in order to test whether the functional
clusters are anatomically segregated within the posterior cingulate cortex.
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That is, in terms of PCC we ask whether our machine-based methodology is able to capture
themes in alignment with major reviews and whether there is functional segregation within the
PCC.

2 Method

We download abstracts from the PubMed Web-service by restricting the search to posterior cin-
gulate area and functional neuroimaging with the following query:

("posterior cingulate" OR "posterior cingulum" OR "retrosplenial" OR "retrosplenium")

AND ("magnetic resonance imaging" OR "positron emission tomography")

The abstracts are brought on matrix form: X(N ×Q) where N corresponds to the number of
abstracts and Q corresponds to the number of words. This is the so-called “vector space model” or
bag-of-words representation (Salton et al., 1975). Ignoring case we count the words in each abstract
and set the element xnq to the number of times the qth word occurs in the nth abstract. Words that
only occur in a single abstract are discarded from the matrix and certain stop words are eliminated
resulting in a matrix with fewer columns. The stop words are a compound list consisting of ordinary
English words such as “the”, “of” augmented with medical stop words used in MEDLINE/PubMed
(http://www.ncbi.nlm.nih.gov/entrez/query/static/help/pmhelp.html#Stopwords) and by a large
manually constructed list for elimination of words that does not directly describe cognitive func-
tions, e.g., words for brain anatomy are eliminated.

A number of methods for discovering latent classes (“clusters” or “components”) in texts have
been described, e.g., spherical K-means and singular value decomposition (SVD) (Dhillon and
Modha, 2001), simple counting (Goldman et al., 1999), Probabilistic Latent Semantic Analysis
(PLSA) (Hofmann, 1999), hierarchical clustering (Gaussier et al., 2002), non-negative matrix fac-
torization (NMF) (Lee and Seung, 1999), Generalizable Gaussian Mixture (GGM) model (Hansen
et al., 2000), and independent component analysis (ICA) (Isbell Jr. and Viola, 1999; Kolenda
et al., 2000). Some of these have been applied for data mining medical literature (Dobrokhotov
et al., 2003; Goldman et al., 1999), and, e.g., the XplorMed Internet-based tool enables interactive
exploration of noun relatedness in PubMed abstracts producing simple two-word classes (Perez-
Iratxeta et al., 2001). In our case we will use the NMF with an optimization algorithm for the
Euclidean distance cost function (Lee and Seung, 2001) where a matrix X(N × Q) is factorized
into two non-negative matrices W(N ×K) and H(K × P )

X = WH+E, (1)

and the cost function (reconstruction error) E is defined as

E = trace(EET) = trace(ETE) = ||E||2F , (2)

This cost function is minimized for a fixed number of latent classes K. Each of the column vectors
in W corresponds to a latent class with loadings for each abstract, and each of the rows in H

contains a latent class with loadings over words. The algorithm is dependent on the initialization
of W and H. To avoid unfavorable local minima we run the algorithm multiple times and choose
the result with the lowest cost function value. NMF has the advantage that each vector (in either
W or H) corresponds to one latent class. In SVD and (ordinary) ICA there might be two classes
in each vector, since the algorithms implicitly assume a symmetric distribution around zero, for
an example see (Kleinberg, 1999). SVD further requires that the relevant loading vectors are
orthogonal. ICA requires either loadings over abstracts or loadings over words to be statistically
independent. Furthermore, NMF produces sparse components that are intuitively more suitable
for text than the holistic components from SVD analysis (Lee and Seung, 1999). The mathematical
uniqueness of NMF is a topic of current research see, e.g., (Donoho and Stodden, 2004). In hard
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assigning clustering algorithms such as K-means we only get an indicator for membership. In NMF
we get a continuous value for “more or less membership” to the latent class which means that we
are able to sort both the elements of W and H and report the top most representative abstract
and words associated with each class.

The number of latent classes K in NMF is the only parameter that needs to be set. In cluster
analysis we have previously determined an optimal number of classes by information criteria or
cross-validation (Goutte et al., 1999; Goutte et al., 2001; Balslev et al., 2002). Here, we will
instead run the algorithm over different numbers of classes and use a visualization technique to get
an overview of the structures in the data: We plot the classes as nodes in a 2-dimensional plot with
K on the y-axis and the individual classes k = 1 . . . K on the x-axis. Thus each row represents one
run of NMF with a specific number of classes, e.g., the 5th row is for K = 5. On each node we
print the words with the highest load in the classes of H. These words represents the most typical
words for the class. Nodes in adjacent layers (between K and K +1) are connected with lines and
the thickness of these lines is determined from the similarity between the classes. The similarity
between the kth class in a K-class NMF and the k′th class in a (K + 1)-class NMF is computed
as the inner product between the corresponding latent class vectors

sk,k′ =
(

wK
k

)T

wK+1
k′ . (3)

Only the lines where the similarity is high are shown. A threshold c was found as

sk,k′

/

max
k,k′

sk,k′ > c, (4)

where a useful value for c was found in the range 0.05− 0.15.
The text mining described above allows us to identify sub-categories in connection with PCC. In

our second step we use spatial modeling to further characterize each of these sub-categories in terms
of distribution in Talairach space (Fox et al., 2001). For each class k the loadings on abstracts in w̃k

are sorted and the Talairach coordinates from the top twenty abstracts are plotted. We only take
the coordinates from abstracts that are “winners” of each class by a applying a “winner-take-all”
function W̃ = wta(W) with the elements determined as

w̃nk =

{

wnk if ∀k′ : wnk ≥ wnk′ ,

0 otherwise.
(5)

The coordinates were extracted from the Brede database (Nielsen, 2003) or, if not available in
this database, typed in manually. We compare the distributions of Talairach coordinates from two
classes by statistical tests (Berman et al., 1999; Christoff and Grabrieli, 2000; Duncan and Owen,
2000). The coordinates from the two classes are represented in two data matrices Z1(M1 × 3)
and Z2(M2 × 3) and the two-sample Hotelling T 2 statistical test is applied where a scaled sample
Mahalanobis distance follows an F -distribution if independent multivariate Gaussian distributions
are assumed (Mardia et al., 1979, p. 77)

M1M2(M − P − 1)

M(M − 2)P
D2 ∼ FP,M−P−1. (6)

The Mahalanobis distance is computed as

D2 = (z̄1 − z̄2)
T
S−1

u (z̄1 − z̄2) , (7)

with the covariance Su found as

Su = (M1S1 + M2S2)/(M − 2), (8)
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where M = M1 + M2, z̄1 and z̄2 are the means for the two sets of Talairach coordinates and S1

and S2 are the biased covariance maximum likelihood estimates, e.g., S1 = ZT
1Z1/M1 − z̄T

1 z̄1. P
is the dimension of the space, i.e., P = 3 if the test is applied in the full 3-dimensional Talairach
space. Taking a pluralistic approach to modeling (Lange et al., 1999), and since the distributions
seem mildly non-Gaussian we also consider a permutation test on the Euclidean, median and
Mahalanobis distances between the two sets of coordinates (Mardia, 1970; Edgington, 1986; Arnold
et al., 1997). Permutation on the Mahalanobis distance will correspond to a permutation test on
the Hotelling T 2 statistics since there is only a scaling difference between the Mahalanobis distance
and the Hotelling T 2, cf. equation 6. The median test is only applied in one dimension.

The stop word lists and the tools for the analysis are available in the Brede neuroinformatics
toolbox (Nielsen and Hansen, 2000) presently available from http://hendrix.imm.dtu.dk/software-
/brede/.

3 Results

PubMed returned 271 items matching the query on PCC and imaging on the date 2003-08-14.
After the abstracts had been converted to vectorial form and single occurrence words and stop
words were eliminated 549 words remained from originally 4792, resulting in the data matrix
X(271 × 549). “Memory”, “alzheimer”, “visual”, “metabolic”, “retrieval” and “pain” showed up
as the most frequent occurring words. “Memory” occurred twice as often compared to the second
most frequent word.

Figure 2 shows the automatically generated “NMF tree” where each of the yellow nodes indi-
cates a NMF component. These are labeled with the words with the highest score in H. Although
the particular configuration of the NMF tree changes when the algorithm is restarted, the major
themes are invariant over runs. The tree with the root in (1, 1) shows that memory is a domi-
nant theme throughout the hierarchy (K = 1 . . . 12). The words showing the highest association
with the component are “memory”, “retrieval” and “episodic”. An automatically generated list of
articles scoring high on the “memory” component w̃k=memory is available in table 1.

Other important themes are Alzheimer’s disease with mild cognitive impairment (represented
by words such as “alzheimer”, “metabolic”, “mci”, “dementia”) and pain (“painful”, “nonpainful”,
“somatosensory”, “sensation”, “heat”). Table 2 lists the abstracts associated with the pain com-
ponent. Furthermore, a “sensorimotor” component is associated with words such as “hand”’,
“motor”, “visual” and “reaching” but only a few functional studies support this theme (Kertzman
et al., 1997; Inoue et al., 1998). A component associated with Posttraumatic Stress Syndrome
(PTSD) is dominated by a few abstracts by J. D. Bremner (Bremner et al., 1999b; Bremner et al.,
1999a; Bremner, 2002; Bremner et al., 2003). Other components also showed to be dominated
by a single author. This is the case for the visual motion component (Cornette et al., 1998) and
the associative learning component (Hunkin et al., 2002). A final component contains emotion,
familiarity and facial expression perception. We will refer to this as the “emotion” component even
though only about half the abstracts were genuine emotion studies. The associated abstracts are
listed in table 3.

Most of the articles displayed in the tables 1, 2 and 3 listed Talairach coordinates. We extracted
PCC coordinates from these articles even though some of the entries were not strictly associated
with the main theme of the component, e.g., a taste study (Gautier et al., 1999) appears in the
pain component. A coordinate marked “Left posterior cingulate/precuneus” (Boxer et al., 2003)
was left out since it was too posterior (y = −96) to be in PCC. An other outlier left out was “right
postcentral gyrus/posterior cingulate gyrus” with x = 52 (Jernigan et al., 1998). Single subjects
activations in PCC from a third study (Maddock and Buonocore, 1997) were averaged to one single
coordinate. All included studies except one event related potential study (Chen et al., 2002) were
either PET or fMRI studies.

Figure 3 displays a sagittal view of the focal brain activation distribution of memory (green
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# Load Title Reference

1 7.81 Remembering the past: two facets of episodic memory explored
with positron emission tomography.

(Andreasen et al.,
1995b)

2 7.56 Differential remoteness and emotional tone modulate the neural
correlates of autobiographical memory.

(Piefke et al., 2003)

3 5.74 Differential modulation of a common memory retrieval network
revealed by positron emission tomography.

(Maguire and Mum-
mery, 1999)

4 5.11 Remembering familiar people: the posterior cingulate cortex
and autobiographical memory retrieval.

(Maddock et al., 2001)

5 5.06 Neuroanatomical correlates of episodic encoding and retrieval in
young and elderly subjects.

(Daselaar et al., 2003)

6 4.89 Verbal encoding deficits in a patient with a left retrosplenial
lesion.

(McDonald et al.,
2001)

7 4.73 The functional neuroanatomy of episodic memory: the role of
the frontal lobes, the hippocampal formation, and other areas.

(Desgranges et al.,
1998)

8 4.57 Parietal and hippocampal contribution to topokinetic and topo-
graphic memory.

(Berthoz, 1997)

9 4.43 The effects of bilateral hippocampal damage on fMRI regional
activations and interactions during memory retrieval.

(Maguire et al., 2001)

10 4.33 Network analysis in episodic encoding and retrieval of word-pair
associates: a PET study.

(Krause et al., 1999)

11 4.21 Cerebral representation of one’s own past: neural networks in-
volved in autobiographical memory.

(Fink et al., 1996)

12 3.98 Brain regions associated with acquisition and retrieval of verbal
episodic memory.

(Shallice et al., 1994)

13 3.86 The role of the basal forebrain in episodic memory retrieval: a
positron emission tomography study.

(Fujii et al., 2002)

14 3.49 A combined neuropsychological and neuroimaging study of to-
pographical and non-verbal memory in semantic dementia.

(Cipolotti and
Maguire, 2003)

15 3.00 Changing patterns of brain activation during maze learning. (Van Horn et al., 1998)

16 2.82 Neural correlates of semantic and episodic memory retrieval. (Wiggs et al., 1999)

17 2.75 Network analysis of positron emission tomography regional cere-
bral blood flow data: ensemble inhibition during episodic mem-
ory retrieval.

(Nyberg et al., 1996)

18 2.71 Task-related and item-related brain processes of memory re-
trieval.

(Düzel et al., 1999)

19 2.66 Posterior cingulate cortex activation by emotional words: fMRI
evidence from a valence decision task.

(Maddock et al., 2003)

20 2.49 Neocortical system abnormalities in autism: an fMRI study of
spatial working memory.

(Luna et al., 2002)

Table 1: Memory class: Abstracts associated with the memory class sorted according to loading,
i.e., values in w̃k=memory. For this specific list the (1, 4)-node from figure 2 was selected.
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# Load Title Reference

1 9.87 Central representation of chronic ongoing neuropathic pain stud-
ied by positron emission tomography.

(Hsieh et al., 1995)

2 8.14 Regional brain activity changes associated with fentanyl analge-
sia elucidated by positron emission tomography.

(Adler et al., 1996)

3 7.97 Region-specific encoding of sensory and affective components
of pain in the human brain: a positron emission tomography
correlation analysis.

(Tölle et al., 1999)

4 7.66 Central processing of rectal pain: a functional MR imaging
study.

(Baciu et al., 1999)

5 6.60 Phantom limb pain in the human brain: unraveling neural cir-
cuitries of phantom limb sensations using positron emission to-
mography.

(Willoch et al., 2000)

6 5.70 A PET activation study of dynamic mechanical allodynia in
patients with mononeuropathy.

(Petrovic et al., 1999)

7 5.38 A comparative fMRI study of cortical representations for ther-
mal painful, vibrotactile, and motor performance tasks.

(Gelnar et al., 1999)

8 4.71 Spatial summation of pain processing in the human brain as
assessed by cerebral event related potentials.

(Chen et al., 2002)

9 4.56 Pain processing in four regions of human cingulate cortex local-
ized with co-registered PET and MR imaging.

(Vogt et al., 1996)

10 4.45 Functional MR imaging analysis of pain-related brain activation
after acute mechanical stimulation.

(Creac’h et al., 2000)

11 4.27 Central nervous pathways mediating angina pectoris. (Rosen et al., 1994)

12 2.15 Cerebral mechanisms of hypnotic induction and suggestion. (Rainville et al., 1999)

13 1.88 Neuroimmune relations in patients with fibromyalgia: a positron
emission tomography study.

(Lekander et al., 2000)

14 1.44 Human brain activation under controlled thermal stimulation
and habituation to noxious heat: an fMRI study.

(Becerra et al., 1999)

15 1.01 Central representation of visceral and cutaneous hypersensitiv-
ity in the irritable bowel syndrome.

(Verne et al., 2003)

16 0.97 Anatomical localization and intra-subject reproducibility of
laser evoked potential source in cingulate cortex, using a re-
alistic head model.

(Bentley et al., 2002)

17 0.88 Brain images of pain. (Bromm, 2001)

18 0.39 Regions of the human brain affected during a liquid-meal taste
perception in the fasting state: a positron emission tomography
study.

(Gautier et al., 1999)

19 0.37 fMRI of the responses to vibratory stimulation of digit tips. (Francis et al., 2000)

20 0.36 Cerebral activation in patients with irritable bowel syndrome
and control subjects during rectosigmoid stimulation.

(Naliboff et al., 2001)

Table 2: Pain class: Abstracts associated with the pain class sorted according to loading, i.e.,
values in w̃k=pain. For this specific list the (3, 4)-node from figure 2 was selected.
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# Load Title Reference

1 14.15 Investigation of facial recognition memory and happy and sad
facial expression perception: an fMRI study.

(Phillips et al., 1998)

2 11.60 Ketamine alters neural processing of facial emotion recognition
in healthy men: an fMRI study.

(Abel et al., 2003)

3 7.60 Posterior cingulate cortex activation by emotional words: fMRI
evidence from a valence decision task.

(Maddock et al., 2003)

4 4.79 The neural correlates of person familiarity. A functional mag-
netic resonance imaging study with clinical implications.

(Shah et al., 2001)

5 4.76 Dissociable prefrontal brain systems for attention and emotion. (Yamasaki et al., 2002)

6 2.66 Cerebral blood flow in subjects with social phobia during stress-
ful speaking tasks: a PET study.

(Tillfors et al., 2001)

7 2.56 Functional neuroanatomy of visually elicited simple phobic fear:
additional data and theoretical analysis.

(Fredrikson et al.,
1995)

8 2.39 Activation of left posterior cingulate gyrus by the auditory pre-
sentation of threat-related words: an fMRI study.

(Maddock and Buono-
core, 1997)

9 2.20 Cerebral blood flow during anxiety provocation. (Fredrikson et al.,
1997)

10 1.82 A functional cerebral response to frightening visual stimulation. (Wik et al., 1993)

11 1.29 Cortical networks recruited for time perception: a monkey
positron emission tomography (PET) study.

(Onoe et al., 2001)

12 1.22 Investigating the functional anatomy of empathy and forgive-
ness.

(Farrow et al., 2001)

13 1.17 Neural substrates for the perception of acutely induced dyspnea. (Peiffer et al., 2001)

14 1.05 Brain abnormalities in early-onset schizophrenia spectrum dis-
order observed with statistical parametric mapping of structural
magnetic resonance images.

(Sowell et al., 2000)

15 1.02 The neural basis of romantic love. (Bartels and Zeki,
2000)

16 0.97 The posterior cingulate and medial prefrontal cortex mediate
the anticipatory allocation of spatial attention.

(Small et al., 2003)

17 0.84 Focal gray matter density changes in schizophrenia. (Hulshoff Pol et al.,
2001)

18 0.77 Neural basis of the Stroop interference task: response competi-
tion or selective attention?

(Mead et al., 2002)

19 0.73 Functional magnetic resonance imaging of human visual cortex
during face matching: a comparison with positron emission to-
mography.

(Clark et al., 1996)

20 0.53 6-(18)F-DOPA PET study in patients with schizophrenia.
Positron emission tomography.

(Elkashef et al., 2000)

Table 3: Emotion class: Abstracts associated with the Emotion class sorted according to loading,
i.e., values in w̃k=emotion. For this specific list the (11, 12)-node from figure 2 was selected.
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Figure 2: NMF tree with components from non-negative matrix factorization of the bag-of-words
converted posterior cingulate abstracts. The nodes indicated by yellow dots represent each a
specific component k ∈ {1 . . . K} for a specific K. The y-axis is indicating a specific number of
classes K. The size of the dots indicates the fraction of documents assigned to the component.
The lines indicate the similarity between components, see equations 3 and 4 in the text.

squares) and pain (red triangles) extracted from the most salient articles of the two most prominent
components from the NMF analysis. The gray outline is an isocurvature in a probability volume
for PCC based on modeling of all coordinates from the Brede database labeled either “posterior
cingulate” or “retrosplenial” (Nielsen and Hansen, 2002). A clear difference is seen between the
two with memory brain activations primarily in the caudal part of PCC while the pain brain
activations are mostly confined to the rostral or superior part of PCC. Two of the pain activations
in the caudal part are actually from the taste study (Gautier et al., 1999).

The statistical tests for difference in distributions between memory and pain coordinates showed
a large segregation with P -values around P ≈ 0.002 for both Hotelling’s T 2 test and the Maha-
lanobis permutation test while the permutation test on the Euclidean distance was somewhat
lower (P ≈ 0.0004). If the test was restricted to the sagittal coordinates (y and z) the P -values
were lower, e.g., Hotelling T 2 test P -value for the coordinates from articles listed in tables 1
and 2 was P = 0.000658 and P ≈ 0.0003 for the mean permutation test. Statistical tests also
gave evidence for a separation between memory and Alzheimer with P ≈ 0.01 (PT 2,3D = 0.0172,
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Figure 3: Distribution of memory and pain brain activations in the posterior cingulate cortex
shown on a sagittal plot: y is the AP-axis with posterior as negative. The blue outline follows that
of the Talairach atlas. The gray outline is an isocurvature in a probability volume for posterior
cingulate cortex based on modeling of coordinates from the Brede database. Green squares are
associated with “memory” articles and red triangles with “pain” articles.

PT 2, Sagittal = 0.0098, PMaha. Perm., Sagittal ≈ 0.008). The ordinary tests show very little difference
between pain and Alzheimer P > 0.5, although this might be due to outliers in the Alzheimer
set: Many Alzheimer coordinates lay inferior to pain coordinates, while only a few is positioned
superior. A permutation test on the median on the Talairach z-coordinate showed a clear sepa-
ration (P ≈ 0.001). Statistical testing between memory and emotion showed a very high P -value
P > 0.5. There were not much difference between the Hotelling T 2 and permutation test for any
of the tests.

There were few abstracts assigned to the PTSD components. Only 8 coordinates were con-
tained in this components and furthermore were genuine PTSD articles (Bremner et al., 1999a;
Bremner et al., 1999b; Pissiota et al., 2002; Bremner et al., 2003). These showed to be mostly dis-
tributed in the rostral part of PCC and with the two most caudal brain activations actually being
deactivations in relation to PTSD provocation (Pissiota et al., 2002). This could give evidence for
PTSD activation to be confined to the rostral part. To investigate this further we augmented the
set with additional coordinates mentioned in a recent review (Bremner, 2002; Shin et al., 1997;
Shin et al., 1999; Lanius et al., 2001), and we divided them into “positive” and “negative” PTSD
activations, see figure 4. These new coordinates did not support the hypothesis since they were
distributed across the entire PCC.
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Figure 4: Distribution of PTSD brain activations. Green squares are from our initial set while
red pluses and blue diamond are “positive” and “negative” PTSD activations from an extra set of
articles.

4 Discussion

We find the most prominent component to be associated with words such as “memory”, “retrieval”
and “episodic”. This is in alignment with a major review that associates PCC with successful
episodic memory retrieval (Cabeza and Nyberg, 2000). The important role of the caudal posterior
cingulate cortex in successful autobiographical memory retrieval has previously been noted (Mad-
dock et al., 2001), and this is also in very well alignment with our finding of the spatial distribution
of memory activations, although our results does not emphasize the success and autobiographical
content, but rather general episodic memory retrieval.

Our finding of Alzheimer’s Disease and Mild Cognitive Impairment as an important theme
is also in agreement with findings of the neuroimaging literature where PCC hypometabolism is
prevalent, see, e.g., (Minoshima et al., 1994; Volkow et al., 2002; Nybäck et al., 1991).

The large contribution from pain in PCC studies is surprising: Pain activation has especially
been associated with the anterior or middle part of cingulate cortex (Brodmann areas 24/32) (Vogt
et al., 1992; Ingvar, 1999; Peyron et al., 2000), seldom posterior to Talairach coordinate y = −2cm.
Magneto- and encephalography results have suggested involvement of the posterior cingulate area
(Bromm, 2001), e.g., a study estimated a laser evoked potential dipole source to be at the border
between the anterior and posterior cingulate cortex in the left hemisphere (Bentley et al., 2002).
Our results suggest that a larger part of cingulate cortex than just anterior cortex is associated
with pain. Furthermore, this pain component has a focus that is shifted compared to the focus of

11



the memory component: All statistical test identify a differentiation between the memory and pain
components and simple visual inspection of figure 3 also testifies to this. Our analysis does not
enables us to say whether specific sub-components of pain (such as affective, sensory or cognitive)
are especially pronounced in PCC, and if the PCC contribution to pain might be a part of the
stronger activation in the anterior cingulate cortex. Our differentiation between the pain and the
memory components appears along a rostrocaudal axis while standard cytoarchitectonic areas have
a “ventrodorsal” order with Brodmann areas 29, 30, 23, 31 (Vogt et al., 2001). Cytoarchitectonic
rostrocaudal differentiation has been made in Macaca fascicularis with the definition of 23e, 23i
and 23v, where 23v is the most caudal (Kobayashi and Amaral, 2000), and differences in thalamic
connection have been found between the posteroventral (caudal) and dorsal regions of area 23b in
Macaca fuscata (Shibata and Yukie, 2003). However, it is not clear whether these differences relate
to the functional differentiation we find.

Emotion has been associated with PCC and a review concludes that “the retrosplenial cortex
is the cortical region that is most consistently activated by the emotional salience of experimental
stimuli” (Maddock, 1999), where “retrosplenial” here means the most-caudal part of PCC (Vogt
et al., 2000; Vogt et al., 2001). Apart from articles mentioned by the review (Maddock, 1999) PCC
has been associated with emotion in, e.g., facial anger viewing (Sprengelmeyer et al., 1998), facial
happiness viewing (Phillips et al., 1998; Kilts et al., 1996), visual elicited phobic fear (Fredrikson
et al., 1995) and romantic love (Bartels and Zeki, 2000). A single component contains a number
of these emotion studies, but the component is not very “clean” in the sense that it does not
exclusively contain emotion studies, so we can only leniently conclude that there is a tendency for
overlap between the emotion and the memory in the spatial distribution in Talairach space and it
appears in caudal PCC.

Measurements in several species indicate that PCC is implicated in eye movements (Vogt et al.,
1992; Olson et al., 1996), and functional neuroimaging in humans identify PCC activation in
saccades and pursuit tracking (Berman et al., 1999). One could expect to find a component
corresponding to eye movement, but this did not appear as a major theme in our analysis of
functional neuroimaging studies.

A missing theme in our analysis is navigation and spatial orientation: The involvement of PCC
in navigation is supported by ten case studies with patients showing topographical disorientation
as the primary deficit (Maguire, 2001). Furthermore, a number of animal lesion and electrophys-
iological studies have shown that PCC contributes to “spatial orientation” (Vogt et al., 1992).
Human retrosplenial activation has also been reported in an allocentric environment-based task
which required no real or virtual locomotion (Committeri et al., 2003). The reason why a naviga-
tion component does not show up is probably due to that some of the fMRI and PET navigation
studies do not mention PCC (including retrosplenial cortex) in the title or abstract even when
changes in this area are in fact reported: Eight of the 11 PET or fMRI studies listed in a review of
retrosplenial cortex in navigation (Maguire, 2001) do not mention PCC. Another study is excluded
from our analysis because “magnetic resonance imaging” is neither mentioned in the abstract nor
indexed in the MeSH terms by PubMed (only “MRI” is mentioned in the abstract) (Grön et al.,
2000). Two studies included in our analysis (Burgess et al., 2001; Ghaem et al., 1997) show high
loading on the “memory” component which might be a suitable categorization since these “nav-
igation” studies investigated retrieval of the spatial context and “memorized routes”. The few
navigation studies are not able to generate their own component. The same problem applies for
the few studies contrasting “resting state” (where the subjects have been instructed to close their
eyes) with a number of diverse activation states finding posterior cingulate or nearby precuneus
activation (Shulman et al., 1997; Mazoyer et al., 2001; Raichle et al., 2001; Andreasen et al., 1995a;
Binder et al., 1999). Of these only two are included (Mazoyer et al., 2001; Andreasen et al., 1995a)
both primarily classified as “memory”, the major theme of the latter.

The bag-of-words approach although a crude representation of written narrative, has proved
to be able to identify themes that appear meaningful and aligned with “human powered” meta-
analysis. The simple representation is however not able to identify in which local context the
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words appear. We used a large stop word list to discard frequent words with little reference to
cognitive function. More advanced feature extraction algorithms would invoked more advanced
phrase structure and natural language processing which has proven to give superior results in
question/answering information retrieval tasks (Pasca and Harabagiu, 2001).

We did not intend to find all articles that are relevant for PCC. Many articles that report
PCC activation do not mention the area in the abstract, and furthermore, our specific query with
search on a limited number of words does not capture all relevant articles. Yet, our presently
available data base do yield sensible results, and serves as proof of concept for future extensive
datamining investigations. As databases such as BrainMap DBJ (Fox and Lancaster, 2002) and
Brede (Nielsen, 2003) increase in scope this will further the successful retrieval of relevant articles
and indeed our method can be implemented as an integrated part of services offered in connection
with these databases, as it is the case with “related volumes” services already in operation (Nielsen
and Hansen, 2004). Increasing availability of electronic full text articles on the Internet will also
assist the identification of relevant research.

Comparison with the permutation test on the Mahalanobis distance showed that the paramet-
ric Hotelling T 2 two-sample test is not very much affected by mild non-Gaussianity. However, the
two test are probably not unbiased: The tests assume independent distributed or “exchangeable”
activations and this is probably not true since there might be “intra-author” and “intra-study”
effects that violate the independence assumption and activations within an article is not indepen-
dent. These effects are hard to model or access. However, our investigation of memory and pain
brain activation is based on a large number of mostly independent studies, so the overall conclusion
should not be affected.

Another bias arises since the individual abstracts can probably not be regarded as fully in-
dependent and identically distributed: Dominant authors or laboratories might tend to use a
stereotypical vocabulary. We have inspected the tables to explore for this effect but did not find
obvious examples.

Our present method use the frequency of words as the features. A number of other weighting
schemes have been suggested in the information retrieval literature see, e.g, (Salton and Buckley,
1988), and these have an effect on the NMF components. We choose to use the frequency of words
because of the simplicity and the emphasis it will put on the high frequency themes. However,
some components can be dominated by single abstracts. In most cases this effect is unwanted and
future work will be devoted to develop weighting schemes where these effects can be controlled.

The limited resolution of functional neuroimaging along with differences in brain templates and
image registration procedures as well as spatial filtering during analysis and variation in the way
the Talairach coordinates are found will probably make it difficult to localize the precise area, e.g.,
in terms of cytoarchitecture. Our analysis shows that the Talairach coordinates has an advantage
over lobar anatomy: Talairach coordinates allow for more precise delineation of an area than the
lobar anatomy terminology typically employed.

It should be noted that the “anterior cingulate” and “posterior cingulate” are not well defined
areas anatomically, e.g., PCC can be taken to mean only the Brodmann areas 23 and 31. A mid-
cingulate area can be defined (Tzourio-Mazoyer et al., 2002) which means that the area referred
to as posterior cingulate will be confined to the caudal region. In this work we have used the
ostensive definition in articles and simply taken PCC to mean what is referred to as posterior
cingulate and retrosplenial. Our analysis is not affected by this difference unless a part of the
functional neuroimaging community, e.g., those involved in “memory”, tend to use “mid-cingulate”
for the rostral part of posterior cingulate while others, e.g., pain researchers, tend to use “posterior
cingulate”.

13



5 Conclusion

We have presented a method for discovering major themes for a specific brain area. Apart from
the manual entering of Talairach coordinates our method can be completely automatized.

Our method is not confined to the analysis of the posterior cingulate but can be applied to other
brain regions or other words and phrases and their relation to brain anatomy can be identified.

We have found functional heterogeneity in posterior cingulate cortex and the finding of the
association between pain and the rostral part of the PCC shows the essence of data mining and
knowledge discovery where previously overlooked small correlations become evident when informa-
tion is aggregated and analyzed.
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Finn Årup Nielsen is funded by the Villum Kann Rasmussen Foundation. Daniela Balslev is funded
by Copenhagen University Hospital, Rigshospitalet.

References

Abel, K. M., Allin, M. P. G., Kucharska-Pietura, K., David, A., Andrew, C., Williams, S., Bram-
mer, M. J., and Phillips, M. L. (2003). Ketamine alters neural processing of facial emotion
recognition in healthy men: an fMRI study. NeuroReport, 14(3):387–391. PMID: 12634489.
DOI: 10.1097/01.wnr.0000058031.29600.31. ISSN 0959-4965.

Adler, L. J., Gyulai, F. E., Diehl, D. J., Mintun, M. A., Winter, P. M., and Firestone, L. L. (1996).
Regional brain activity changes associated with fentanyl analgesia elucidated by positron emis-
sion tomography. Anesthesia & Analgesia, 84(1):120–126. PMID: 8989012. WOBIB: 101.

Andreasen, N. C., O’Leary, D. S., Cizadlo, T., Arndt, S., Rezai, K., Watkins, G. L., Ponto, L. L.,
and Hichwa, R. D. (1995a). II. PET studies of memory: novel versus practiced free recall of
word lists. NeuroImage, 2(4):296–305. PMID: 9343614. WOBIB: 85. ISSN 1053-8119.

Andreasen, N. C., O’Leary, D. S., Cizadlo, T., Arndt, S., Rezai, K., Watkins, G. L., Ponto, L.
L. B., and Hichwa, R. D. (1995b). Remembering the past: two facets of episodic memory
explored with positron emission tomography. American Journal of Psychiatry, 152(11):1576–
1585. PMID: 7485619.

Arnold, J. T., Daw, N. C., Stenberg, P. E., Jayawardene, D., Srivastava, D. K., and
Jackson, C. W. (1997). A single injection of pegylated murine megakaryocyte growth
and development factor (MGDF) into mice is sufficient to produce a profound stim-
ulation of megakaryocyte frequency, size, and ploidization. Blood, 89(3):823–833.
http://www.bloodjournal.org/cgi/content/full/89/3/823.

Baciu, M. V., Bonaz, B. L., Papillon, E., Bost, R. A., Bas, J.-F. L., Fournet, J., and
Segebarth, C. M. (1999). Central processing of rectal pain: a functional MR imag-
ing study. American Journal of Neuroradiology, 20(10):1920–1924. PMID: 10588119.
http://www.ajnr.org/cgi/content/abstract/20/10/1920. ISSN 0195-6108. An fMRI study with
a ballon in the rectum of the subjects. There are no Talairach coordinates.
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Kolenda, T., Savoy, R., and Hansen, L. K. (1999). Plurality and resem-
blance in fMRI data analysis. NeuroImage, 10(3):282–303. PMID: 10458943. DOI:
10.1006/nimg.1999.0472. http://www.sciencedirect.com/science/article/B6WNP-45FCP48-
13/2/bd7e7f72099b83540609e24c627a2fc4.

Lanius, R. A., Williamson, P. C., Densmore, M., Boksman, K., Gupta, M. A., Neufeld, R. W., Gati,
J. S., and Menon, R. S. (2001). Neural correlates of traumatic memories in posttraumatic stress
disorder: a functional MRI investigation. American Journal of Psychiatry, 158(11):1920–1922.
PMID: 11691703. ISSN 0002-953X.

Lee, D. D. and Seung, H. S. (1999). Learning the parts of objects by non-negative matrix factor-
ization. Nature, 401(6755):788–791. PMID: 10548103.

Lee, D. D. and Seung, H. S. (2001). Algorithms for non-negative matrix factorization. In
Leen, T. K., Dietterich, T. G., and Tresp, V., editors, Advances in Neural Information
Processing Systems 13: Proceedings of the 2000 Conference, pages 556–562. CiteSeer:
http://citeseer.nj.nec.com/lee00algorithms.html.

Lekander, M., Fredrikson, M., and Wik, G. (2000). Neuroimmune relations in patients with
fibromyalgia: a positron emission tomography study. Neuroscience Letters, 282(3):193–196.
PMID: 10717424. ISSN 0304-3940.

Luna, B., Minshew, N. J., Garver, K. E., Lazar, N. A., Thulborn, K. R., Eddy, W. F., and Sweeney,
J. A. (2002). Neocortical system abnormalities in autism: an fMRI study of spatial working
memory. Neurology, 59(6):834–840. PMID: 12297562. ISSN 0028-3878. There are no Talairach
coordinates.

Maddock, R. J. (1999). The retrosplenial cortex and emotion: new insights from func-
tional neuroimaging of the human brain. Trends in Neurosciences, 22(7):310–316. DOI:
10.1016/S0166-2236(98)01374-5. http://www.sciencedirect.com/science/article/B6T0V-
408JD8J-B/2/6ece1d70a602b784489b3917f87d8818.

Maddock, R. J. and Buonocore, M. H. (1997). Activation of left posterior cingulate gyrus by the
auditory presentation of threat-related words: an fMRI study. Psychiatry Research, 75(1):1–
14. PMID: 9287369.

Maddock, R. J., Garrett, A. S., and Buonocore, M. H. (2001). Remembering familiar people: the
posterior cingulate cortex and autobiographical memory retrieval. Neuroscience, 104(3):667–
676. PMID: 11440800. WOBIB: 90. ISSN 0306-4522. An fMRI study showing the strongest
activation in the caudal part of the posterior cingulate cortex during cued recall of familiar people,
— interpreted as autobiographical memory retrieval.

Maddock, R. J., Garrett, A. S., and Buonocore, M. H. (2003). Posterior cingulate cortex activation
by emotional words: fmri evidence from a valence decision task. Human Brain Mapping,
18(1):30–41. PMID: 12454910. DOI: 10.1002/hbm.10075. WOBIB: 39. ISSN 1065-9471.

Maguire, E. A. (2001). The retrosplenial contribution to human navigation: A review of lesion and
neuroimaging findings. Scandinavian Journal of Psychology, 42:225–238. PMID: 11501737.
ISSN 0036-5564.

Maguire, E. A. and Mummery, C. J. (1999). Differential modulation of a common mem-
ory retrieval network revealed by positron emission tomography. Hippocampus, 9(1):54–61.
PMID: 10088900. WOBIB: 78. ISSN 1050-9631.

20



Maguire, E. A., Vargha-Khadem, F., and Mishkin, M. (2001). The effects of bilateral hippocam-
pal damage on fMRI regional activations and interactions during memory retrieval. Brain,
124(6):1156–1170. PMID: 11353732.

Mardia, K. V. (1970). Measures of multivariate skewness and kurtosis with applications.
Biometrika, 36:519–530.

Mardia, K. V., Kent, J. T., and Bibby, J. M. (1979). Multivariate Analysis. Probability and
Mathematical Statistics. Academic Press, London. ISBN 0124712525.

Mazoyer, B., Zago, L., Mellet, E., Bricogne, S., Etard, O., Houde, O., Crivello, F., Joliot, M., Petit,
L., and Tzourio-Mazoyer, N. (2001). Cortical networks for working memory and executive
functions sustain the conscious resting state in man. Brain Research Bulletin, 54(3):287–298.
PMID: 11287133. ISSN 0361-9230.

McDonald, C. R., Crosson, B., Valenstein, E., and Bowers, D. (2001). Verbal encoding deficits in
a patient with a left retrosplenial lesion. Neurocase, 7(5):405–417. PMID: 11744782.

Mead, L. A., Mayer, A. R., Bobholz, J. A., Woodley, S. J., Cunningham, J. M., Hammeke, T. A.,
and Rao, S. M. (2002). Neural basis of the Stroop interference task: response competition
or selective attention? Journal of the International Neuropsychological Society, 8(6):735–742.
PMID: 12240737. ISSN 1355-6177.

Mesulam, M. M., Nobre, A. C., Kim, Y.-H., Parrish, T. B., and Gitelman, D. R. (2001). Het-
erogeneity of cingulate contributions to spatial attention. NeuroImage, 13(6):1065–1072.
PMID: 11352612. WOBIB: 120. An fMRI study with visuospatial attention that is restricted
to the cingulate cortex. Two interesting areas are found: One in ACC and one in PCC. The PCC
activation are associated with fast response.

Minoshima, S., Foster, N. L., and Kuhl, D. E. (1994). Posterior cingulate cortex in Alzheimer’s
disease. The Lancet, 344:895.

Naliboff, B. D., Derbyshire, S. W., Munakata, J., Berman, S., Mandelkern, M., Chang, L., and
Mayer, E. A. (2001). Cerebral activation in patients with irritable bowel syndrome and
control subjects during rectosigmoid stimulation. Psychosomatic Medicine, 63(3):365–375.
PMID: 11382264. ISSN 0033-3174.
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