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Abstract

This paper presents Generalized Correspondence-LDA (GC-LDA), a generalization
of the Correspondence-LDA model that allows for variable spatial representations
to be associated with topics, and increased flexibility in terms of the strength
of the correspondence between data types induced by the model. We present
three variants of GC-LDA, each of which associates topics with a different spatial
representation, and apply them to a corpus of neuroimaging data. In the context of
this dataset, each topic corresponds to a functional brain region, where the region’s
spatial extent is captured by a probability distribution over neural activity, and the
region’s cognitive function is captured by a probability distribution over linguistic
terms. We illustrate the qualitative improvements offered by GC-LDA in terms
of the types of topics extracted with alternative spatial representations, as well
as the model’s ability to incorporate a-priori knowledge from the neuroimaging
literature. We furthermore demonstrate that the novel features of GC-LDA improve
predictions for missing data.

1 Introduction

One primary goal of cognitive neuroscience is to find a mapping from neural activity onto cognitive
processes—that is, to identify functional networks in the brain and the role they play in supporting
macroscopic functions. A major milestone towards this goal would be the creation of a “functional-
anatomical atlas” of human cognition, where, for each putative cognitive function, one could identify
the regions and brain networks within the region that support the function.

Efforts to create such functional brain atlases are increasingly common in recent years. Most studies
have proceeded by applying dimensionality reduction or source decomposition methods such as
Independent Component Analysis (ICA) [4] and clustering analysis [9] to large fMRI datasets such
as the Human Connectome Project [[10] or the meta-analytic BrainMap database [8]]. While such
work has provided valuable insights, these approaches also have significant drawbacks. In particular,
they typically do not jointly estimate regions along with their mapping onto cognitive processes.
Instead, they first extract a set of neural regions (e.g., via ICA performed on resting-state data), and
then in a separate stage—if at all—estimate a mapping onto cognitive functions. Such approaches do
not allow information regarding cognitive function to constrain the spatial characterization of the
regions. Moreover, many data-driven parcellation approaches involve a hard assignment of each brain
voxel to a single parcel or cluster, an assumption that violates the many-to-many nature of functional
brain networks. Ideally, a functional-anatomical atlas of human cognition should allow the spatial
and functional correlates of each atom or unit to be jointly characterized, where the function of each
region constrains its spatial boundaries, and vice-versa.
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In the current work, we propose Generalized Correspondence LDA (GC-LDA) — a novel generaliza-
tion of the Correspondence-LDA model [2] for modeling multiple data types, where one data type
describes the other. While the proposed approach is general and can be applied to a variety of data,
our work is motivated by its application to neuroimaging meta-analysis. To that end, we consider
several GC-LDA models that we apply to the Neurosynth [[12] corpus, consisting of the document
text and neural activation data from a large body of neuroimaging publications. In this context, the
models extract a set of neural “topics”, where each topic corresponds to a functional brain region. For
each topic, the model describes its spatial extent (captured via probability distributions over neural
activation) and cognitive function (captured via probability distributions over linguistic terms). These
models provide a novel approach for jointly identifying the spatial location and cognitive mapping of
functional brain regions, that is consistent with the many-to-many nature of functional brain networks.
Furthermore, to the best of our knowledge, one of the GC-LDA variants provides the first automated
measure of the lateralization of cognitive functions based on large-scale imaging data.

The GC-LDA and Correspondence-LDA models are extensions of Latent Dirichlet Allocation (LDA)
[3]. Several Bayesian methods with similarities (or equivalences) to LDA have been applied to
different types of neuroimaging data. Poldrack et al. (2012) used standard LDA to derive topics
from the text of the Neurosynth database and then projected the topics onto activation space based on
document-topic loadings [7]]. Yeo et al. (2014) used a variant of the Author-Topic model to model the
BrainMap Database [13]]. Manning et al. (2014) described a Bayesian method “Topographic Factor
Analysis” to identify brain regions based on the raw fMRI images (but not text) extracted from a set
of controlled experiments, which can later be mapped on functional categories [5].

Relative to the Correspondence-LDA model, the GC-LDA model incorporates: (i) the ability to
associate different types of spatial distributions with each topic, (ii) flexibility in how strictly the
model enforces a correspondence between the textual and spatial data within each document, and (iii)
the ability to incorporate a-priori spatial structure, e.g., encouraging relatively homologous functional
regions located in each brain hemisphere. As we show, these aspects of GC-LDA have a significant
effect on the quality of the estimated topics, as well as on the models’ ability to predict missing data.

2 Models

In this paper we propose a set of unsupervised generative models based on the Correspondence-LDA
model [2] that we use to jointly model text and brain activations from the Neurosynth meta-analytic
database [12]. Each of these models, as well as Correspondence-LDA, can be viewed as special cases
of a broader model that we will refer to as Generalized Correspondence-LDA (GC-LDA). In the
section below, we describe the GC-LDA model and its relationship to Correspondence-LDA. We
then detail the specific instances of the model that we use throughout the remainder of the paper. A
summary of the notation used throughout the paper is provided in Table[T]

2.1 Generalized Correspondence LDA (GC-LDA)

Each document d in the corpus is comprised of two types of data: a set of word tokens
{wgd)7 wéd), ey wj(;l()@} consisting of unigrams and/or n-grams, and a set of peak activation to-

(1d) , :cgd), e 335\(;2[1) } where Nfud) and Ngﬁd) are the number of word and activation tokens in
document d, respectively. In the target application, each token x; is a 3-dimensional vector corre-
sponding to the peak activation coordinates of a value reported in fMRI publications. However, we
note that this model can be directly applied to other types of data, such as segmented images, where

each z; corresponds to a vector of real-valued features extracted from each image segment (c.f. [2]).

kens {1

GC-LDA is described by the following generative process (depicted in Figure[T]A):

1. For each topic ¢ € {1, ...,T}B

(a) Sample a Multinomial distribution over word types ¢ ~ Dirichlet(3)
2. For each document d € {1,..., D}:

"To make the model fully generative, one could additionally put a prior on the spatial distribution parameters

A® and sample them. For the purposes of the present paper we do not specify a prior on these parameters, and
therefore leave this out of the generative process.



Table 1: Table of notation used throughout the paper

Model specification
Notation | Meaning
w;, x; | The ith word token and peak activation token in the corpus, respectively
Nl(ud), NP | The number of word tokens and peak activation tokens in document d, respectively
D | The number of documents in the corpus
T | The number of topics in the model
R | The number of components/subregions in each topic’s spatial distribution (subregions model)
zi | Indicator variable assigning word token w; to a topic
y; | Indicator variable assigning activation token x; to a topic
2D,y | The set of all indicator variables for word tokens and activation tokens in document d
NYP | The number of activation tokens within document d that are assigned to topic ¢
¢; | Indicator variable assigning activation token y; to a subregion (subregion models)
A® | Placeholder for all spatial parameters for topic ¢
,u“), o® | Gaussian parameters for topic ¢
pg), o | Gaussian parameters for subregion 7 in topic ¢ (subregion models)
»® | Multinomial distribution over word types for topic ¢

qﬁff,’) Probability of word type w given topic ¢
0@ | Multinomial distribution over topics for document d

di) Probability of topic ¢ given document d
7 | Multinomial distribution over subregions for topic ¢ (subregion models)
T Probability of subregion r given topic ¢ (subregion models)
B, a, v | Model hyperparameters
¢ | Model hyperparameter (subregion models)

(a) Sample a Multinomial distribution over topics 9D ~ Dirichlet(c)
(b) For each peak activation token 5, i € {1, ..., N }:
i. Sample indicator variable y; from Multinomial(H(’i))
ii. Sample a peak activation token x; from the spatial distribution: x; ~ f (A(yi>)

(¢) For each word token w;, i € {1, ...,Nl(ud)}:

NYP+y  NYP+4y NYXDP 4y )
N 4ywr? NS e " NED gywr )
where N3P is the number of activation tokens y in document d that are assigned to topic ¢,

i. Sample indicator variable z; from Multinomial(

N;d) is the total number of activation tokens in d, and -y is a hyperparameter
ii. Sample a word token w; from Multinomial((b(zi))

Intuitively, in the present application of GC-LDA, each topic corresponds to a functional region of the
brain, where the linguistic features for the topic describe the cognitive processes associated with the
spatial distribution of the topic. The resulting joint distribution of all observed peak activation tokens,
word tokens, and latent parameters for each individual document in the GC-LDA model is as follows:

N® N(@D

w

p(x,w,2,y,0) = p(Bla) | [ pwil0)p(z:| A) | - | T] p(zily'™, np(w;[6=0) | (D)
i=1 j=1

Note that when v = 0, and the spatial distribution for each topic is specified as a single multivariate
Gaussian distribution, the model becomes equivalent to a smoothed version of the Correspondence
LDA model described by Blei & Jordan (2003) [ZJEI

2We note that [2] uses a different generative description for how the z; variables are sampled conditional on
the yl(d) indicator variables; in [2], z; is sampled uniformly from (1, ..., Néd)), and then w; is sampled from
the multinomial distribution of the topic ygd) that z; points to. This ends up being functionally equivalent to
the generative description for z; given here when = 0. Additionally, in [2]], no prior is put on ¢, unlike in
GC-LDA. Therefore, when using GC-LDA with a single multivariate Gaussian and y = 0, it is equivalent to a
smoothed version of Correspondence-LDA. Dirichlet priors have been demonstrated to be beneficial to model

performance [T]], so including a prior on ¢ in GC-LDA should have a positive impact.
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Figure 1: (A) Graphical model for the Generalized Correspondence-LDA model, GC-LDA. (B)
Graphical model for GC-LDA with spatial distributions modeled as a single multivariate Gaussian
(equivalent to a smoothed version of Correspondence-LDA if v = 0P. (C) Graphical model for
GC-LDA with subregions, with spatial distributions modeled as a mixture of multivariate Gaussians

A key aspect of this model is that it induces a correspondence between the number of activation
tokens and the number of word tokens within a document that will be assigned to the same topic. The
hyperparameter -y controls the strength of this correspondence. If v = 0, then there is zero probability
that a word for document d will be sampled from topic ¢ if no peak activations in d were sampled
from . As v becomes larger, this constraint is relaxed. Although intuitively one might want  to be
zero in order to maximize the correspondence between the spatial and linguistic information, we have
found that setting v > 0 leads to significantly better model performance. We conjecture that using a
non-zero -y allows the parameter space to be more efficiently explored during inference, and that it
improves the model’s ability to handle data sparsity and noise in high dimensional spaces, similar to
the role that the o and /3 hyperparameters serve in standard LDA [[1]].

2.2 Versions of GC-LDA Employed in Current Paper

There are multiple reasonable choices for the spatial distribution p(x; \A(yi)) in GC-LDA, depending
upon the application and the goals of the modeler. For the purposes of the current paper, we considered
three variants that are motivated by the target application. The first model shown in Figure [T|B
employs a single multivariate Gaussian distribution for each topic’s spatial distribution — and is
therefore equivalent to a smoothed version of Correspondence-LDA if setting v = 0. The generative
process for this model is the same as specified above, with generative step (b.ii) modified as follows:
Sample peak activation token z; from from a Gaussian distribution with parameters (%) and o(¥+).
We refer to this model as the “no-subregions” model.

The second model and third model both employ Gaussian mixtures with R = 2 components for
each topic’s spatial distribution, and are shown in Figure[I]C. Employing a Gaussian mixture gives
the model more flexibility in terms of the types of spatial distributions that can be associated with
a topic. This is notably useful in modeling spatial distributions associated with neural activity, as
it allows the model to learn topics where a single cognitive function (captured by the linguistic
distribution) is associated with spatially discontiguous patterns of activations. In the second GC-LDA
model we present—which we refer to as the “unconstrained subregions” model—the Gaussian
mixture components are unconstrained. In the third version of GC-LDA—which we refer to as the
“constrained subregions” model—the Gaussian components are constrained to have symmetric means
with respect to their distance from the origin along the horizontal spatial axis (a plane corresponding
to the longitudinal fissure in the brain). This constraint is consistent with results from meta-analyses
of the fMRI literature, where most studied functions display a high degree of bilateral symmetry
(6, [12].

The use of mixture models for representing the spatial distribution in GC-LDA requires the additional
parameters ¢, m, and hyperparameter J, as well as additional modifications to the description of
the generative process. Each topic’s spatial distribution in these models is now associated with a
multinomial probability distribution 7(*) giving the probability of sampling each component 7 from

each topic ¢, where 777(«t) is the probability of sampling the rth component (which we will refer to as a



subregion) from the ¢th topic. Variable c; is an indicator variable that assigns each activation token
x; to a subregion 7 of the topic to which it is assigned via y;. A full description of the generative
process for these models is provided in Section 1 of the supplementary materialsﬂ

2.3 Inference for GC-LDA

Exact probabilistic inference for the GC-LDA model is intractable. We employed collapsed Gibbs
sampling for posterior inference — collapsing out (), ¢®)_ and 7(*) while sampling the indicator
variables y;, z; and c;. Spatial distribution parameters A® are estimated via maximum likelihood.
The per-iteration computational complexity of inference is O(T(Nw + NxR)), where T is the
number of topics, R is the number of subregions, and Ny and Nx are the total number of word
tokens and activation tokens in the corpus, respectively. Details of the inference methods and sampling
equations are provided in Section 2 of the supplement.

3 Experimental Evaluation

We refer to the three versions of GC-LDA described in Section[2]as (1) the “no subregions” model,
for the model in which each topic’s spatial distribution is a single multivariate Gaussian distribution,
(2) the “unconstrained subregions” model, for the model in which each topic’s spatial distribution is a
mixture of R = 2 unconstrained Gaussian distributions, and (3) the “constrained subregions” model,
for the model in which each topic’s spatial distribution is a mixture of R = 2 Gaussian distributions
whose means are constrained to be symmetric along the horizontal spatial dimension with respect to
their distance from the origin.

Our empirical evaluations of the GC-LDA model are based on the application of these models to the
Neurosynth meta-analytic database [[12]]. We first illustrate and contrast the qualitative properties of
topics that are extracted by the three versions of GC—LDAﬂ We then provide a quantitative model
comparison, in which the models are evaluated in terms of their ability to predict held out data. These
results highlight the promise of GC-LDA and this type of modeling for jointly extracting the spatial
extent and cognitive functions of neuroanatomical brain regions.

Neurosynth Database: Neurosynth [12] is a publicly available database consisting of data automati-
cally extracted from a large collection of functional magnetic resonance imaging (fMRI) publicationsﬂ
For each publication, the database contains the abstract text and all reported 3-dimensional peak
activation coordinates (in MNI space) in the study. The text was pre-processed to remove common
stop-words. For the version of the Neurosynth database employed in the current paper, there were
11,362 total publications, which had on average 35 peak activation tokens and 46 word tokens after
preprocessing (corresponding to approximately 400k activation and 520k word tokens in total).

3.1 Visualizing GC-LDA Topics

In Figure 2| we present several illustrative examples of topics for all three GC-LDA variants that we
considered. For each topic, we illustrate the topic’s distribution over word types via a word cloud,

where the sizes of words are proportional to their probabilities ¢§j) in the model. Each topic’s spatial
distribution over neural activations is illustrated via a kernel-smoothed representation of all activation
tokens that were assigned to the topic, overlaid on an image of the brain. For the models that
represent spatial distributions using Gaussian mixtures (the unconstrained and constrained subregions
models), activations are color-coded based on which subregion they are assigned to, and the mixture
weights for the subregions m(nt) are depicted above the activation image on the left. In the constrained
subregions model (where the means of the two Gaussians were constrained to be symmetric along
the horizontal axis) the two subregions correspond to a ‘left’ and ‘right’ hemisphere subregion. The
following parameter settings were used for generating the images in Figure 2} 7" = 200, a = .1,
B = .01,y = .01, and for the models with subregions, § = 1.0.

3Note that these models are still instances of GC-LDA as presented in Figure 1; they can be equivalently
formulated by marginalizing out the ¢; variables, such that the probability f(z; |A<t)) depends directly on the
parameters of each component, and the component probabilities given by x®.

* A brief discussion of the stability of topics extracted by GC-LDA is provided in Section 3 of the supplement

3 Additional details and Neurosynth data can be found at http: //neurosynth.org/


http://neurosynth.org/

No Subregions

sentences

|istene(dj . tacoust'\c
language auditory
comprehension ey
Sentence SO N
word listening
A2 s, Ad. | tion
4 frequency
auditory

input sspatialaddition

Unconstrained Subregions

‘Subtopic weights (0.48) ‘Subtopic weights (0.56)

B3. ...
listening
acoustic
speech

egationg SOUND___
auditory
sounds
e
‘Subtopic weights (0.70)
B4. ...,
I abno?fﬂal
0 SrimARY
nonitoring J ’ pm,t
decision NG5 motor
FTOT feadback N\ movement
ehavior Spontancots
actions secengary
Constrained Subregions
sesonsans 015 -
: N
modalities .,
Integration,
e Yol diiory
"lreadiig mogality
syntactic g
C2. ; C4. isiially
“Li 1€
géﬁ&ﬁm .;s!z&ie,?ﬁip
St S
re'(‘:a()g"&cg con f ro
> object require

Figure 2: Illustrative examples of topics extracted for the three GC-LDA variants. Probability
distributions over word types ¢(*) are represented via word clouds, where word sizes are proportional

to ¢£§>. Spatial distributions are illustrated using kernel-smoothed representations of all activation
tokens assigned to each topic. For the models with subregions, each activation token’s color (blue or
red) corresponds to the subregion r that the token is assigned to.

For nearly all of the topics shown in Figure 2, the spatial and linguistic distributions closely correspond
to functional regions that are extensively described in the literature (e.g., motor function in primary
motor cortex; face processing in the fusiform gyrus, etc.). We note that a key feature of all versions
of the GC-LDA model, relative to the majority of existing methods in the literature, is that the
model is able to capture the one-to-many mapping from neural regions onto cognitive functions.
For example, in all model variants, we observe topics corresponding to auditory processing and
language processing (e.g., the topics shown in panels B1 and B3 for the subregions model). While
these cognitive processes are distinct, they have partial overlap with respect to the brain networks
they recruit — specifically, the superior temporal sulcus in the left hemisphere.

For functional regions that are relatively medial, the no-subregions model is able to capture bilateral
homologues by consolidating them into a single distribution (e.g., the topic shown in A2, which
spans the medial primary somatomotor cortex in both hemispheres). However, for functional regions
that are more laterally localized, the model cannot capture bilateral homologues using a single topic.
For cognitive processes that are highly lateralized (such as language processing, shown in A1, B1












