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Abstract

Matrix factorization models are the current dominant approach for resolving meaningful data-
driven features in neuroimaging data. Among them, independent component analysis (ICA) is
arguably the most widely used for identifying functional networks, and its success has led to a
number of versatile extensions to group and multimodal data. However there are indications that
ICA may have reached a limit in flexibility and representational capacity, as the majority of such
extensions are case-driven, custom-made solutions that are still contained within the class of
mixture models. In this work, we seek out a principled and naturally extensible approach and
consider a probabilistic model known as a restricted Boltzmann machine (RBM). An RBM
separates linear factors from functional brain imaging data by fitting a probability distribution
model to the data. Importantly, the solution can be used as a building block for more complex
(deep) models, making it naturally suitable for hierarchical and multimodal extensions that are not
easily captured when using linear factorizations alone. We investigate the capability of RBMs to
identify intrinsic networks and compare its performance to that of well-known linear mixture
models, in particular ICA. Using synthetic and real task fMRI data, we show that RBMs can be
used to identify networks and their temporal activations with accuracy that is equal or greater than
that of factorization models. The demonstrated effectiveness of RBMs supports its use as a
building block for deeper models, a significant prospect for future neuroimaging research.
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1. Introduction

The observation of temporally coherent blood oxygenation level-dependent (BOLD) signals
from spatially distinct regions as obtained with functional magnetic resonance imaging
(fMRI) gave rise to the notion of intrinsic networks (INs) (Biswal et al., 1995). Numerous
INs describing functional connections at the macroscopic level have been identified
consistently during both task and rest (Allen et al., 2011; Beckmann et al., 2005; Calhoun et
al., 2008; Damoiseaux et al., 2006; Kiviniemi et al., 2009; Smith et al., 2009; Zuo et al.,
2010). The study of INs has advanced our understanding of large-scale brain function in
relation to task performance and diagnosis-related activity (Calhoun and Adali, 2012;
Calhoun et al., 2012; Laird et al., 2003; Sorg et al., 2009).

A number of data-driven methods have been explored for identifying INs. Most common are
single matrix factorization (SMF) models, including independent component analysis (ICA),
principal component analysis (PCA), and non-negative matrix factorization (NMF), each of
which model latent factors from fMRI data by solving a linear-mixing problem with various
constraints on the factors. Outside the field of neuroimaging, recently developed deep
models such as deep belief networks (DBNs) (Hinton and Osindero, 2006) and deep
Boltzmann machines (DBMs) (Salakhutdinov and Hinton, 2009) have earned attention for
surpassing state of the art performance in image and object recognition (Goodfellow et al.,
2012; Krizhevsky et al., 2012; Lee et al., 2012), and speech and acoustic modeling
(Mohamed et al., 2010). A restricted Boltzmann machine (RBM) (Hinton, 2000) is a
probabilistic model that is frequently and effectively used to construct these deep models
(Hinton and Osindero, 2006; Hinton and Salakhutdinov, 2006). RBM shares some practical
similarities with SMF models, such as the relationship between data and INs through a
single matrix. However, in distinction to SMFs, the RBM model is formulated as a density
estimation problem rather than one of latent factor separation. Nevertheless, latent factors do
arise in the solution to the RBM problem as a consequence of model structure.

DBNs have previously been used in biomedical data analysis for brain computer interface
modeling (Freudenburg et al., 2011), generating visual stimuli with hierarchical structure
(van Gerven et al., 2010), and for fMRI image classification (Schmah et al., 2008). In this
paper, we introduce the RBM model and evaluate its potential as an analytic tool for feature
estimation in functional imaging data. Motivated by the relative ease of constructing larger
models out of the RBM blocks, in this initial work we investigate whether RBM by itself is
capable of competing with SMF models, in particular ICA. We first evaluate RBM
performance relative to that of several well-known SMF models using synthetic fMRI data.
Subsequently, we perform a detailed comparison between RBM and ICA on real task fMRI
data. Our findings suggest that the RBM model alone is at least as powerful as ICA,
supporting further applications in neuroimaging, particularly as a building block for deeper
models.
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2. Methods

In the following sections we detail the basic framework of RBMs — the learning objective,
graphical representation, and parameter meaning in the context of fMRI —and compare it to
popular factorization models including Infomax ICA (Bell and Sejnowski, 1995), PCA
(Hastie et al., 2001), sparse PCA (sPCA) (Zou et al., 2006), and sparse NMF (SNMF)
(Potluru et al., 2013). We note that other novel methods, such as dictionary learning
(\Varoquaux et al., 2011), also do well against these SMF models, but are not considered
here for brevity. A more in depth treatment of the motivations, theory, and methods behind
RBMs for parameter estimation are covered in Appendix A and Appendix B, along with
motivation for other model and learning parameters Appendix C.

2.1. Single Matrix Factorization

Most of the popular methods for inferring INs from fMRI data have as their core assumption
the existence of hidden factors that are linearly mixed to produce the observed data. In
practice, this often amounts to considering data as an M x N matrix X of N M-dimensional
observations and finding its best factorization as a mixing matrix and a matrix of hidden
factors under a set of constraints.

The factorization problem can be formulated as

S~ DX, (1

where S is a C x N matrix of C hidden factors and D is a C x M demixing matrix.
Constraints specific to each SMF model considered in this work are summarized in Table 1.

2.2. Restricted Boltzmann Machine

In contradistinction to the SMF models summarized in Table 1, RBM cannot be formulated
as a problem of fitting a matrix of factors to the data. RBM is a probabilistic energy-based
model, and the objective is to fit a probability distribution model over a set of visible
random variables v to the observed data. General energy-based models define the probability
by the energy of the system, E(v), such that,

E(v)

1
P (v) :Eexp* , (2

where Z is a normalization term (Bengio et al., 2012).

RBM models the density of visible variables v by introducing a set of conditionally
independent hidden variables h, such that the probability distribution becomes:

1 —E(v
P (v) :ZP (v, h) :ZEexp E(vh) ®)
h h

By introducing conditionally independent random hidden variables h and enforcing
conditional independence on the observable variables v, RBM models the data through latent
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factors expressed only through interactions between visible and hidden variables. This
improves interpretability and expressive power, and importantly makes estimation of the
probability density computationally feasible (Hinton, 2000). Note, though, that the variables
h are entirely hidden and not expressed in the final probability distribution of the data, as
can be seen in Equation 3, where they have been marginalized out.

For modeling data that is real valued and approximately normally distributed, it is
appropriate to define the energy function as:

E(v,h)= —z AL

_Z (a;— vl) Z

i 9;

O

The three terms in this function describe the energy associated with: 1) the interaction
strengths, Wi, between each visible variable vj and hidden variable h;, 2) the visible units v;
and their biases, a; (Gaussian center. See Equation B.2 in Appendix B), and 3) the hidden
units h;j and their biases, bj (Linear o set. See Equation A.5 in Appendix A). The parameter
g; is the standard deviation of a quadratic function for each v; centered on its bias a;,
effectively modeling the Gaussian distribution of each voxel. Note that there are no visible-
visible nor hidden-hidden interaction terms in the energy, highlighting the conditional
independence between each set of units.

2.3. Graphical Representations

Both SMF models and RBM can be represented by different types of supporting graphs, as
shown in Figure 1. For SMF models, the graph is purely schematic: nodes represent the
processing steps of the mixing in Equation 1, and the edges represent the multiplicative
factors D. RBM, in contrast, can be defined as a graphical model, represented by a bipartite
graph. Nodes represent the visible and hidden random variables and the edges represent the
interaction terms between hidden and visible variables, W. Despite the different meaning of
these graphs, one can note their similar structure, especially the relationship of D and W (in
transpose) to latent factors, a theme we will revisit in subsequent sections.

2.4. fMRI Context

In the context of fMRI, various components of the SMF graph represent the spatial maps
(SMs) and time courses (TCs) of INs. For spatial-demixing models where temporal factors
are mixed to produce spatial representations (PCA and NMF as implemented here), the
mixing matrix quantities are related in the following way: X is a voxels-by-time data matrix,
D is the source-by-voxels spatial demixing matrix, and S is the source-by-time matrix of
temporal sources. The jth row of S, sj., represents the jth TC, and the SMs are represented by
the columns of the mixing matrix, D1,

For Spatial ICA (as ICA is commonly applied to fMRI data), time and space are in transpose
and the SMF represents temporal demixing of spatial factors: X is a time-by-voxels data
matrix, D is the source-by-time temporal demixing matrix, and S is the source-by-voxel
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matrix of spatial sources. The jth row of S, s;,, represents the jth SM, and the TCs are
represented by the columns of the mixing matrix, D1

In RBM, the visible variables v span the same space as a single volume of fMRI data x.,;
that is, each variable, vj, corresponds to a single voxel. The number of hidden variables, h,
corresponds to the number of INs (latent factors). Each hidden factor generates (when RBM
is sampled from) or recognizes (when the data is presented) a coherent pattern of voxels.
Thus, the weights from a single hidden unit j to all voxels , wj, represents a spatial receptive
field, or in the context of INs, its SM.

As a model of probability distribution over v, RBM does not incorporate time courses
explicitly. We can, however, use a trained RBM and re-interpret the graphical structure as a
feedfor-ward rather than undirected model. That is, we re-interpret the RBM graph as an
SMF model (Figure 1) and treat W as a demixing matrix. We then compute time courses as
a linear function of WT (see Figure 3):

S=W' X, (5

where the columns of S are the TCs for each SM. Notably, RBM is regularly and effectively
used as a pretraining method for feedforward deep models (Hinton and Osindero, 2006;
Hinton and Salakhutdinov, 2006) in this exact manner.

For a more in depth treatment of the loss functions for RBM and SMF models covered in
this work, please refer to Table A.3 in the Appendices.

Figure 2 highlights the steps of the RBM learning algorithm, the details of which are
provided in Appendix A. The learning gradient is computed from a single datapoint, while
the algorithm cycles through the complete dataset (all subjects together); a single cycle is
called an “epoch”. For each data point presentation, each visible variable is assigned the
value of the corresponding voxel. Then, a truncated, iterative version of Gibbs sampling
called contrastive divergence (CD, see Appendix A.2) is applied to the complete set of
variables. This is done in an alternating sequence of hidden and visible variables, using
current values of the weights to calculate sampling probabilities of each layer.

The difference between the values of the hidden and visible variables at the beginning and
the end of the Gibbs chain is used to calculate the learning gradients, which are used to
update the values of the weights before the next fMRI data point is presented. In addition,
other penalty functions, such as L; penalty on the weights (see Appendix C.1) or sparsity of
simultaneously active hidden units can be applied here. The gradient update is scaled by a
learning rate hyper-parameter which can greatly influence learning convergence.

Typically, convergence of model parameters requires many epochs of learning. To improve
speed and take advantage of parallel and GPU processing, the learning algorithm can be
improved by processing data in batches (often referred to as minibatches in the literature),
where several data points are processed in parallel with their contributions to the learning
gradient averaged. For batches of n data points, n RBMs are trained in parallel and the mean
gradient over the batch is used in parameter estimation (Hinton, 2010).
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Data samples from the probability distribution defined by the energy can be generated via
alternating Gibbs sampling. This is typically done by initializing random variables at a
random or specified state (in the case of generating data specific to an IN of interest) and
running a Gibbs chain until convergence, using the set of visible variables as the generated
sample.

2.6. Synthetic Data Analysis

We first considered synthetic data in order to objectively evaluate RBM performance. We
trained RBMs using the publically available deepnet implementation (https://github.com/
nitishsrivastava/deepnet) and compared estimation performance with a widely-used
implementation of spatial ICA in GIFT (http://mialab.mrn.org/software/gift/), along with
implementations of PCA and sPCA (Sjostrand, 2005) and sSNMF (Potluru et al., 2013). The
SimTB toolbox (Erhardt et al., 2012) was used to generate synthetic 3D (X, y, and t) fMRI-
like data from linear combinations of 27 distinct spatial sources with 2D Gaussian spatial
profiles. Rician noise was added to the combined data to achieve a contrast-to-noise ratio
between 0.65 and 1. Data for 20 artificial “subjects” consisting of 128 volumes were
generated from the auditory oddball (AOD) example experiment from the toolbox, in which
a subset of sources are modulated by “standard”, “target”, and “novel” events with different
weights. Additionally, two sources are modulated by nearly identical noise (spike) events.
Thus, source activations are temporally correlated to some degree, though each has its own
unique behavior.

Twelve sets of SImTB data were produced by varying a SimTB source “spread” parameter,
which changes the relative spatial standard deviation of each source. Increase in spread
increases the percentage overlap between features; we define the total overlap of a set of
sources as the percentage of voxels in which more than one source contributes over 0.5
standard deviations. We constructed datasets with overlap ranging from 0.3 (minimal spatial
overlap between sources) and 0.88 (very high overlap).

RBMs were constructed with 16936 Gaussian visible units (one for each voxel), and a
variable number of hyperbolic tangent hidden units (see below). Hidden unit nonlinearity
choice is discussed in Appendix C.2, and learning hyperparameters are discussed in more
detail in 4.3. The L decay rate was set to 0.1 based on performance over multiple
experiments, and the learning rates for different model orders were determined as per
Section 4.2. The RBMs were then trained with a batch size of 5 for approximately 75 epochs
to allow for full convergence of the parameters.

For a set of synthetic data with moderate overlap (0.52), we constructed RBMs with the
number of hidden units ranging from 10 to 80 in steps of 10 in order to study the
dependence of performance on model order. To investigate the dependence of performance
on spatial overlap, we used a single model order of 64, because this value exceeds the true
data dimensionality (beneficial due to the presence of additive noise), and the GPU
implementation of RBM favors model orders of powers of 2. Identical model orders were
used for the SMF models for equivalent comparisons. For group ICA, the data was
preprocessed using a two-step PCA by reducing each subject data to 120 principal
components, then reducing the concatenated subject principal components again to the final
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component number. For sSPCA, we chose the sparsity by counting the number of voxels in
each ground truth source that were above one standard deviation, then taking a rough
average of those counts: 1000. For SNMF, a sparsity of 0.7 was used based on performance
over multiple experiments.

The RBM analysis pipeline (in the context of fMRI) is illustrated in Figure 3. After
acquiring SM estimates from RBM learning, we construct a spatially-demixing SMF model
from the learned RBM parameters and forward-propagate the whole dataset for each subject
to obtain subject-specific time course (TC) estimates as per Equation 5. For ICA, TCs were
produced using dual-regression, while for other SMF models, TCs were produced using
their appropriate projections. Finally, due to the relevance in current fMRI research (e.g.,
Allen et al. (2011)), functional network connectivity (FNC) was computed as cross-
correlations using subject-specific TCs.

Each of the models were run over 10 different random seeds. The SM, TC, and FNC
estimates from each model were compared to those of the ground truth SimTB sources and
features were matched to ground truth sources by solving the assignment problem using the
Hungarian algorithm (Burkard et al., 2009), optimizing matches based on the absolute value
of SM correlation to the ground truth. Estimation performance was determined based on the
SM and TC correlations to the ground truth.

2.7. AOD FMRI Analysis

Based on results from simulations (see Section 3), real fMRI analysis was only performed
with RBM and ICA.

Data used in this work comprised task-related scans from 28 healthy participants (five
females), all of whom gave written, informed, IRB-approved consent at Hartford Hospital
and were compensated for participation.

All participants were scanned during an auditory oddball task (AOD) involving the detection
of an infrequent target sound within a series of standard and novel sounds. More detailed
information regarding participant demographics and task details are provided by Calhoun et
al. (2008) and Swanson et al. (2011).

Scans were acquired at the Olin Neuropsychiatry Research Center at the Institute of Living/
Hartford Hospital on a Siemens Allegra 3T dedicated head scanner equipped with 40 mT/m
gradients and a standard quadrature head coil. The functional scans were acquired
transaxially using gradient-echo echo-planar-imaging with the following parameters: repeat
time (TR) 1.50 s, echo time (TE) 27 ms, field of view 24 cm, acquisition matrix 64 x 64 ,
flip angle 70°, voxel size 3.75 x 3.75 x 4 mm3, slice thickness 4 mm, gap 1 mm, 29 slices,
ascending acquisition. Six “dummy” scans were acquired at the beginning to allow for
longitudinal equilibrium, after which the paradigm was automatically triggered to start by
the scanner. The final AOD dataset consisted of 249 volumes for each subject.

Data underwent standard pre-processing steps using the SPM 5 software package (see
Calhoun et al. (2008) for further details). To remove voxels outside the brain, masks were
determined for each subject using AFNI’s 3dAutomask. A group mask was then determined
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as those voxels that were present in 70% of the subject masks, retaining 70969 voxels.
Finally for each subject dataset, the voxels were variance normalized before concatenating
into the dataset used for RBM training. The final fMRI dataset was composed of a total of
6972 volumes (28 subjects with 249 each).

The RBM was constructed using 70969 Gaussian visible units (matching the number of
voxels in the data) and we again used 64 hyperbolic tangent hidden units (See Section 4.2
for details on model order and Appendix B for details on hidden unit choice). The hyper
parameters ¢ for learning rate and A for L; weight decay were selected to optimize reduction
of reconstruction error over training and spatial map size respectively. The RBM was then
trained with a batch size of 5 for approximately 100 epochs to allow for full convergence of
the parameters.

We labeled INs based on the Talairach-Tournoux (TT) atlas as provided in AFNI, and
excluded features which had a high overlap with white matter, ventricles, or brain edges. In
order to compute TCs for each fMRI feature, we subtracted the mean from each fMRI
volume time series and filtered it through the trained RBM (via matrix multiplication, as in
the simulation). This was done to better compare to ICA, where the mean is removed at the
PCA pre-processing stage.

For ICA, spatio-temporal (dual) regression was used to produce TCs (Erhardt et al., 2011).
ICA SMs were similarly manually filtered for white matter, ventricles, and other artifacts.
To facilitate comparisons between the models, RBM and ICA SMs were cross correlated
spatially; features with a spatial correlation exceeding 0.4 were considered matches.

For both RBM and ICA, subject-specific TCs were cross correlated to yield FNC matrices.

TCs were also used to identify task-related features. First-level regression models fitting IN
time courses to target and novel experimental designs were followed by second-level t-tests
on the beta values (Figure 3).

We first summarize our comparisons of RBMs with SMF models for synthetic data, then
present a more in-depth comparison of RBMs and ICA for synthetic and real fMRI data.

3.1. Synthetic Results

Figure 4A shows the SM and TC estimation accuracy for RBM, ICA, SNMF, sPCA, and
PCA. Considering both SM and TC estimation, all models other than PCA perform rather
well, though show different sensitivities to model order. For RBM, both SM and TC
estimation accuracy increase with model order. For ICA, SM and TC accuracy appears to
peak around a model order of 40, and decreases slightly at higher model orders. SNMF, in
contrast, shows increased SM but decreased TC accuracy with increasing model order.
SPCA is relatively insensitive to increases in model order beyond the true dimensionality.
Figure 4B demonstrates that types of estimation errors observed, which tend to be linear
combinations of ground truth SMs and erroneous negative background. PCA tended to find
non-sparse features, some similar to those found by sSPCA, but of low quality overall. For
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lower model orders, we observed that RBM, SNMF, and sPCA tended to estimate SMs
which appeared to be linear combinations of ground truth spatial maps. ICA, in contrast,
would find a subset of relatively accurate SMs, albeit with larger spatial volume.

When taking overlap into consideration (Figure 4C), all models other than PCA showed
comparable results, with ICA slightly performing better for SMs and RBM performing
slightly better on TCs than ICA. Other than PCA, all models showed improved performance
with overlap, possible due to a reduction in the relative influence of noise as sources
increased in spatial extent. Time course estimations showed very little dependence on source
overlap.

As ICA exhibits equal or better performance than the other SMF models and is arguably the
most popular SMF models used to estimate INs, we continue with a more detailed analysis
of RBM in comparison to ICA. Figure 5 provides examples of specific SM estimates for
RBM and ICA in a sample dataset. Positioned above in the figure are example RBM/ICA
SM pairs that matched to the same ground truth. RBM SM estimates suffer not due to shape,
but due to capturing shared temporal information in SMs when ground truth source pairs
have strong temporal correlations (e.g., feature i, upper right corner of example features).
Thus, even when RBM features are outperformed by equivalent ICA features in SMs, RBM
time courses may be more accurate.

To make this point more evident, an analysis of RBM spatial bias is provided in the middle
of Figure 5. A scatter plot comparing ground truth FNC versus estimated spatial cross
correlations shows that RBM biases spatial cross correlation in the direction of FNC. For
example, a pair of RBM features (ii and iii) in Figure 5 show (erroneous) spatial overlap
with each other due to their relatively high temporal cross-correlation. An anti-correlating
pair (iv) in contrast shows (erroneous) negative spatial overlap. An extreme case of RBM
spatial bias can be seen at the bottom of Figure 5 and occurs when a set of sources have very
high FNC values, ~ 0.99). In this case, RBM has completely merged the two features.
Notably, ICA correctly estimates the SMs as separate features, but does not estimate the TCs
well.

Though ICA SMs typically capture shape quite well, they often include more erroneous
background features, seen as negative voxels in blue in Figure 5. Additionally, ICA failed to
estimate a SM as a unique component, and instead merged it into the negative background
of another SM (labeled v). While the resulting SM is similar to a pair in RBM (iv), the two
features involved are not temporally correlated (~ 0.02). Rather, we believe the merging is
due to the low kurtosis of the source, flat spatial distribution, and spatial overlap between the
two sources.

Figure 6 shows FNC estimation bias as a function of the ground truth FNC for RBM and
ICA. Both ICA and RBM mis-estimate the FNC between a number of features. In this
particular simulation, RBM overestimates FNC with stronger ground truth FNC, while ICA
underestimates the FNC for the same pairs of components (see C in Figure 6). The RBM
FNC results correspond well with our understanding of the RBM features and construction
of TCs: because RBM overestimates spatial cross-correlation between pairs with high FNC,
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this in turn will induce extra temporal cross-correlation when we calculate TCs via forward-
propagation (matrix multiplication between data and SMs). For ICA, the FNC and spatial
correlation biases are dependent on the exact configu-ration of the spatial maps (see Figure
7F of Allen et al. (2012b)) due to the constraint of spatial independence, thus biases are
more difficult to predict in real datasets where the ground truth is not known.

3.2. Real fMRI AOD Results

From the RBM features, we removed components corresponding to artifacts (edges,
ventricles, or white matter regions), and identified 46 INs with peaks in grey matter. Based
on their temporal correlations, known anatomical and functional properties, and cross-
referencing to prior work (Allen et al., 2012a), we manually arranged INs into 8 separate
groups. The grouped INs as well as the FNC are shown in Figure 7. We labelled groups
based on their spatial properties as: 1, subcortical; 2, temporal + frontal cortices; 3, temporal
cortex; 4, somatomotor cortex; 5, frontoparietal cortex; 6, visual cortex; 7, default mode
network (DMN); and 8, cerebellar networks.

3.2.1. Spatial Analysis—Following removal of artifact components from the ICA results,
we identified 38 INs with peaks in grey matter.

A comparative overview between RBM vs ICA components is provided in Table 2. Overall,
RBM found a larger proportion of identifiable grey-matter features, while ICA distinguished
more distinct white matter regions. Using spatial cross-correlation, we identified 52
RBM/ICA feature pairs (including artifacts, many-to-one) which had spatial cross
correlations above 0.4. Ten such pairs are presented in Figure 8. Many of the RBM features
showed supra-threshold spatial correlation to more than one ICA feature (and vice versa),
indicating that the two models identified unique sets of latent factors (see Table C.5 for
additional details). For instance, RBM and ICA show slight differences in combinations of
DMN regions (AG, PCC, MiFG, MFG, and ACC) (Figures 15(a) and 15(b)), though overall
the DMN sub-networks are very similar. Analysis and visual inspection of feature pairs
generally shows RBM features are more sparse than those of ICA. In addition, RBM
features are predominantly of a single sign, as opposed to ICA features which contain
regions of both signs exceeding 2 standard deviations, similar to our observations in
synthetic data.

3.2.2. Temporal Analysis—RBM features identified as part of the temporal and motor
cortices, as well as those commonly associated with cognitive control (insula and middle
cerebral cortex) showed the largest covariation to target stimuli, while only temporal cortex
and supramarginal gyri showed positive statistically significant correlation to novel stimuli
(see Table C.5 for details). RBM features negatively modulated by task are those which
belong to the default mode network (DMN) and visual cortices. In general, these findings
are consistent with the ICA results presented here and reported previously (Calhoun et al.,
2008). A direct quantitative comparison of task-relatedness between RBM and ICA TCs
again suggests the methods are comparable, as seen in Figure 9 where we plot the target and
novel t-statistics for RBM and ICA feature pairs with spatial correlation above 0.4 in Figure
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9. Wilcoxon signed rank test on the absolute value of the t-statistics suggests no significant
difference in magnitude (p-values of 0.27 and 0.24 for targets and novels, respectively).

The FNC matrices for both RBM and ICA are provided in Figure 10, where the ordering of
components is performed separately for each method. For RBM, modularity is more
apparent, both visually and quantitatively. FNC Modularity, as defined in Rubinov and
Sporns (2011), averages 0.40 + 0.060 across subjects for RBM, and 0.35 + 0.056 for ICA.
These values are significantly greater for RBM (t = 7.15, p < 1e—6, paired t-test). Also note
that the scale of FNC values for RBM and ICA is different, echoing the simulation results
wherein RBM overestimated the magnitude of strong FNC values.

4. Discussion

4.1. Overview

In this paper, we investigated RBM as a model for separating spatially coherent sources
from fMRI data, a problem which is currently addressed with SMF models. Our simulations
show that RBM performs competitively against all SMF methods tested. Detailed
comparisons with synthetic data show relatively comparable performance between RBM
and ICA, with RBM providing slightly improved TC estimation and slightly worse SM
accuracy over some ranges of model orders. We observe that the loss in spatial accuracy
comes not from an inability to identify features, but from a tendency of RBMs to capture
strong temporal correlations within the spatial domain. Thus, in the worst case, RBM SM
estimates were still highly interpretable as combinations of temporally correlated ground
truth sources.

Applied to real fMRI data collected during an AOD task, RBM and ICA again yielded
similar sets of INs, consistent with networks found in a variety of task and resting-state
experiments (Allen et al., 2011; Beckmann et al., 2005; Calhoun et al., 2008; Damoiseaux et
al., 2006; Kiviniemi et al., 2009; Smith et al., 2009; Zuo et al., 2010). Though RBM and
ICA showed some variations in features (see Figures 8, 15(a), and 15(b)), the TCs of
corresponding RBM/ICA pairs showed no difference in their degree of task-relatedness (see
Figure 9), suggesting that RBM and ICA found different decompositions of the data to
model the task equally well. The most prominent difference between the models appeared in
the FNC, where RBM yielded correlations of greater magnitude and significantly more
modular connectivity structure, and hence greater ease in grouping components. Aided by
similar results in simulations, we understand that this “enhanced” structure is due to the
tendency of RBMs to capture strong temporal relations in the spatial domain, combined with
the feed-forward mechanism used to produce the TCs. FNC biases are also likely to arise
from the TCs estimated by ICA, however these will be dependent on the constraint of spatial
independence, making biases difficult to predict when the true spatial dependencies are
unknown (Allen et al., 2012b).

While the results from RBM and ICA are (surprisingly) similar, we note some key
differences between the proposed RBM model and the typical application of spatial ICA to
functional imaging data:
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1. RBM does not make the same assumptions of linear factorization of the data as
SMF models like ICA, as RBM is an energy-based probability density model, thus
freeing it from some linearity assumptions. However, in RBM, the linear
factorization interpretation is available after training, making the types of analysis
performed by SMF models available for research.

2. Although it operates on thousands of voxels directly, RBM does not require
dimensionality reduction. Spatial ICA is largely impractical without dimensionality
reduction (typically via PCA), even when applied to only hundreds of time points.
The PCA step in ICA introduces a variance bias, which can diminish our ability to
identify certain sources; the avoidance of dimensionality reduction preprocessing
represents an advantage of RBMs.

3. Asagenerative model RBM can be used to generate samples from the data whose
probability density it has estimated. This gives RBM the ability to produce data that
corresponds to any set of intrinsic networks, for instance those corresponding to a
specific task.

4.2. RBM training parameters, stability, and interpretability

The optimization of the learning hyperparameters poses a difficulty in training RBMs. We
do not yet completely understand the relationship between model order, L, weight
regularization, and learning rate parameters. For the experiments performed here, our model
order choice was guided by the knowledge that the GPU implementation of RBM favors
model orders of powers of 2, and that ICA is successfully used with real fMRI data with
model orders in the range 20 to 100 (Abou-Elseoud et al., 2010; Allen et al., 2011; Calhoun
et al., 2008; Smith et al., 2009). As discussed below, we observe that RBMs also yield
interpretable features over this range.

Regarding weight regularization, we have found that an L, value of 0.1 £+ 0.01 works very
well in practice, and we used this for the comparative analyses presented here. Given this L
value, we find a straight-forward procedure for determining whether a receptive field in W
(w.j) will be useful/interpretable for analysis. The strong drop o in the distribution of the
maximum weight (maximum voxel value in each SM) across features presented in Figure 11
clearly shows that features are either practically empty or meaningful. When we fix L; t0 0.1
and adjust the learning rate to keep its product with the log of the model order constant (set
to the value of 0.08 log(64), chosen based on performance from multiple experiments),
RBM learning prunes out spurious features keeping the number of meaningful features
relatively constant for a very large range of model orders (see Figure 11).

In an assessment of RBM feature stability over a range of model orders, we find RBM
behaves similarly to ICA (see Figure 12). At low model orders both RBM and ICA vyield
rather large features that encapsulate entire systems (e.g., a single default mode network, a
single networks for each sensory modality). As the model order increases, these “global”
networks split into smaller, more refined sub-networks, accurately reflecting specialized
functions (Abou-Elseoud et al., 2010). Feature volumes of both RBM and ICA begin to
stabilize at models orders around 80 to 100, though RBM features converge to smaller
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volumes. A further assessment of features over a limited range of L, weight regularization
again suggested high stability, as shown in Figure C.14 in the Appendix. However, we note
this is not the case with large perturbations in L, and in general, large increases in L4 tend to
lead to feature splitting and reduced feature volume.

Interestingly, training an RBM at low model order with no L, regularization also yields
similar (though noisier) “global” networks, albeit with a much larger presence of negative
voxel weights, reflecting the intrinsic opposition between networks, e.g., between the task
positive network and DMN, as shown in the top left panel of Figure 12. For higher model
orders, RBM without L, regularization yielded features that failed to resemble any known
intrinsic brain organization, indicating that as RBM is given more freedom, the individual
hidden units become more difficult to interpret. Furthermore, in experiments with simulated
data we found that when the learning rate and L decay are too low, RBM can find multiple
instances of the same features; a higher learning rate and L1 typically removed these
“extraneous” features, leaving only those that were interpretable. Importantly, while our
results for RBM are dependent on the use of the L; regularizer, the L1 constraint does not
dominate learning (see Appendix C.1). The L, regularizer encourages parsimonious features
that are local and interpretable, and we (and others) have observed that regularization
significantly improves PCA and NMF performance as well (e.g., see Figure 4).

We conclude that RBM yields highly interpretable and stable features over a relatively large
range of free parameters.

4.3. Non-linear functions and depth

The hyperbolic tangent nonlinearity we used to capture both sides of the input Gaussian
distribution (See Appendix C.2) is generally considered inefficient (Glorot et al., 2011).
While logistic units were capable of producing meaningful features with better
reconstruction error than hyperbolic tangent units in the AOD task data, we chose
hyperbolic tangent due to the interpretation weaknesses of the former in modeling intrinsic
networks. It should also be noted that there is an additional alternative to the logistic unit
that works much better in practice for natural images: the rectified linear unit (ReLU) (Nair
and Hinton, 2010). A ReLU may be considered a replicated set of logistic units with shared
weights and o set biases, and sampled values are in [0, co). Though ReLU in general are
much better at maximizing log-likelihood, we found them to suffer the same interpretational
difficulty as logistic units: sampled values are strictly positive, which leads to identical
positive and negative features for modeling a zero-centered distribution. In addition, ReLU
output is unbounded, which makes interpretation of output values less intuitive compared to
hyperbolic tangent and logistic units.

Shallow models such as RBM and ICA have theoretical limitations on structure complexity
they can capture (Bengio and LeCunn, 2007). RBM has been shown to be a useful
component of deeper models in state-of-the-art feature detection and classification. We
believe that classification successes will translate to advantages for fMRI-based diagnosis,
and the structural aspects will reveal unique and meaningful information about the brain not
available in single level mixture models (ICA, RBM and others).
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5. Conclusions and Future Work

RBMs are a building block of extensible-by-design models that can in principle cover the
needs of the neuroimaging field in multimodal and group representation learning methods.
Prior to our study, however, it was unclear how powerful an RBM model is by itself. If it
were less powerful than currently used models, such as ICA, we would need to study what
architectures extend it to i) be as capable as current models, and ii) be beyond current
capabilities. The evidence that we have gathered in this study leads us to conclude that
RBMs are at least as powerful models as ICA and leads us to strongly believe that models
built from RBMs will only increase our abilities to analyze neuroimaging data.

In future work, we intend to construct models for multimodal analysis of group data of
neuroimaging and genetics. The approaches formalized in the deep learning field hold great
promise for multimodal fusion of neuroimaging, genetics, and beyond. However, even the
RBM model by itself can be further improved and extended for other neuroimaging
applications: i) group analysis capturing inter-subject variability, ii) accounting for prior
information of IN topology, iii) generative use of a trained RBM for the purposes of testing
other methods, such as classifiers.
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Appendix A. Restricted Boltzmann Machines (RBMs)

A Boltzmann machine is a network of symmetrically coupled stochastic random variables. It
contains a set of visible random variables v and a set of hidden random variables h. The joint
probability distribution between a set of visible and hidden variables is defined by:

1
P (v, h) =Ze—E9(”’h)7 (A1)

where Ey (v, h) is an energy function defined by symmetric interactions between random
variables and a set of interaction parameters €. A Boltzmann machine can be thought of as a
probabilistic graph, where visible and hidden variables are nodes and the undirected edges
represent the interactions between variables.

In the case of binary stochastic units, the energy function is defined by:

Eg(v,h)= —iv' Vo —ihT Hh

A2
—vTWh—a"v—b"h A2

such that = {V, H, W, a, b} defines the set of parameters which encode the visible-visible
interactions (V), hidden-hidden interactions (H), visible-hidden interactions (W), visible
self-interactions or biases (a), and hidden biases (b). In general, inference in a Boltzmann
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machine, and thus parameter estimation, is intractable. Inferring the conditional distribution
over the hidden variables P (h|v) takes time that is exponential in the number of hidden
variables.

RBMs represent a “restricted” subclass of Boltzmann machines. The only non-zero
interaction terms in the energy function are those between hidden latent variables and visible
variables, forming a bipartite probabilistic graph of two layers of units:

Eg(v,h)=—v' Wh—a' v—b" h. (A3)
The conditional distribution over hidden units then factorizes and can be computed exactly:

P (hlo) =[P (1jlv), 04
J
and the conditional distribution of a single binary stochastic hidden unit is given by:
P(hj=1|'u) =0 (Z‘/Irzjvz"‘bJ) »  (A5)

where o(.) is the logistic function defined by:

o(z) (A6)

:l—i—e*””'

Maximizing the log likelihood involves minimizing the energy marginalized over hidden
states. However, it is more convenient to write the probability of a data point, x,, in terms of
the free energy:

Fo () = — logZeiE"(”:m"’h)
h

Such that the probability of a datapoint becomes,

—Fo(xn)

e
P (x,;0)= 7

This, in turn, allows us to write a loss function for RBM in terms of the free energy. In the
case of an RBM with binary stochastic units with energy given by Equation A.3, the loss
function for an individual datapoint is,

k

F(x,)=—a' x, — Zlog (l—l—empwl '“"j+bj) ,
j=1

where w. is the jth column of W. This RBM loss function in comparison to common loss
functions of other methods treated in the paper is given in Table A.3.
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Appendix A.1. Parameter Estimation

Training of probabilistic models typically involves estimating the parameters in order to
maximize the log likelihood of the data:

Z log P (x,;W,a,b) = Z log Z P (x,,h;W,a,b), A7)
€Y ©, €9  heAd

were Z is the set of data and 77 is the set of possible states over the hidden variables. One
popular approach for estimating the parameters that maximize the log-likelihood is to find
the gradient of the log-likelihood with respect to the parameters. For a Boltzmann machine,
the gradient has the exact form:

S togpan) == 3 (Boanh)) 4+ Y (Bywn) &

€9 ©, €9 p(hl@n) g,.c9 p(v;h) 8)

d
30,

The expectations with respect to the conditional probability distribution p(h|x,) of the
hidden variables given the data is also known as the “clamped condition”, “data-dependent
expectations”, or the “positive phase”, which can intuitively be thought of as bringing the
energy down for hidden variables h inferred from P (h|x,) for all 5, < 9. The expectation
with respect to the joint P (v, h)2defined by the model (see Eq. A.1) is known as the

“unclamped condition”, “model’s expectation”, or “negative phase”, which effectively raises
the energy of (v, h) pairs, sampled from the model’s distribution.

Appendix A.2. A fast approximation for the gradient

While the exact gradient is intractable due to the negative phase term coming from the
derivative of the log-partition function log Z, the conditional independence of the RBM
allow for a Monte Carlo approximation of the joint:

<8E( h)> 1ZL:5>E(W) A9
v, ~—> —FEy(vh'), (A
26; " pony L4090, (A9)

where V! and h! are the samples drawn in the Ith step of a Gibbs sampling chain such that:

v~ P (fv|hH) (A.10)
R~ P <h|vl) . (A1)

Typically, to arrive at the correct approximation, one would need to initialize the stochastic
variables to a random state, sampling until the chain converges to equilibrium, then take
sufficient samples to approximate the joint term. However, this is not computationally
efficient, as it can take arbitrarily long for the Gibbs chain to converge before sampling from
the joint is possible.
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However, sampling from a fast truncated Gibbs chain, a method known as contrastive
divergence (CD) (Hinton, 2000), is quite effective in practice. Contrastive divergence
involves starting the Gibbs chain at the datapoint used to calculate the conditional positive
phase term to begin a Gibbs chain, then sampling from the conditional of the hidden then
visible units a finite number of times. For instance, for the simplest version, CD-1, for a
datapoint xy:

W=z, (A12)
RO~ P (h|'u0) (A13)
o'~ P (v]R°) (a4
hl~P (h|u1) . (A1)

Both positive and negative phase terms then can be calculated from the same Gibbs chain,
so that the gradients with respect to the parameters 8= {W, a, b then become: }

12,
—logp(zn) = — Uih?—i—vilh} (A.16)
o,

logp (zn) = —v)+v] (A17)

8az~

0
——logp(@,) = — hj+hj. (A18)
b,

After the presentation of each datapoint 5, ¢ ¢, the parameters are then updated by:
o
0; — Oi+e—logp(x,), (A19)

90,

where ¢is a learning rate.
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Table A.3

18

Optimized quantity, minimized loss function, and constraints for RBM, Infomax ICA, PCA,
sparse PCA, and sNMF. The quantities are as follows: W, de-mixing matrix (transposed for
SMF) or energy interaction terms (RBM); X, a M x N data matrix; x,, nth data point or the
nth column of the data matrix X; sy, the nth column of the source matrix S; s, the jth row
of the source matrix S; a, b, linear additive terms; M, the number of observable dimensions;

C, the number of components; 1

the Lisparsity COnstant on w;.

oo @ C x Cidentity matrix; wj, the jth column of W; ),
For RBM and ICA, losses are derived from logistic

nonlinearities for comparison, and not the exact losses used in the results.

Opt. Quantity | Minimized Loss Function Constraints

RBM Free Energy . ’ ( X[;FW. j+bj)

F(xn) = -ax -y log\1 + exp
Infomax ICA | Entropy T -b

- = - ¢ lotogli-exp "] j+(T +b)

H(s,n) = —log(det IW 1)+ Zj:l og\1l — exp Xg Wi+ by
- _ N m

PCA Variance var (g.) = || Xw;]| WTW - 1C><C
sPCA Lasso criterion _ T 2 C T\ny —

A= %y = WW i+ 30 (A4 wll ) WIW=1c,
sNMF Squared error 2 1 _ T, 2 [lwjllg < Ny, W2

E(s.0)2- 50 X —s W'l £

Appendix B. RBMs for real-valued fMRI data

Each visible unit in the case

of fMRI data represents a voxel of an fMRI scan. Each voxel

has a distribution which is real-valued and approximately Gaussian (Hinton and
Salakhutdinov, 2006). In general, the nonlinear function in a Boltzmann machine used to
model the interaction between hidden and visible units need only be in the exponential
family. The logistic form of the conditional probability used when sampling hidden and
visible units comes from the interaction term vIWh in the energy. However, this energy is in
general not appropriate for modeling real-valued data, and while the conditional probability
P (v|h) of a logistic unit are continuous, the samples modeled by the distribution are binary.
However, a small modification of the energy above works better for real-valued data, such

as data from natural images:

Eg (’U, h)

2
s @ — v
=_ Zﬁ"""ijhj _ Z% — ijhj., (B.1)

ij i

where the ¢ is the standard deviation of a parabolic containment function for each visible
variable vj centered on the bias a;. In general, the parameters oj need to be learned along
with the other parameters. However, in practice it’s faster and works well to make the
distribution of each voxel to have zero mean and unit variance (Nair and Hinton, 2010). The
free energy of a single datapoint, x,,, can then be written as:
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k
F (@) == |la —z,|* - Zlog (1+eac @ “’-J‘H’j)
j=1

Samples from the conditional probability of the visible units then follow:
v; ~ N (UiZI"I/ijhj-f—ai, U’i) - (B.2)
J

where «# (1, 7) is the normal distribution with mean U and standard deviation o. RBMs with
this energy function are known as Gaussian-Bernoulli RBM or GBRBM, and are in general
much better in practice at modeling real-valued data (Hinton and Salakhutdinov, 2006). The
intuition behind using this type of visible unit is that the value of each pixel of natural
images is almost always the mean of its neighboring pixels within some variance. In general
this follows in fMRI as well, so in order to better produce samples that resemble fMRI data,
we chose GB-RBM.

Note however, that while the energy function implies a distribution for each visible unit as a
normal distribution around a mean, there is no explicit constraint or learning rule such that
the mean should be related to the values of neighboring voxels. The visible and hidden
layers still have the property of conditional independence, so there is no local geometric
knowledge adding extra constraints to the distribution of the joint.

Appendix C. Building a model for interpretation

Maximization of the log-likelihood is a good learning strategy for generating data, but in the
case of fMRI, this is not necessarily a useful goal. fMRI samples, in contrast to other
datasets used with RBMs, such as natural images, faces, and handwritten digits, are not
easily identifiable. INs are useful and interpretable in terms of analysis and their relative
contribution to data is a better metric for RBM performance relative to fMRI datasets.

Samples from the conditional probabilities P (h|x,) corresponds to inference of the intrinsic
brain networks that caused fMRI datapoint = € . The weights of a intrinsic network h;, W;
form a receptive field over the set of visible variables v;.

The maximum-likelihood gradient ensures that P (x,; W) over the set W = {w.q, w.,, .. .,
w.j} is maximized. However, for the sake of interpretability we also want to try to encourage
sparse features, and the gradient does not ensure this.

Appendix C.1. L; Regularization

L, regularization adds an additional gradient term which forces most of the weights to be
zero while allowing a few of the weights to grow large (Hastie et al., 2001):
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o
Wij — Wij+e (Wlogp (zn)) — A sgn (mj)> - (€D
j

L, regularization is a useful tool in automated feature learning as it can reduce overfitting
(Ng, 2004). While this will force the receptive fields span a smaller subspace of the visible
units, it does not directly constrain the them to be either orthogonal nor local, as there are
still no interaction terms in the energy between visible units nor hidden units. We then
expect that if the receptive fields are local in addition to sparse, that this is driven by the
maximume-likelihood gradient coming from the data.

While Ly has an important role in the solution, the learning gradient in RBM is dominated
by the term coming from contrastive divergence. The gradient has the form ?2?0D+7L1
where 7@3 and 7L1 are the gradients due to contrastive divergence and L, respectively

—T —

(Figure C.13). The dot product between the total gradient and the CD gradient, ¢ ¢, is

- T . . .
similar to than of Ly, g 7“ close to the solution, W* , but exponentially larger with
distance, AW .

Appendix C.2. Hidden unit choice

Binary stochastic units sample from the distribution {0, 1}, which can be interpreted as "off/
on”. Positive visible variables on the receptive field Wj will increase the probability of a
hidden unit P (h; = 1|v; w,j). Positive parameters W over a receptive field w.j have an
interpretation of recognition, while negative values will inhibit recognition. In addition,
positive values in w,j correspond to generate data on the visible variables while negative
values inhibit generation, as the outputs of h; are in {0, 1}.

However, there is a subtle interaction with the visible units when the conditional
probabilities are Gaussian as in GB-RBM. Sign in Gaussian variables imply different sides
of the distribution around the mean. Therefore, negative values of a receptive field with
Gaussian visible variables and binary hidden variances correspond to the lefthand side of a
Gaussian distribution. In the case of fMRI, the raw unprocessed data is positive-definite, so
the division of work done by positive and negative receptive fields effectively splits our
interpretation across that distribution.

This is not entirely desirable, as splitting INs along a distribution mean hinders the
interpretive power of the model. There is, however, an alternative function in the
exponential family, the hyperbolic tangent, which has some similar properties to the logistic
function when used to model the conditional probabilities of hidden units. However, a key
difference is the output is sampled from {—1, 1}. Sign of the receptive fields then is
completely symmetric with respect to hidden variable sign: positive receptive fields will
generate with positive hidden variables, while negative receptive fields will generate with
negative receptive fields. An additional consequence of this is that a single hidden unit can
generate samples over the normal distribution.
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Table C.5: * Feature number, primary regions, t-values, and p-values to target and novel TC
for RBM (left) and matched ICA (right) from a second-level t-test. Groupings of
components (1-8) are determined from RBM modularity and are generally not consistent

with ICA FNC modularity. For each group, white-shaded features above the double-line

indicate a one-to-one match between RBM and ICA features with spatial correlation above

0:4. RBM features highlighted in blue correspond to multiple ICA features with spatial

correlation above threshold. Similarly, ICA features highlighted in red correspond to
multiple RBM features above threshold. Below the double-line in each group are RBM and
ICA features with no corresponding feature.

RBM | Description Target t(p) Novel t(p) | ICA | Description Target t(p) Novel t(p)
Group 1
Thalamus 5.96 (2.4e—6) 0.78 (4.4e—1) 35 Thalamus 4.88 (4.2e—5) 0.93 (3.6e—1)
18 Thalamus 4.26 (2.2e—4) 0.15 (8.8e—1)
I [ 16 [ Thalamus 5.49 (8.1c—6) —0.07 (3.dc—1
Group 2
L/R ITG 6.03 (1.9e—6) 7.94 (1.6e—8) 58 L/R ITG 2.09 (4.6e—2) 6.83 (2.4e—7)
55 L/R MTG 10.81 (2.6e—11) 14.96 (1.4e—14)
13 [ L/R IFC (p. Orb) —2.01 (7.2¢—3) 3.30 (2.2¢—3) [ 46 [ L/RITG —0.90 (3.7¢—1) —4.77 (5.7o—
Group 3
I /- sTG 11.67 (4.7e—12) 9.94 (1.6e—10) 38 L/R STG 9.57 (3.6e—10) 8.21 (8.1e—9)
42 L/R STG 10.36 (6.6e—11) 5.11 (2.8e—5)
12 L/R Insula 5.74 (4.2e—6) 2.37 (2.5¢—2) 59 Insula 6.14 (1.5¢—6) 0.63 (5.3e—1)
50 L/R Insula + MCC 11.09 (1.5e—11) 3.18 (3.7e—3)
29 L/R SMG 9.09 (1.1e—9) 7.29 (7.8e—8) 60 L/R AG —0.06 (9.6c—1) 1.00 (3.2¢—1)
T MCC 10.27 (7.9e—11) T.55 (1.3e—1) 26 MCC —5.10 (2.36—5) —4.78 (5.5e—
5 I Insula 7.14 (1.1e—7) 2.89 (7.5¢—3) I 61 | STG 4.33 (1.8e—4) 3.54 (1.5e—3)
Group 4
SPL 1.32 (2.0e—1) —3.08 (4.7¢—3) 13 SPL 3.62 (1.2¢—3) —1.89 (6.9¢—2
40 ParaCL 1.17 (2.5e—1) —1.77 (8.7e—2)
3 ParaCL —1.35 (1.9e—1) —1.73 (9.5e—2
15 ParaCL 3.40 (2.1e—3) —1.83 (7.8e—2)
44 PreCG + PoCG 5.12 (2.2e—5) —2.12 (4.3e—2)
5 L PoCG + L PreCG 12.78 (5.8e—13) —2.52 (1.8e—2
21 L PoCG + L PreCG 11.44 (7.4e—12) —1.06 (3.0e—1)
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Figure 1.
Graphical representation of SMF and RBM. The graph of SMF models represents the

demixing of the data with the demixing matrix (D) as in Equation 1, while the graph in
RBM represents the interaction terms (W) between visible (v) and hidden (h) variables. X;.
are the rows of X and s;.. are the rows of S.
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Steps of the RBM algorithm: 1) Set the visible units equal to a data vector. 2) Use

contrastive divergence (CD) to first infer hidden states given data,

then generate
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hypothetical data, which is used to update the hidden states. 3) Use the visible and hidden

states during CD to calculate the parameter gradients. 4) Modify parameters using the

gradient values. 5) Repeat steps 1 through 4 until parameters converge.
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Figure 3.

Pipeline for RBM training and analysis. An RBM is first used to obtain intrinsic networks
(INs), each with a corresponding SM estimate. The model parameters are then used to
forward propagate data onto the INSs; this is done by matrix-multiplying the data (space x
time) with the SM estimates (features x space), producing time course estimates specific to
each IN. For task-related data (as with real fMRI data in Section 2.7), multiple regression
with time courses derived from the experimental protocol is used to identify task-related

INSs.
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A) Correlation of SM (left) and TC (right) estimates to the ground truth for all models as a

function of model order. Lines indicate average correlation across all datasets (and

“subjects” for TCs) with a spatial overlap at 0.52, and the color-fill indicates two standard
errors around the mean. B) Contours of all £ SMs (top row) given a thresholded of 0.4 and
examples of individual SMs for all models (bottom rows) at a model order of 64 and dataset
overlap of 0.52. Typical SM quality between models was very similar and notable examples
are shown. C) SM and TC accuracy as a function spatial overlap, at a model order of 64.
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Figure 5.
Examples of estimated SMs for RBM and ICA. Each SM is independently variance-

normalized; red and blue denote positive and negative values, respectively. Above: example
features show SM quality; text indicates spatial and temporal correlations to the ground
truth. Middle: Scatter plot between FNC ground truth (GT) and estimation biases in cross-
correlations between SMs (estimated-truth). Example pairs for RBM with biases in each
direction are shown. RBM feature i is involved in a large proportion of strongly biased
spatial cross correlations. Bottom: example features showing scenarios where RBM
combines sources with high temporal correlation into a single features (left), and where ICA
fails to estimate some ground truth features (right).
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Figure 6.
A 2D histogram showing the relationship between ground truth (GT) FNC and FNC

estimation bias (estimated -true) for RBM and ICA estimates on the same synthetic dataset
overlap shown in Figure 5. Note that density is log-scaled to improve visualization. Features
A) and B) indicate instances where both RBM and ICA overestimate (positively bias) FNC
values that are close to zero. Feature C) denotes cases where RBM overestimate positive
FNC values (more so than ICA) and feature D) shows both methods underestimating some
negative correlations.
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Groups of spatial maps of intrinsic networks estimated by RBM from fMRI data. INs were
divided into groups based on their anatomical and functional properties. For visualization,
each SM was thresholded at greater or less than 2 standard deviations. Estimated intrinsic
networks are 1) thalamus; 2) inferior frontal gyrus (IFG); 3) middle temporal gyrus (MTG);
4) inferior temporal gryus (ITG); 5) middle cingulate cortex (MCC, overlapping with insula
+MCC IN); 6) insula; 7) superior temporal gyrus (STG); 8) supramaginal gyrus (SMG); 9)
superior parietal lobule (SPL); 10) precentral gyrus (PreCG); 11) postcentral gyrus (PoCG);
12) paracentral lobule (ParaCL); 13) supplementary motor area (SMA); 14) inferior parietal
lobule (IPL); 15) middle frontal gyrus (MiFG); 16) medial frontal gyrus (MFG); 17) inferior
frontal gyrus (IFG); 18) superior frontal gyrus (SFG); 19) lingual gyrus (LingualG); 20)
inferior occipital gyrus (I0G); 21) cuneus; 22) calcarine gyrus (CalcarineG); 23) middle
occipital gyrus (MOG); 24) precuneus; 25) anterior cingulate cortex (ACC); 26) posterior
cingulate cortex (PCC); 27) angular gyrus (AG); 28) cerebellum (CB). The FNC (temporal
correlation matrix) averaged across subjects is shown on the left. The numbers on the

diagonal of the FNC matrix are RBM component number.
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Sample pairs of RBM (top) and ICA (bottom) SMs thresholded at 2 standard deviations.

Pairing was done with the aid of spatial correlations, temporal properties, and visual
inspection. Values indicate the spatial correlation between RBM and ICA SMs.

Neuroimage. Author manuscript; available in PMC 2015 August 01.

ICA RBM



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hjelm et al.

- Novels

1 1

. largets

=
o
.

10 .

(8]
.

RBM target t-values
INY
L]
RBM novel t-values
=)

|
LL
Q
L]
.
.

X}
05— 06 5 10 15 %0 -5 0 5 10 15

ICA target t-values ICA novel t-values

Figure 9.
Target (left) and novel (right) t-statistics for RBM and ICA feature pairs with spatial

correlations above 0.4. The red line indicates unity.
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R MiFG + R AG

Precuneus

FNC determined from RBM (left) and ICA (right), averaged over subjects. Note that the
color scales for RBM and ICA are different (RBM shows a larger range in correlations). The
FNC matrix for ICA on the same scale as RBM is also provided as an inset (upper right).
Feature groupings for RBM and ICA were manually determined separately, using the FNC
matrices and known anatomical and functional properties. Numbers on the diagonal refer to

the feature number in the model.
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Figure 11.
The maximum weight within each feature divided by the overall maximum weight, for a

variety of RBM model orders. In the legend, ¢ denotes model order, & denotes the learning
rate, and L; denotes the L1 weight decay. Note that model differences presented are across
model order, not learning parameters.
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Figure 12.
SM volume (calculated as the number of voxels over 1 standard deviation) as a function of

model order for canonical networks identified with RBM (top) and ICA (bottom). For RBM,
we also display corresponding networks obtained at a model order of 10 when no L
regularization is applied (top left). Features were “tracked” across increasing model orders
by identifying the SM at the current model with maximal spatial correlation to the feature in
the previous model order.
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Step Distance(AW)

Left) The gradient, ¢, has two components: one for contrastive divergence, ?CD, the other

o T T .
from L4 regularization, ?Ll . If the dot product of K ?CD>? ?Ll, then contrastive
divergence dominates. We measure the dot products at iterations W away from the solution,

W* . Right) Dot products of the contrastive divergence and L4 gradients, ?CD and 7,11 ,

onto the total gradient, 7', for real fMRI (top) and simulation (bottom) data across step
distance from solution with SMs thresholded at 1 standard deviation. The L, gradient and
CD gradients are equal near the solution, but CD quickly dominates farther away. This
indicates that while L as a stronger role close to the solution, the overall gradient is

dominated by CD.
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Figure C.14.
Example tracking of features across model order and L, decay. Features show limited

variation across parameters, indicating stability and analytical utility.
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Figure C.15.

Default mode networks identified by RBM (a) and ICA (b) and p-values to target stimulus. t

and p values are from multiple regression to target time courses.
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Table 1

Page 40

The common problem solved by all considered SMF models and their unique constraints, where s;. is the ith

row of S; IL denotes statistical independence; 1, ., denotes a C x C identity matrix; and A is the sparsity

parameter.
Find S and D such that S &~ DX
Solve Constraints Description
ICA S s, Vi#] optimize independence
PCA max(si,Tsi .), v j | maximize variance
DTD — 1CxC enforce orthogonality
sPCA max(siTsi .), v j | maximize variance
DTD — 1C><C enforce orthogonality
ID]ly <A enforce sparsity
sNMF Sij=0,D;=20 enforce nonnegativity
IID]ly <A enforce sparsity
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Counts of grey matter (GM) features, white matter (WM) features, ventricles, and other artifacts in RBM and

Table 2

ICA results. Component classification was performed manually.

GM WM Ventricles Other
RBM 46 5 5 8
ICA 38 15 6 5
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