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Abstract

Owing to neurotechnological advances in electrode design, it is now possible to
simultaneously record spiking activity from hundreds to thousands of neurons. Such
extensive data provides an opportunity to study how groups of neurons coordinate
to form functional ensembles that ultimately drive behavior. Since the spike train
space is devoid of an algebraic structure, quantifying causal relations between the
neuronal nodes poses a computational challenge. Here, we combine techniques
from information theory and kernel-based spike train representations to construct an
estimator of directed information for causal analysis between neural spike train data.
Via projection of spiking data into a reproducing kernel Hilbert space, we avoid
tedious evaluations of probability distribution while engaging computations in a
non-linear space of (possibly) infinite dimensionality. Additionally, the estimator
allows for conditioning on ‘side’ variables to eliminate indirect causal influences
in a multi-neuron network. Extensive analyses on a simulated six-neuron network
model comprising of different neuron types and causal topologies show that the
devised measure identifies directional influences accurately that would be otherwise
inaccessible with traditional correlation measures. Finally, we apply the metric to
identify direct causal interactions among neurons recorded from cortical columns
of visual-area 4 of monkeys performing a delayed match to sample task. Our
results reveal an interesting reorganization of neuronal interaction patterns within a
cortical column on visual stimulation.

1 Introduction

Due to the mathematical differences between continuous and point-process signals, current analysis
of neuronal connectivity is largely limited to bivariate cross-correlation metrics. However, these
methods provide little insight into the directional nature of neuronal interactions and usually do not
consider the point-process nature of spike-train data. In this paper, we propose a non-parametric
directed information (DI) measure for causal analysis in the point-process space. Here, we present
the formal definitions of DI.

Directed information: Directed information is an asymmetrical measure of information flowing
from one random process to another [1}, 6]. Unlike mutual information (MI), the definition of DI
explicitly accounts for feedback between two coupled systems. In our notation, DI between two
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stochastic processes, X and Y, can be written as in eq. @), where X" denotes the successive samples
of the process, X, i.e., X" = [X1, X, ..., X,,]. In the absence of a causal influence of X on Y, the
second term reduces to an entropy estimation, and therefore, 7(X™ — Y™) = 0. DI is also upper
bound by MI when communication between two nodes is carried over a purely feedforward channel.

(X" = Y™ =Y HY; Y™ - HY[Y' ' X") e))

i=1

Causal conditional directed information: In multinodal networks, the connection between two
nodes may be mediated by other members of the network. We refer to the time series observed on
the other nodes as ‘side’ information. In order to identify direct causal influences in a network, the
contributions from ‘side’ nodes are accounted for by causal conditioning. In this case, the causal
conditional DI between two processes X and Y, conditioned on the side process, Z, is defined as,

I(X" = Y™|Z™) = ZH(mYHZi) — H(Y;|YIXi 7. )

=1
2 Directed Information Estimator

Proposed estimator: Computation of DI requires prior knowledge about the joint probability
distribution function of the random variables. However, access to such information is mostly unknown
in neuroscience scenarios. Our proposed estimator circumvents any estimation of the probability
distribution functions from data. Instead, we exploit the properties of a Hilbert space approach for
entropy estimation using the matrix-based Renyi’s a-order entropy proposed in [4f]. The estimator
defines entropy over the eigenspectrum of the normalized Gram matrix, a Hermitian matrix of the
projected data in a reproducing kernel Hilbert space (RKHS). Specifically, the functional definitions
fulfill similar axiomatic properties of Renyi’s a-order entropy (o > 0), which is a generalization
over the well-known Shannon’s entropy [8]]. Given a random variable X = {z1, s, ..., 2, } and
a normalized Gram matrix A evaluated on X using the real-valued positive definite kernel, x :
X x X — R, the matrix-based estimator of Renyi’s a-order entropy is given in eq. (3),

Sa(4) =

1o , (3)
=1

log, [Z i (A)]*

where A;; = %\/% and \;(A) denotes the i*" eigenvalue of A and K is the non-normalized
g

Gram matrix. For evaluations of joint entropy, an extension of the matrix-based entropy measure uses

Hadamard products to convey the joint representation of two random variables. In this extension,

joint entropy between two random variables, X and Y, is defined as in eq. 4} where A and B are

normalized Gram matrices evaluated on X and Y, using positive definite kernels, <1 and xo.

AoB
Sa(A,B) =5, (tr(AoB)) 4)

Substituting the above entropy estimation into the DI formulation, we can evaluate the information
metric as in eq. (3).

L (X" = Y") = 3 S, (Y1) — Sa (VY X) )

i=1
However, we are still faced with the challenge of defining a positive-definite kernel for point processes.
We take support of kernel constructs that introduce basic structure to the point process space [/7].



Here, we briefly summarize the approach. Firstly, each point process is brought into the continuous
Ly space as intensity functions via convolutional operators. Next, using an RKHS inducing kernel,
x and evoking the kernel trick, the inner product of two intensity functions x and y in the RKHS
is computed by a scalar evaluation of the kernel in the input space, i.e., (x,y)% = x(z,y). In this
way, the required normalized Gram matrix, A, is obtained as a symmetric positive definite matrix
representing the pairwise inner product of the intensity functions in the Hilbert space.

Senlas) = exp{ [ —=-(alt) = y(e)*at} ©
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Here, we note an important consequence of DI estimation. Although theoretically, the DI between
independent time series is equal to zero, in practice, empirical values are small and non-negative. This
is because any DI estimation does not incorporate the true probability distribution of the involved
time series. We address this issue via appropriate significance testing for each connectivity (See

Appendix [A.T).

Parameter selection: Our formulation of DI depends on four hyperparameters: 1) the kernel size
(04), 2) the width of the rectangular intensity operator (w), 3) the order o, and 4) memory of the DI
measure (n). The kernel size dictates the geometrical extent of the inner product in the RKHS. It
is important to note that for projections into the same RKHS, the kernel size must be the same for
all entropy evaluations. The choice of « is associated with the task under study. For emphasis on
rare events, for eg. in a discriminative task, o must be chosen close to 1 [4]], while higher values of «
(> 2) characterize modal behavior. Lastly, the memory, n, of the DI measure must be selected to
capture signal transmissions that occur within the timescale of interest. It must be noted that the total
time dependency would ultimately be a combined effect of the width, w, of the rectangular intensity
operator and the memory, n, of the DI measure. Throughout all analyses, we maintain the parameters
at the following values: 1) o, set using Scott’s rule of thumb on the source variable, 2) w = 120ms,
3) a =1.01, and 4) n = 20ms.

3 Results

Simulations Before application to real data, we evaluate the performance of our proposed estimator
on synthetically generated spike trains with known causal influences. We tested the model on a
six-neuron network model with connections that closely mimic the complex interactions between
neurons. All neuronal activity was simulated using the Izhikevich neuron model [5]]. The model is
governed by the following set of equations (Egs. 8.5 and 8.6 in [J5]]),

Co=k(v—v)v—v)—u+1 8)
= a{b(v —v,.) —u} )]
if v > Vpear, then v <—c, u < u+d (10)

where v is the neuron’s membrane potential, and « is the membrane recovery variable. Description of
the hyperparameters and their corresponding values for a regular-spiking neuron were maintained as
in [5]].

Connectivity between the neurons is shown in Figure [TJA2(left, solid lines) where 5 excitatory
{n1_3,n5_¢} and an inhibitory neuron (n4) are involved in a complex network designed to include
indirect influences (eg. ny <> ng), explicit driver neurons (eg. ns) and multi-input neurons (eg.
ne) Each neuron was simulated using one out of the three types of input current, I;,, - 1) constant
input, 2) uniform input: a uniformly distributed value between (0 — 150) pA, or 3) bursty input:
two 150 ms long pulses of 300 pA, each supplied at a random time, interleaved with a uniformly
distributed current between (0 — 150) pA. Input type 3 was supplied to create a system of bursty
neurons. Specifically, uniform input current was supplied to neurons n1, na, ng and ng. Whereas
ns received a constant input current of 150 pA, n4 was simulated to mimic an interneuron such that



it received a bursty input current. The magnitude of excitation current, I, (or inhibition current I;)
from an excitatory neuron (or inhibitory neuron) in a connection was kept constant throughout each
simulation. These values were set at I, = 350 pA and I; = 180 pA. The total current, I, supplied
to each neuron comprised of ;,, and I;.). Membrane noise was generated as Gaussian noise and
combined with the neuron’s membrane potential, v, at each time point. The system was simulated
at a fixed sampling frequency of 500 Hz. The synaptic delay between any two connected neurons
was maintained at 5 ms, and the memory for all DI evaluations was set at 20 ms (or 10 samples).
Finally, each simulation was run using time bins of 1 ms, trials lasted for about 1s, and a total of
100 trials were simulated. Figure [[]A1 summarizes our results where the final connection matrix
is presented in A2. The model is able to identify all direct causal patterns. Although the current
system includes many potentially indirect influences, the causal model only identified one edge to be
significant, demonstrating high robustness to spurious causal influences. Overall, our model achieved
a connectivity detection accuracy of 97.2%.
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Figure 1: A. Identification of direct influences in a multi-neuron system. Al. Example data
presenting 3 trials in each neuron. A2, (Left) DI estimates identified by the model. Solid lines-true
direct causal directions, dashed lines- identified indirect causal influences. (Top-right) Final estimated
adjacency matrix of direct causal influences. B. Spike—spike interactions. B1, Connectivity trends
between superficial (s, layers 2-3) and deep (d, layers 4-6) layer neurons in the fixation (1s) and early
sample (0.5s) intervals. Mean + SEM across all direct connectivity. B2, Direct causal influences
between neurons in the V4 cortical column across all sessions (N = 123 units) during the same
intervals.

Laminar organization of neuronal connectivity In monkeys performing a visual delayed-match
to sample task [2]], we analyzed the causal interactions between single neurons within individual
columns of visual-area 4 (V4) (see Appendix @ To determine whether the neuronal interaction
patterns change through the trial, we analyzed direct influences in the fixation and early sample
interval, [0-0.5]s. In figure[TB2, we use directed graphs to summarize the general causal connectivity
in the V4 cortical column across subjects for each task interval. Each edge and its direction is
identified by aggregating the identified causal connections in individual cortical columns. In contrast,
the edge weights describe the strength of the connection as the averaged DI overall direct connections.
Across fixation and sample intervals, we observed a reversal in the within-column causal influence
patterns in V4 figure [IB1. While fixating, the dominant pathway of causal influence included the
deep — superficial and the deep — deep layer connections. Overall, superficial layer neurons were
more specialized in processing information during the sample period, while deep layer neurons
directed information processing during fixation. Fitting with the hierarchical organization of the
visual cortex, these results suggest functional separation between layers of the cortical column. This
functional specialization is consistent with the anatomical connection patterns of the primate visual
cortex ([3]) wherein feedforward connections to subsequent cortical areas originate mainly from
superficial pyramidal cells. In this view, the causal network identified in our analysis may be reflective
of stimulus-specific feedforward processing in the superficial layers.



4 Conclusion

Our implementation of directed information for point process spaces presents a data-driven approach
to the problem of causal inference in neuroscience. The proposed methodology imposes no as-
sumptions on the signal structure, avoids tedious evaluations of the probability density functions
and enables identification of non-linear causal structures between random variables. The method
draws support from kernel representation of spike train data wherein non-linear projections into a
high-dimensional space allow for data-driven interpretations. Finally, we would like to emphasize that
in the context of brain connectivity patterns, it is impossible to distinguish absolute direct influences
from indirect influences since not all nodes of the functional network are sampled. While the problem
is not theoretical, it has important implications for interpreting neuronal interactions. Under the
circumstances, care must be taken when making causal inferences.
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A Appendix

A.1 Experimental Setup

The data analyzed in this study comprised multi-laminar recordings from the visual area 4 (V4) of two
macaque monkeys (Macaca mulatta) trained to perform a delayed match to sample (DMS) task. Each
subject was implanted with linear U and V recording arrays placed over the visual cortex, optimized
to enable perpendicular recordings relative to the cortical folding. For each session, the number of
laminar probes varied between 1 and 3. Each probe comprised 16 electrodes with an intersite spacing
of 100 or 200pm, culminating in a total linear sampling of 3.0 to 3.1 mm on each probe. Channels
from the top of the cortex to a depth of 1.2 mm were classified as superficial layer channels, and deep
layer channels were those below 1.2 mm. All surgical and animal care procedures were approved by
the Massachusetts Institute of Technology (MIT)’s Committee on Animal Care and were conducted
following the guidelines of the National Institute of Health and MIT’s Department of Comparative
Medicine.

The experiments were conducted inside a sound-proof behavioral testing booth comprising a primate
chair and an LCD monitor (ASUS, Taiwan). Subjects were trained to perform the DMS task using
positive reinforcement. Monkeys were to fixate on a point in the center of the LCD screen for a
duration of 1s. If fixation was held for the entire duration, the screen was presented with one of three
cue objects. The object remained on the screen for 1s and disappeared during the following delay
period. While the delay period for monkey-2 lasted for a uniformly picked time interval between
0.5 — 1.2s, for monkey-1, the delay period was a fixed time interval of 1s. At the end of the delay
period, a search array consisting of the cued item and one or two distractor objects appeared on
the LCD screen, each occupying a different visual quadrant. The distractor and its position were



randomly chosen. A successful trial entailed the subject performing a saccade towards the cued
object, for which they received a few drops of diluted juice for positive reinforcement. The trial was
terminated if the subject broke fixation at any time. Additionally, the predictability of the cued object
was manipulated either with repetitive or novel cuing. During novel cuing, the cue was randomly
sampled from a set of 3 objects and presented in each trial. Contrarily, repetitive cuing consisted of
the same cue presented in each trial. Each block lasted for 50 trials, where the initial cuing-type was
randomly chosen.

Throughout each session, neural activity was sampled at 30 kHz and bandpassed between 0.3 Hz and
7.5 kHz using a first-order Butterworth filter. A Plexon offline sorter was used to manually perform
spike sorting. For analyses, spiking activity was downsampled to S00Hz.

A.2 Causal inference: Significance testing

In practice, all estimated DI measures (between causally and non-causally connected nodes) are
greater than zero. To identify influences that drive significant causal influences, significance testing
methods require knowledge of the probability density function of the DI measure under the null
hypothesis of non-causality. However, given the statistical variability of neural activity, the null
hypothesis distribution is ever-changing and difficult to pin down. In our studies, we test the
significance of the DI measures for neuronal interactions using a random permutation procedure
to build a baseline null hypothesis distribution. The calculated DI measure from the actual data is
then compared against this baseline distribution to assess the significance levels. Specifically, we
create a surrogate system by shuffling the spike times of the causal variable. Therefore, the shuffled
point process maintains the spike counts in each realization, but any consistent structure in the joint
probability distribution between the two-time series is lost. Performing such random shuffling with
100 different permutations results in a distribution of DI corresponding to the null hypothesis of
non-causality. The null hypothesis is rejected if the DI values estimated on the original time series
are greater than the baseline threshold at a significance level of ag; = 0.05.

>

To tease apart indirect influences from direct influences, we condition the DI measure on ‘side
processes whose knowledge may render the involved processes statistically independent. Two types
of indirect influence topologies considered in this study are proxy and cascading influences. In a
proxy influence pattern between three processes, process Y; influences Y5 that in turn drives the
process Y3. In such a case, the DI measure between Y; and Y3 is likely to identify a causal connection.
However, the two processes can be rendered statistically independent given causal knowledge of
Y>; — Y3, Similarly, a cascading topology is where two processes Y; and Y3 are commonly driven
by a third process, Y>. The indirect connectivity between the two could be accounted for by their
dependence on Y5.

Causal conditioning of DI on ‘side processes’ is performed based on the fact that X directly, causally
influences Y, iff I(X™ — Y™||Z™) > 0. The problem of significance testing is also critical to
this analysis as the null hypothesis distribution of the conditional DI measure is variable, and their
estimates between independent processes do not equate to zero. To identify direct connectivities in
the network, we evaluate the decrease in estimated influence between two nodes on introducing a side
variable. Firstly, we identify potential indirect influences as a set of three nodes involved in cascading
or proxy-type dependencies in the estimated directed graph. Across all combinations of existing
dependencies between the three nodes, we evaluate the percentage change in the DI measure upon
conditioning on the third node. On two edges that terminate on the same node, if an edge registers a
significantly larger change in the DI measure is labeled as indirect and removed from the network. Our
current implementation of causal graph construction can be extended to include verifications on more
dependencies. Such an extension will merit future work. Finally, a MATLAB implementation of our
DI model can be found at https://github.com/shailajaAkella/Directed-Information,


https://github.com/shailajaAkella/Directed-Information
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