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Abstract

Kalman filtering methods have long been regarded as efficient adaptive Bayesian tech-
niques for estimating hidden states in models of linear dynamical systems under Gaussian
uncertainty. Recent advents of the Cubature Kalman filter (CKF) have extended this efficient
estimation property to nonlinear systems, and also to hybrid nonlinear problems where by
the processes are continuous and the observations are discrete (continuous-discrete CD-
CKF). Employing CKF techniques, therefore, carries high promise for modeling many bio-
logical phenomena where the underlying processes exhibit inherently nonlinear, continuous,
and noisy dynamics and the associated measurements are uncertain and time-sampled.
This paper investigates the performance of cubature filtering (CKF and CD-CKF) in two flag-
ship problems arising in the field of neuroscience upon relating brain functionality to aggre-
gate neurophysiological recordings: (i) estimation of the firing dynamics and the neural
circuit model parameters from electric potentials (EP) observations, and (ii) estimation of the
hemodynamic model parameters and the underlying neural drive from BOLD (fMRI) signals.
First, in simulated neural circuit models, estimation accuracy was investigated under varying
levels of observation noise (SNR), process noise structures, and observation sampling inter-
vals (df). When compared to the CKF, the CD-CKF consistently exhibited better accuracy
for a given SNR, sharp accuracy increase with higher SNR, and persistent error reduction
with smaller dt. Remarkably, CD-CKF accuracy shows only a mild deterioration for non-
Gaussian process noise, specifically with Poisson noise, a commonly assumed form of
background fluctuations in neuronal systems. Second, in simulated hemodynamic models,
parametric estimates were consistently improved under CD-CKEF. Critically, time-localiza-
tion of the underlying neural drive, a determinant factor in fMRI-based functional connectivity
studies, was significantly more accurate under CD-CKF. In conclusion, and with the CKF
recently benchmarked against other advanced Bayesian techniques, the CD-CKF frame-
work could provide significant gains in robustness and accuracy when estimating a variety
of biological phenomena models where the underlying process dynamics unfold at time
scales faster than those seen in collected measurements.
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Introduction

Physiological signal recordings have long played a central role in probing and deciphering the
functional state of the underlying biological process. Towards this goal, dynamical system
modeling aims principally to develop a causal link between the observed signals and the pre-
dicted process outputs. In brain sciences, modeling is generally intended to provide a link
between the ongoing activity of a neuronal system and a host of associated aggregate record-
ings including directly related electrical measurements (such as the electroencephalogram
EEG, electrical corticogram ECoG, Local Field Potentials LFP) and indirectly related metabolic
measurements (such as fMRI and SPECT). For a vast majority of these models, the computa-
tional and identification complexity of these models quickly increases with the inclusion of
realistic assumptions on both the process and its measurement conditions.

First, at the process level, realistic descriptions often result in continuous-time, nonlinear,
stochastic and possibly time-varying dynamics. Starting with a set of ordinary differential
equations, models commonly include (i) nonlinear relationships among several variables (e.g.
voltage-dependent ionic conductances), (ii) uncertainty or randomness in describing the pro-
cess response to its environment (e.g. in vivo synaptic noise), and (iii) modulation of the pro-
cess itself by external inputs or factors (e.g. effect of neuromodulators ACh). Second, at the
measurement level, observation of the process is attained indirectly through one or more con-
tinuous-time variables that relate to the neuronal activity and are limited by spatial smearing
(e.g. extracellular currents) or temporal filtering (e.g. blood oxygenation levels). Although both
of the underlying processes are continuous, the temporal bandwidth of the hemodynamic pro-
cess is considerably smaller than that of the neuronal dynamics (or its output contains much
lower frequencies) and hence can be recorded at much larger time intervals (Nyquist rate).
Accordingly, the relative time scale of the recording devices for those activities make the neu-
ronal activity well described by a continuous process and hemodynamic activity by a time-
sampled continuous process, or a discrete process. In other words, and by taking “snapshots”
or images of the hemodynamic process at regular intervals in time, the observations constitute
a sequence of noisy discrete-time physiological recordings.

Along with the increase in model complexity, the correct identification of the model param-
eters and the accurate estimation of its hidden internal states become key challenges. This is
particularly true since the efficiency and performance of available estimation tools depend on
a set of assumptions on the process dynamics (linearity, time-invariance) and its operating
conditions (process and measurement noise structure) that become clearly violated in these
models.

From a system theoretic viewpoint, state space formulations constitute a flexible framework
whereby both the modeling and estimation problems can be combined for a wide range of
realistic physiological modeling assumptions. In the context of modeling, state space allows
for separate descriptions of the dynamic processes and their uncertainties (continuous-time
dynamics and noise impact in both the hidden states and observation variables) from the
method of observation and its imperfections (discrete time noisy multiple channel recordings)
[1]. In the context of estimation, state space summarizes the system history in a set of first
order dynamics memory elements (or states) whereby knowledge of their current value and
future inputs completely characterizes the system evolution into the future (first order Mar-
kov), thereby allowing for efficient time-recursive estimation.

This type of state estimation problems is usually solved with Bayesian filters whereby
the posterior probability density function (pdf) of the states is constructed, based on all
available information up to current time, to provide a complete statistical description of the
states at current time [2]. Subsequently, new information that becomes available from new
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measurements is combined with the old information to modify the posterior pdf using
Bayes theorem.

Arguably, the Kalman filter is the most widely used type of Bayesian filters available to solve
the state estimation problem. In the Kalman setup, it is assumed that both the state noise and
the measurement disturbance are samples of an additive, zero mean random processes that
admit Gaussian probability distributions [3].

The Kalman filter is a recursive estimation filter since the posterior densities of the states
are updated with new measurement without the need to reprocess all previous measurement
data. The filter consists mainly of two steps, the prediction step and the update step, that are
also commonly referred to as the time update and the measurement update, respectively. The
prediction step involves the computation of the mean and covariance matrix of the predictive
state pdf using the process model and the estimated state pdf from the previous time step.
Then, the update step employs Bayes theorem to modify the predictive pdf using information
available from the new measurement. As an adaptive technique, therefore, a Kalman filter
allows for predicting time variations in the estimated densities.

Strictly speaking, the Kalman filter is an optimal Bayesian estimator only for linear systems
because it updates the first and second order moments of linear combinations of Gaussian dis-
tributed random processes, which are also Gaussian. Extensions of the Kalman filter were
introduced in the past in order to deal with practical systems that involve nonlinearities. Such
filters are the Extended Kalman filter (EKF) [4], the Unscented Kalman filter (UKF) [5-7] and
the most recently introduced filter the Cubature Kalman filter (CKF) [2, 8].

Kalman filter extensions (EKF, UKF, and CKF) that deal with nonlinear systems have also
found their way to numerous applications in a wide variety of areas in Biology [9-15]. In the
neural sciences, KF applications include neural activity modeling and estimation [10, 16-18]
motor activity decoding for neural prosthesis [19, 20], intracranial pressure estimation [21],
Seizure prediction and control [22-26], Sleep and EEG modeling [27-30], and particularly
brain connectivity estimation in psychology and cognition [31-35]. The time-varying adaptive
nature of Kalman filtering continues to place it among other popular estimation techniques,
particularly those based on Dynamic Causal Modelling (DCM) [36]. DCM is based on genera-
tive models that are compared within a Bayesian framework in order to infer the functional
connectivity between neuronal populations or brain regions from observed data (EEG, MEG,
or fMRI) [37-40].

The Cubature Kalman filter is designed for the estimation of hidden or unobserved states
in a nonlinear dynamical system that is subjected to additive Gaussian noise. The CKF was
originally introduced as an approximate Bayesian filter for discrete-time nonlinear filtering
problems whereby the predictive density of the joint state-measurement random variable is
assumed to be Gaussian. In this way, the optimal Bayesian filter reduces to the problem of
computing various multi-dimensional Gaussian-weighted moment integrals, with numerical
approximations obtained by invoking a third-degree spherical-radial cubature rule.

As presented above, representations of physiological processes, such as neural systems,
often admit state-space models that are of the continuous-discrete hybrid types. For estima-
tion of these systems, therefore, the hybrid Continuous-Discrete Cubature Kalman Filter
(CD-CKEF), introduced as an extension of the CKF for mixed systems, seems to be more nat-
ural. The CD-CKEF discretizes the continuous process equation in SDE form using the It6-
Taylor expansion of order 1.5 and transforms it to stochastic difference equation in discrete
time. This transformation will result in a state-space model with both process and measure-
ment equations expressed in stochastic difference equations in discrete time.

In the paper, we address the accuracy of state and parameter estimation using CKF and
CD-CKEF techniques in the context of neural state estimation from EEG and fMRI recordings
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as specific examples of physiological dynamical system modeling. Starting with nonlinear
state-space simulation models, we elaborate estimation performance while varying conditions
related to (i) the observation sampling frequency, (ii) the observation signal-to-noise ratio and
(iii) the structure of the additive noise process underlying the state dynamics. In particular, we
aim to highlight those situations where an added benefit can be obtained by explicitly employ-
ing a hybrid filtering. We pay specific attention to the effect of the sampling interval of the
observations principally because it relates to the inherent time constants (speed of dynamics)
of the underlying continuous processes and hence constrains the modeler’s ability to recover
detailed dynamics from observations obtained using a given recording modality. In the case of
estimating neural activity, electrical potential recordings (EEG, MEG) theoretically have a
real-time accuracy since these are manifestations of the underlying electrical neural dynamical
activity. Imaging modalities (fMRI, SPECT), on the other hand, have a much lower time reso-
lution because these reflect observations of slow continuous-time metabolic processes that are
indirectly related to the fast underlying neural activity. Specifically for fMRI, the time sampling
interval of the blood oxygenation levels is on the order of one second [41], which is well
beyond the milliseconds details of the dynamics of synaptic activity. Thus, with realistic
recording conditions, it is suspected that the CD-CKF might be superior in cases where one
aims to recover hidden process dynamics from low-pass filtered indirect observations, such as
when inferring neural activity drive from fMRI data as a determinant for estimating functional
connectivity in brain networks.

We also compare the accuracy of the CD-CKF and CKF techniques in estimating the neural
activity and parameters for simulated neural models in cases where the observation signal-
to-noise ratio are decreased, and/or the Gaussian process noise assumptions are violated.

Low signal to noise ratios are common for modalities that record electrical potentials at a
location distant from the source (depth electrodes, scalp EEG) due to spatial filtering (smear-
ing (~0.5 cm?) and activity aggregation across numerous neural subtypes (leading to unmo-
deled signal components).

Finally, and since Kalman-based techniques invariably assume that process noise is of
Gaussian nature (for a continuous time, the derivative of the state is driven by a Wiener pro-
cess), we aim to assess, using Monte-Carlo simulations, the performance of both CKF and
CD-CKF when noise structures violate Gaussianity. In neural estimation, non-Gaussian noise
models from are common. Examples include the additive noise in synaptic dynamics (approxi-
mating in vivo conductance fluctuations) that has specific structures (Ornstein-Uhlenbeck
process [42], and the afferent neural activity impinging onto a given population, that has been
reported to possess an un-symmetric tailed distribution [43-48].

We note here that performance assessment is limited here to improvements of hybrid
CD-CKF over the CKF estimator—with the understanding that the utility of the CKF in solv-
ing these problems was earlier benchmarked against many other state-of-the-art estimation
techniques. In the area of neural modeling, Havlicek et al. (2011) [32] validated the CKF algo-
rithm against a main contender, namely the dynamic expectation maximization that used vari-
ational Bayesian techniques [49]. The authors demonstrated that, for hemodynamic models of
evoked brain responses in fMRI, marked improvements can be obtained using CKF estimation
when compared to the dynamic expectation maximization method (DEM) in terms of inver-
sion of nonlinear dynamic models, including estimation of the states, input and parameters. In
addition, and because DEM requires embedding of the states while a CKF does not, the CKF
was computationally more efficient in preforming model inversion (see [32] for more details).

The paper is organized as follows. In the next section, we present the Kalman filtering for-
mulations for the CKF and CD-CKF. We then introduce a simplified model of continuous
neural activity (NA) dynamics and associated electric potentials (EP) recordings. A state-space
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formulation of this model under different additive noise structures is subsequently introduced
as part of the Kalman filtering setup. We similarly introduce the hemodynamic model linking
neural drive (output) to recorded BOLD signals under fMRI as well as a joint neuronal-hemo-
dynamic model. Next, we compare the performance of CKF and CD-CKEF in state estimation
accuracy from simulated EP observations under different assumptions on (a) observation data
sampling rate, (b) observation signal-to-noise ratio and (c) process noise structures. We then
contrast performance of the two filters in estimating neural drive and parameters in the hemo-
dynamic model and show some preliminary results on the joint neuronal-hemodynamic
model. Finally, we summarize the findings and discuss their significance and implications in
physiological process estimation.

Methods
Neuronal model description

In this section, we will introduce the mathematical description of the simulation models for
neural activity (NA) dynamics. We will adopt a simplified neuronal model to describe the neu-
ronal dynamics of different populations in a cortical column. The model incorporates active
neurotransmitter-gated synaptic processes [50]. The dynamics of the membrane potential are
formulated as a parallel RC circuit where capacitive synaptic current flow balances the sum of
all currents across the membrane [50]. The dynamics of the membrane potential are given by
the following stochastic differential equations:

cv :gL(VL - V) +gE(VE - V)—l—g,(V] - V)+I+Fv

Where C is the membrane capacitance, V is the membrane potential, I is the input current, I'y,
is a Gaussian noise, and the currents across the membrane are as follows (see Table 1):

o ge(Vg — V): is the excitatory sodium (Na™) current with conductance gz and reversal poten-
o gi(V; = V): is the inhibitory chloride (Cl”) current with conductance g; and reversal potential
Vi

o g1(V = V): is the potassium (K") leak current with conductance g; and reversal potential V.

The conductances can also be described by stochastic differential equations whose dynam-
ics depend on the pre-synaptic input (¢) and a characteristic rate constant (x).

gi=x(c—g) +T;
Where g;(i = E, I) represent the excitatory and inhibitory conductance, and I'; is Gaussian

noise.

The pre-synaptic input to a given neuron, denoted by ¢|”, is the firing rate in another neu-
ron j times a coupling parameter ¥ [51]:

) = 1oV~ v,)
Where o(.) is a sigmoid activation function that transforms the postsynaptic potential of neu-
ron j to firing rate, and is given by [52]:

1

b _ -
a(V VR) 1 4 e—x(VO-Vg)
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Table 1. Model parameters.

Parameter

v
Vi
Ve
7]
Ve
Cc

I

aL
8
8
Ke
K

a

721
Y23
Y22
31
V32

E
Y13

Physiologic interpretation
Membrane potential, /=1, 2, 3 for granular, supra-granular, and infra-granular respectively.
potassium (K*) reversal potential
sodium (Na*) reversal potential
chloride (CI”) reversal potential
Threshold potential
Membrane capacitance
Input current at the granular layer
Conductance of potassium leak current

Excitatory sodium current conductance, i= 1, 2, 3 for granular, supra-granular, and infra-granular respectively.
Inhibitory chloride current conductance, i= 1, 2, 3 for granular, supra-granular, and infra-granular respectively.

Sodium diffusion rate constant (opening of sodium channels)

Chloride diffusion rate constant (opening of chloride channels)

Constant that controls the voltage sensitivity of the activation function
Inhibitory connection strength from supra-granular to granular layers
Inhibitory connection strength from supra-granular to infra-granular layers
Inhibitory connection strength within the supra-granular layer

Excitatory connection strength from infra-granular to granular layers
Excitatory connection strength from infra-granular to supra-granular layers
Excitatory connection strength from granular to infra-granular layers

https://doi.org/10.1371/journal.pone.0181513.t001

0.25
0.5

Unit

Where Vy is a threshold potential, and o is a constant that determines the slope (voltage sensi-

tivity) of the activation function.

For simplicity, we will consider a cortical column that is composed of three layers (Fig 1):

1. The granular layer: consists of excitatory spiny stellate cells.
2. The supra-granular layer: consists of inhibitory interneurons.

3. The infra-granular layer: consists of excitatory pyramidal cells.

The model described above will be adopted to describe the stochastic dynamics of interact-

ing populations in a cortical column. Thus, for each population i = 1, 2, 3:

cv = &V, — V(i)) +g}(5i)(VE - VU)) +gl(i)(V1 - VU)) +I1+1,

Where the input I is at the granular layer (population 1).

These stochastic differential equations can be formulated in state-space model of the form:

x=f(x,])+ T

Where the state vector x comprises the membrane potentials, the excitatory and inhibitory
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Supra-granular
layer

Granular layer

Infra-granular
layer

Cortical Column

yI(2,2)
ygz’l) \/
Inhibitory | *
- interneuron | -
Exogenous input
— 1@
Spiny|stellate cell —I_ .

(1,3) y](;,l)
VE =~ ¢} Pyramidal

Fig 1. Cortical column architecture. A cortical column is segregated into three layers where the input
granular layer is composed of spiny stellate cells, the supra-granular layer is composed of inhibitory
interneurons, and the output infra-granular layer is composed of pyramidal cells. Intrinsic connections
between layers are illustrated with arrows: red arrows are inhibitory, and blue arrows are excitatory.

https://doi.org/10.1371/journal.pone.0181513.9001

conductance, and f(.) is a vector that comprises the equations of motion of each state:

x=[v0 g"

Ol =

alr

alx

(1) 2 2
Ve g g

(gL (V-

( L(VL -

. 3 3) 1T
Ve gt g ]

(Ve = V) + gl (v, = V) 4+ gV, = V) 1)

(1o (ve = V) — ")
k(1o (VE = V) - gl)
V) g (V, = V) + g7 (V, - V)
i (1770 (ve = V) — g
ke (170 (VE = V) - g
VO) + g (Vy = V) + g (v, — V)
ki (V0 (ve = v,) — g

Kg (Vx(el.g)o'(v(l) - VR) - g}(23)>
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State-Space model

The model described above in stochastic differential equations form can be formulated in
state-space model of the form:

Process Equation : x(¢) = f(x,I)+ TI"

Measurement Equation : z, = h(x,, k) + w,

Where x € R" is the state vector of the dynamic system at time t, I is the exogenous input,
z, € R?isthe measurement at discrete time #;, f : R" x R — R” is the drift coefficient,
h: R" x R — R?is the measurement function, I' € R” and w, € R“ are vectors of zero
mean random Gaussian noise.

The activity of infra-granular layer is considered as the output layer in which its activity is
observed and serves as a measurement. Our EP recording is assumed to be a simple linearized
filtering of the voltages of infra-granular layer. Thus, the measurement equation function
h(xi, k) depends on the infra-granular layer membrane potentials (V*). We will consider as
an output measure of this cortical column the value of infra-granular membrane potential at a
given discrete time k.

h(x,, k) = Vlig)

Where V{” represents infra-granular membrane potential at discrete time instant k.

Model dynamics

An exogenous input arrives at the granular level and excites the spiny stellate cells, which in
turns send postsynaptic excitation to pyramidal neurons located in the infra-granular layer.

The activated pyramidal cells send a feedback signal to both granular and supra-granular
layers, where the inhibitory interneurons in supra-granular layer tend to inhibit both granular
and infra-granular cells as well as the interneurons themselves.

The activity of infra-granular layer is considered as the main evoked output in a cortical col-
umn [53]. Thus, this layer will serve as an output layer in which its activity is observed and
serve as measurement in the Kalman setup.

To illustrate the basic network dynamics, we examined the neuronal responses of this net-
work (shown in Fig 1) for a given afferent input by integrating the equations aforementioned
using IT-1.5 discretization method. We considered 20 realizations to demonstrate the effect of
stochastic fluctuations of the additive white noise on the behavior of this network (Fig 2).

Colored noise

We will describe the model for the case where the additive noise is colored noise. The differen-
tial equations are formulated in state-space model of the form:

x(t) = f(x,I) + W

Where "V is filtered white noise.
In order to be able to simulate this model with colored noise using the IT-1.5 discretization
method for SDE, we augmented the state vector to include the colored noise as state variables
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Input activity Granular activity
300 - - 100
200 50
0
100
-50
0 -100
0 50 100 150 200 0 50 100 150 200
Supragranular activity Infragranular activity
0 3 0
-50 -50
-100 -100
0 50 100 150 200 0 50 100 150 200
Granular excitatory Granular inhibitory
conductance conductance

) 50 100 150 200 0 50 100 150 200
Supragranular excitatory Supragranular inhibitory
conductance conductance

0 50 100 150 200 0 50 100 150 200
Infragranular excitatory Infragranular inhibitory
conductance conductance

0 50 100 150 200 0 50 100 150 200
Time is ms Time is ms

Fig 2. Cortical model activity for all states at different layers. The exogenous input is shown in the top left
panel for the case where the additive noise is white.

https://doi.org/10.1371/journal.pone.0181513.g002
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driven by white noise. The augmented state vector becomes:
x™ =[x ‘P]T
— ) (1) : 2 2 : 3 3) 1T
= (V0 g? g Ve g g v g g
¥ =[¥ Tgf” ngg” Wy ng1<2> ‘Pgém R 0 ‘Png) ‘ngn R

Using the augmented vector notation, the system now is a state-space model described as
stochastic differential equations:

)o(aug :faug(xuug,l) + @F
H ) [f(x,l,‘l’)
¥ f(¥)

1
6( (Ve — V(l)) +gl(51)(VE - V(l)) +gl(1)(V1 - V(l)) + I) + ¥y

+0er

K; (752.1)0'(‘/(2) - VR) - gl(l)) + \sz(l)

Kg (%(53‘,1)0_(‘/(3) = Vi) = gél)) + lpgém
Fox %) = (0 (ve — V)~ g

(gL(VL - V(3)) +g}(?3)(VE - V(S)) +gl(3)(V1 - V(g))> + \PV(3)

alr

K, (y}Q’S)J(V(Z) - Vi) _gzw)) + ‘Pg,“)

Kg (%(131-3)0(‘/(1) = Vi) — g}<33)) + T«"’S)

1
f¥)= ¥
0 0
0= 1
0 -Q
04

Where Q is the covariance matrix of the white noise process driving the colored noise vector
Y, and o is a constant that determines the cutoff frequency of the colored noise.

State-Space model: for this case where the additive noise is colored noise, the model
described can be formulated in state-space model of the form:

Process Equation : x** = f™(x*¢ I) + @I

Measurement Equation : z, = h(x,, k) + w,
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Where x™ € R is the augmented state vector of the dynamic system at time t, I is the exog-
enous input, z, € R?is the measurement at discrete time #;, f : R* x R — R is the drift
coefficient, h : R* x R — R is the measurement function, I' € R* and w, € R are vec-
tors of zero mean random Gaussian noise.

As same as the previous model with additive white noise the measurement equation func-
tion h(xy, k) for the colored noise case is dependent on the infra-granular layer membrane
potentials (V).

h(xkvk) = VIEB)

Where V{” represents infra-granular membrane potential at discrete time instant k.

Other types of noise processes

In order to examine the effect of Gaussianity assumption for the noise structure in neural
model on the performance of Kalman filter in estimating neuronal hidden states, we assumed
that the actual continuous system could be driven by different types of noise processes whereas
these processes are assumed to be a Wiener process in the Kalman setup.

The system will be examined under the following noise types:

1. Poisson process.
2. Exponential process.
3. Gamma process.
4. Low frequency noise.

The simulation of the neural model driven by Poisson, Exponential and Gamma noise pro-
cesses is carried out under the assumption that these noise processes are the resultant discrete
process after the discretization of the continuous process equation; that is we are assuming
that by discretizing the process equation we do not have any prior knowledge about what kind
of original continuous noise process could produce these discrete noise processes. Hence, in
order to simulate such system driven by these noise types, the continuous system will be dis-
cretized with the LL method and the noise process will be added as a discrete process to the
discrete dynamics in the same manner that we have simulated the system with additive white
noise case. The continuous time dynamics of the system without the noise term is given by:

% =f(xI)
The discrete version of this ODE system by the LL method is given by [54]:
X 2 X+ T exp(TAt) — L] f(x,.1)

Where J, is the Jacobian of fand At is the time interval between samples, and I, is the identity
matrix.

Given this discrete version of the continuous system dynamics, we can add the noise from a
discrete process to get a process equation with additive noise as follow:

X = X+ Jil[exP(JkAt) —L]f(x, 1) +Q

Where Q represents a discrete Poisson, Exponential or Gamma process.
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The state-space representation in discrete time for these cases is:

Process Equation : x,,, = x, + J '[exp( T At) — 1] f(x,,I) + R

Measurement Equation : z, = h(x,, k) + w,

Where x, € R" is the state vector of the dynamic system at discrete time k, I is the exogenous
input, z, € R?is the measurement at discrete time #;, f : R” x R — R” is the drift coeffi-
cient, h : R" x R — R is the measurement function, @ € R” is a discrete noise process, and
w, € R? is a vector of zero mean random Gaussian noise.

In addition, we will consider the case where the neural model is driven by very slow varying
noise considered as filtered white noise. This model will be simulated in the same manner as
the colored noise case was simulated but by varying the constant o in the covariance matrix ©
in order to produce noise process having frequency components in the range of 1-5 Hz.

Hemodynamic model description

In this section, we introduce the mathematical description of the hemodynamic model that
relates neural activity (NA) to measured BOLD signals [36, 55, 56]. The model is based on four
physiological state variables: vasodilatory signal (s), cerebral blood flow (CBF) (F), cerebral
blood volume (CBV) (v), and deoxyhemoglobin content (dHb) (g). The hemodynamic model
is given by:

S=u—rxs—AMF—-1)
F=s
w=F—y/f

. :E(F,p)F

4 _dus

p v

The vasodilatory signal (s) is a linear function of NA (expressed as firing rate of a given neu-
ronal population) and is subject to auto-regulatory feedback by CBF (F). The rate of change in
CBV (v) is the difference of blood inflow (CBF) and blood outflow (which is function of CBV)
from the venous compartment, and the rate of change in dHb (g) is the delivered deoxyhemo-
globin into the venous compartment minus that expelled (blood outflow (v'"P) times deoxyhe-
moglobin concentration g/v). Where x is the rate constant of signal decay, 4 is the rate
constant of feedback regulation, u is the input NA, 7 is the hemodynamic transit time (average
time needed for the blood to traverse the venous compartment), f is the stiffness or Grubb’s
exponent, E(F, p) = 1 (1 — p)"/* is the oxygen extraction function, and p is the resting oxygen
extraction fraction. The hemodynamic model parameters are listed in Table 2.

Table 2. Hemodynamic model parameters.

Parameter Physiologic interpretation Value Unit
K Rate of signal decay 0.65 s
A Rate of feedback regulation 0.38 s
B Grubb’s exponent 0.32 ---
T Hemodynamic transit time 0.98 S
P Resting oxygen extraction fraction 0.34 ---

https://doi.org/10.1371/journal.pone.0181513.t1002
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The hemodynamic model can be generalized by incorporating an additive noise process,
and thus the model can be formulated by the following stochastic differential equations sys-
tem:

xHDM :fHDM (xHDM’ u) + F

Where I' is a Gaussian noise vector, the hemodynamic state vector x""”™ and the model func-

tions fHD M( ) are:
XM =1s F v q]
u—ks— AF—1)
s
SN ) = (F—v/%) /1
(E(Fa p)F _ gvl//}) /I'
o v

The observation BOLD signal is a nonlinear function of CBV (v), dHb (g) and the resting
blood volume fraction (V0):

2P = 7, [kl(l —q)+k, (1 - %) +ky(1 = V)}

k,=7p, k=2, Kk =2p—02

It is noted that the state variables CBF (F), CBV (v), and dHDb (g) are always positive due to
their physiological nature (the flow, volume and deoxyhemoglobin content cannot be nega-
tive). Thus, in order to ensure their positive values and the numerical stability of the Kalman
filter, their corresponding equations are converted to log space by applying the chain rule after
a change of variables, x"™™ = [n x"PM [39].

That is, for any given state variable x"

}'Z_HDM — ln(xHDM) o xHDM _ exp(}zHDM)

with the state equation x!PM = fHDPM(xHDM),

d)’EHDM B dln(xHDM) dxHDM _fHDM(XHDM)

dt  dxM ot xtbM

This transformation will result in the following system:

=15 F ¥ g]
u—ks—AMF—1) 7]
s/F
fHDM(xHDM, u) _ (F . Vl//})/‘CF
E(F,p)F q ,
(5

When evaluating the BOLD output equation, the log-hemodynamic states are exponen-
tiated, thatis v = exp(¥) and q = exp(q) are used to compute the predicted observed BOLD
signal.
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Fig 3. Hemodynamic model. Noiseless BOLD signal (bottom plot) and the dynamics of the hemodynamic
variables for a given neural activity (top plot).

https://doi.org/10.1371/journal.pone.0181513.9003

Fig 3 shows the behavior of hemodynamic variables for the presented neural activity input
(u). The model was simulated for 200 s with sampling rate dt = 0.1 s without adding noise to
the system.

The hemodynamic model has a smearing effect of the underlying neural activity in a given
cortical area; that is the BOLD signal is a low passed filtered version of the underlying neuronal
activity. We propose to combine the cortical neuronal model with the hemodynamic model in
order to examine the performance of Kalman filter on estimating neuronal states from a noisy
smeared observation signal (BOLD signal). Although the neuronal model and the hemody-
namic model have different scales of dynamics (neuronal model has dynamics in milliseconds
time scale and that of the hemodynamic model is in seconds time scale), we are assuming that
the BOLD signal can be observed in milliseconds time scale (in reality the observation BOLD
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signal has a sampling rate > 1s). This assumption is solely presented to show the general
advantage of using CD-CKEF in estimating fast dynamics from infrequent observations.

Under this assumption, we propose that the noisy observation BOLD signal is obtained
from the infra-granular layer membrane potentials (V™). That is u = o(V®) is the input NA
and it is a sigmoid function that transforms membrane potential (V) to firing rate.

The Hybrid Kalman filtering will be tested in two different models that are explained next:
(1) a hemodynamic model with the unknown neural activity inputs, and (2) a joint neural-
hemodynamic model with known afferent activity to the neural populations.

In the hemodynamic model, the (simulated) observations are assumed to be BOLD signals
obtained at a sampling rate (or repeat time TR) of 1 sec and recorded for a period of 64 seconds
and the estimation procedure is required to infer neural activity driving the model. This is an
input blind deconvolution problem whereby both the nonlinear model parameters and the
input are to be delineated from the low frequency observations. The model setup, its con-
straints and solution methods were chosen to closely resemble those utilized in [32] and are
particularly intended to benchmark against the best known performance accuracy of estima-
tion in this field.

In simulating this system, the continuous time dynamics are assumed to be driven by Wie-
ner noise processes. The neural activity took the shape of Gaussian-bump functions with dif-
ferent amplitudes. The IT-1.5 discretization method with a simulation time step of 0.1 sec
was adopted to generate the continuous observation BOLD signal, which was then artificially
resampled at the repeat time (TR = 1 sec). The states, observation, and inputs to the model are
assumed to be driven by random noise having precisions similar to those reported in [32].

The blind deconvolution procedure was applied for two scenarios: (2-a) only the input is
unknown, and (2-b) the input as well as two model parameters (rate of signal decay x and rate
of feedback regulation 1) are unknown.

For the estimation problem, linear interpolations between successive samples were obtained
at uniform time steps (dt = 0.2, 0.5 sec) and are utilized as effective discrete-time observations.
Subsequent estimation consisted of a forward pass using the CKF and CD-CKEF then a back-
ward smoothing pass (the cubature Rauch-Tung-Striebel smoother, namely CKS and CD-
CKS). Since the unknown quantities are the input (first scenario) as well as two parameters
(second scenario), the backward pass is necessary to improve on the estimates of the forward
pass, as reported in [32]. Furthermore, estimation of unknown parameters (second scenario)
was constrained to specific intervals (rate of signal decay k € [0.6-0.9] and rate of feedback
regulation A € [0.3-0.5]) and were initialized randomly within these intervals and sampled
from uniform distributions.

A total of 100 independent Monte-Carlo simulations were performed and the perfor-
mance of both CD-CKF and CKF at two sampling rates (dt = 0.2, 0.5 sec) were assessed (the
CD-CKEF sampling interval dt is divided into m steps of length 6, where & = dt/m, and m is
taken to equal 5).

Finally, for the joint neuronal hemodynamic model, the input to the neural system is
assumed known and the sampled BOLD signal is observed. The estimated quantities are the
various states of both the hemodynamic and neural sub-models including the neural activity
input to the former. The model setup, simulation of the continuous dynamics, and parameters
are similar to the ones detailed above.

Results

In order to compare the performance of CKF and CD-CKEF (details of both filter formulations
are presented in Appendix), we consider two scenarios of the underlying continuous system

PLOS ONE | https://doi.org/10.1371/journal.pone.0181513  July 20, 2017 15/49


https://doi.org/10.1371/journal.pone.0181513

o @
@ : PLOS | ONE Cubature Kalman filtering and neuronal dynamic models

and its mathematical representation by the continuous stochastic process equation that is
modeled as an SDE driven by a Wiener process:

1. The underlying continuous system is indeed subject to stochastic noise given by a Wiener
process.

2. The underlying continuous system is actually subject to colored noise. That is, we are mis-
representing the actual colored noise by assuming that it is a Wiener process.

For both scenarios, we evaluate the performance of CKF and CD-CKEF as the accumulative
mean square error (MSE) of all normalized states (membrane potentials of granular and
supra-granular layers as well as the excitatory and inhibitory conductances of all layers)
excluding the observation state (membrane potential of infra-granular layer), over a total of
100 Monte-Carlo simulations.

1 M
MSE = — E.
w2t
Where M = 8 is the number of unobserved states, and E; are the elements of a vector E defined

as:

— E,»» E@ Eg Eus E@ T
E=[Ey Egl(l) Egg) ve) B B o el ]

E

For example E, ) is defined as follows and all the elements of vector E are computed in the
same manner:

1 N K
Eyn = Wz > Ty N =100

n=1 k=1

Where K is the length of the total simulation time vector, (V") is the true state at time k,

(V)" is the estimated state at time k in the n™ Monte-Carlo run, and (VV)’

+orm 18 @ normaliz-
ing factor.

(VY = [max ()™ — min (v0y)]

The normalizing factor is the square of the difference between the maximum and minimum
values of a given true state. This factor is introduced in order to make all states magnitude in
[0, 1] range.

For each scenario, we generate measurement data from the cortical model with different
levels of background noise. We consider a total of eight cases to simulate conditions for a
range of different signal-to-noise ratio (SNR) (Table 3). The SNR is defined as:

P, E[V?
SNRy; = 101og,, - = 10log,, <[ ;’g"“’]>

noise noise

Table 3. SNR values in dB over the observation signal (membrane potential of infra-granular layer).

Case 1 2 3 4 5 6 7 8
SNR of observation signal (dB) 4 7 8 9 11 12 14 18

https://doi.org/10.1371/journal.pone.0181513.t003
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Where P is the average power, E[V2

signal

] is the mean squared value of signal amplitude, and

Opoise 1S the standard deviation of the noise.

For each SNR case, we assume that measurement data is collected at different sampling
time steps (dt), with dt = 0.1, 0.5, 1, 2, 4, 8 ms, in order to examine the effect of decreasing the
sampling rate on the estimation error.

The measurement update for the observations in both filtering cases is obviously dictated
by the assumed sampling rate for the CKF, the time update occurs in concurrence with the
measurements every dt millisecond. For the CD-CKF, however, the time update occurs
every 6 milliseconds where each sampling interval dt is divided into m steps of length &, where
6 = dt/m (where m is taken to equal 5).

We study the performance of both filters for different noise scenarios (7 cases), several sam-
pling rates, (6 cases) and signal-to-noise ratios (8 cases). We here consider in detail two main
noise scenarios (white and colored noise).

First scenario: White noise

We assume here that the continuous time system is driven by a Wiener noise process for dif-
ferent SNRs. For the purpose of simulation, we adopt a time step of 0.01 s in IT-1.5 discreti-
zation method in order to generate measurement data [57]. We subsequently artificially
resample the output data of the simulation at different sampling rates (dt = 0.1, 0.5, 1, 2, 4, 8
ms) and make the resampled data available as measurement data for the two filters.

Fig 4 shows the MSE values averaged over 100 Monte-Carlo runs of CD-CKF and CKF for
different SNRs at different sampling rates. From the figure, it is clear that the CD-CKF outper-
formed the CKEF for all cases. For a given SNR, both filters showed improved convergence to
true underlying processes as the sampling rate decreases. However, for a given sampling rate,
the CD-CKEF scored smaller MSE values than those of the CKF.

In order to statistically examine how better the CD-CKF performed than the CKF, Fig 5
shows the boxplots at different sampling rates of CD-CKF squared error to CKF squared error
ratio. Each boxplot refers to ratios computed for a given SNR at a given sampling rate for the
100 Monte-Carlo runs. The squared error ratio was computed as follow:

) ( SE" ) CD—CKF

Where the squared error of each filter is defined as:

1 M
(SE"Y =—>IE
M &

Where fstands for the filter type, 7 is the n™ Monte-Carlo run and i represents the state with
M = 8, and IE} are the elements of a vector IE" defined as:

IF" — [IE;(U IE"

a

n n n n n T
IE" IE},, IE', IE', IE', IE }
8k

g & g &

For example IE},, is defined as follows and all remaining elements are computed in the

same manner:
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Fig 4. Performance of CD-CKF and CKF under white noise. MSE values averaged over 100 Monte-Carlo
runs of CD-CKF and CKF for different SNRs and different sampling rates where the underlying system is
perturbed by additive white noise.

https://doi.org/10.1371/journal.pone.0181513.9004

real

Where K is the length of the total simulation time vector, (V) is the true state at time

k, (V)" is the estimated state at time k in the n™ Monte-Carlo run, and (VV)? is a normal-

norm

izing factor.

(V) = max (V™) = min (V)

Where f stands for the filter type, 7 is the n'™ Monte-Carlo run and i represents the state with
M = 8, and K is the length of the total simulation time vector.

As seen in Fig 5, the median ratio was consistently greater than one for all simulations. Seen
in terms of the length of sampling time step dt, it is noted that the CD-CKF to CKF ratio is
highest for very small time step (dt = 0.1 ms) and large time steps (df = 4 — 8 ms). At intermedi-
ate time step, (dt = 1 — 2 ms), the ratio is nearly unity (performance is comparable) only for
very low SNR (4 dB). In terms of the SNR variation, it is noted that the ratio was the highest
for all SNR levels at very small time steps (dt = 0.1 ms, or frequent measurments). An increase
in the SNR value generally improves the ratio for smaller time steps (both in median value and
overall spread but not at wider time steps (dt = 4 — 8 ms), where the ratio does not increase in
neither median nor overall spread with large SNR).
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Fig 5. Distribution of squared error ratios of 100 Monte-Carlo runs for different sampling rates and
different SNRs for the additive white noise case. Each box plot is based on 100 data samples. The
horizontal red lines inside the boxes are the medians, The boxes contain 50% of the samples where the lower
and upper edges of each box are the 25" and 75™ percentiles, and the "whiskers" above and below the

box indicate the range of the samples (the locations of minimum and maximum sample data points that are not
considered outliers).

https://doi.org/10.1371/journal.pone.0181513.g005

Second scenario: Colored noise

In this case, we consider the continuous time system when subjected to a colored noise process
(which violates the assumptions taken in both finding the CD-CKF and CKF estimates).

x(t) = f(x,I) + W

Where W is filtered white noise.

We again simulate the system using the IT-1.5 (as described in section "Other types of noise
processes” below) with dt = 0.1 ms to produce observations which then were resampled at dif-
ferent sampling rates for the application of filters and the MSE values averaged over 100
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Fig 6. Performance of CD-CKF and CKF under colored noise. MSE values averaged over 100 Monte-
Carlo runs of CD-CKF and CKF for different SNRs and different sampling rates where the underlying system
is perturbed by additive colored noise.

https://doi.org/10.1371/journal.pone.0181513.9006

Monte-Carlo runs for both filters under different SNRs and sampling rates were computed
and shown in Fig 6.

It is noted here that these results are in line with those observed in the first scenario; the
CD-CKEF performed better than the CKF with an improvement of performance with decreas-
ing sampling times for both filters. Fig 7 shows the boxplots of squared error ratio for different
SNRs and sampling times for the 100 Monte-Carlo runs. When compared to the white noise
case, dependence of the ratio on time steps and SNR in the colored noise case follows a similar
pattern (Figs 5 and 7): The ratio is highest at the two opposite ends of the sampling rate
(dt = 0.1 ms and dt = 8 ms), and the performance improves with increasing SNR particularly at
intermediate step lengths (dtf = 1 — 2 ms) but not at large time steps (dt = 8 ms). Notably, how-
ever, the actual value of the ratio was higher (CD-CKF was better) for low SNR in the colored
noise case of all sampling intervals. That is, it is apparent that the CD-CKF is more resilient to
additive colored-noise particularly under large noise components.

Effect of the simulation method

The continuous time simulations of the system were performed using IT-1.5 discretization
methods. Therefore, and since the CD-CKF uses the IT-1.5 method to discretize the continu-
ous process equation while the CKF uses the local linearization scheme (LL), a legitimate con-
cern is whether the improvement in results obtained with CD-CKF is simply caused by the
matching discretization techniques in CD-CKF and system simulation.

PLOS ONE | https://doi.org/10.1371/journal.pone.0181513  July 20, 2017 20/49


https://doi.org/10.1371/journal.pone.0181513.g006
https://doi.org/10.1371/journal.pone.0181513

o @
@ : PLOS | ONE Cubature Kalman filtering and neuronal dynamic models

Sampling Rate dt = 0.1 Sampling Rate dt = 0.5
30 8 -
o - 6 i
=20 | |
w .o - i T oA
2§ Tl A, o
S 10 T BQ PoT o E
o T - 2 Q [ E
‘n 1 T 1 - -~
0 Q g ; é . % 1 T 0 1 L L i+ I 7
4 7 8 9 1 12 14 18 4 7 8 9 1 12 14 18
Sampling Rate dt = Sampling Rate dt = 2
6 6
5, 1 ]
I'EQ T T i T T T H i
©F P O I R H
© = 1 1 ! H H !
S 2 2f lil u H
g 8 HHH .
T LT 0 T YT T T T 7
0 0 =
4 7 8 9 11 12 14 18 4 7 8 9 11 12 14 18
Sampling Rate dt =4 Sampling Rate dt = 8
6 8
T T
£ 4 Toi . LT T
w o oL T 4 A
@ = ! ! i ! T 1 1 H i H -
i dnAnAns LegHamg;
g E E T T T i 2 E ! L ! E E
o XL L 0 1 4 < L L
4 7 8 11 12 14 18 4 7 8 9 1 12 14 18
SNR| dB SNR in dB

Fig 7. Distribution of squared error ratios of 100 Monte-Carlo runs for different sampling rates and
different SNRs for the additive colored noise case.

https://doi.org/10.1371/journal.pone.0181513.g007

We therefore repeated the estimation problem for both scenarios with the observations
obtained by simulating the system using the LL discretization method. The MSE values aver-
aged over 100 Monte-Carlo runs of both filters for additive white and colored noise in this
case are shown in Fig 8. We can see that CD-CKEF still performed better than the CKF and
hence the simulation method has no effect on the relative performance of both filters.

Other types of noise processes

In the Kalman estimation framework, the additive noise is assumed to be derived from a Wie-
ner process. To address the sensitivity of the obtained results on this assumption, we examine
in this section the performance of CD-CKF and CKF under the assumption that the actual
continuous time system is driven by other forms of additive noise processes. Here, the contin-
uous system is discretized with the LL method and the noise process is added as a discrete pro-
cess to the discrete dynamics in the same manner that we have simulated the system with
additive white noise case. (Note here that the correspondence of discrete white noise to a
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and colored noise (right).

https://doi.org/10.1371/journal.pone.0181513.g008

continuous Wiener process is a well-known phenomenon. The discrete non-white processes
as incorporated here, however, are assumed to correspond to other continuous processes that
are generally unknown and are intended solely to study the robustness of the Kalman filtering
techniques). In particular, the performance of the two filters is examined under DT noise
derived from (i) Poisson, (ii) Exponential, and (iii) Gamma distributions.

A final noise case to be considered is that of (iv) additive very slowly varying noise that is
concentrated in the frequency range of the observed signals. Specifically, noise is modeled as
filtered white noise having frequency components of 1-5 Hz which is in the frequency range
of the measured membrane potential.

Measuring the accuracy of the estimates. In order to examine the performance of both
filters for the above noise scenarios, we conducted a deviation analysis to examine the inaccu-
racy rates of each filter. The filer is said to be inaccurate when the normalized error between
estimated and real states exceeds 20%. For the deviation analysis, we will introduce two types
of metrics that will be used as a measure of the inaccuracy of a given filter.

1. A probability of inaccuracy measure P
Pl is regarded as the probability of the obtaining an inaccurate state estimate, that is, the
estimated states being 20% far from the true states. It can further be considered as the total
fraction of time when the estimated states were 20% far away from the true states.

1 M
PI:M;P,.

Where M = 8 is the number of unobserved states, and P; are the elements of a vector P

defined as:

P=[Pyy Pgl(l) Pg](;)

5, P p Pu Pl
Py g g g g }
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where P, x € {V), g oV V@ o g2 o o is defined as follows

I o\ xlk — %, K\ _
Px:wZZUKm) >0]

n=1 k=1

Where K is the length of the total simulation time vector, N is the total number of Monte-
Carlo simulations (N = 100), x[k] is the true states at time k, X, [k] is the estimate of the state
x at time k in the n™ Monte-Carlo run, 8 = 0.2 is the accuracy threshold, and U is the Heavi-
side function

0 ifz2 <0
1 if22>0

UlZ2 > 0] = {

2. Alevel of inaccuracy measure (LI):
This is intended to quantify the amount of inaccuracy rather than just computing its proba-
bility. LI is computed as the total area under the curve where the estimated states were 20%
far from the true states.

1 M
LI:M;AZ,

Where M = 8 is the number of unobserved states, and A; are the elements of a vector A
defined as:

A=[Aw Am An A Ao Ap A;s) A "

Where A,, x € { v, g gl v g g2 o), gég)} is defined as
1 SN (x[k] — &, K]\ x[k] —x, [K\* .
A = T pd e 1507 0
: NKZZ< AxTK] ) v ( <[ ) g

n=1 k=1
Where K is the length of the total simulation time vector, N is the total number of Monte-
Carlo simulations (N = 100), x[k] is the true state at time k, %, [k] is the estimate of the state
x at time k in the n™ Monte-Carlo run, and Ax[k] is a normalizing range factor.

Ax[k] = max(x[k]) — min(x[k])

The filtering performances is evaluated using the above two measures (PI, LI) under an
additive white noise assumption as a baseline case and subsequently under the other noise sce-
narios for comparison.

Performance of the CD-CKF. The PI and LI measures of the CD-CKEF filter for white
noise case are listed in Tables 4 and 5, respectively. The values are the percentage out of 100
Monte-Carlo runs of the time where the estimated states were 20% away from the true states.
From Tables 4 and 5, we note that the total fraction of time (PI) as well as the level of deviation
from being within 20% from the true states (LI) are both decreasing with increasing SNR. That
is, the states will wander off for shorter periods of time from the true value and the amount of
deviation (error) will be less as the SNR is increased. In terms of the sampling time dft, and for
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Table 4. Probability rates of CD-CKF filter for white noise. Each number denotes the percentage out of 100 Monte-Carlo simulations of the time where
the estimated states were 20% away from the true states.

SNRindB

https://doi.org/10.1371/journal.pone.0181513.t004

CD-CKF Probability measure PI: white noise case

dtin ms

0.1 0.5 1 2 4 8
6.67 7.69 7.75 7.53 8.06 11.61
2.37 3.33 3.51 3.77 4.79 6.64
1.37 2.43 2.52 2.84 3.69 4.94
0.68 1.76 2.00 2.28 3.23 4.03
0.19 0.92 1.18 1.86 2.79 3.68
0.003 0.46 0.75 1.28 2.45 3.47

0 0.08 0.23 0.78 1.87 3.37

0 0 0 0.45 1.63 3.26

a given SNR, these measures are decreasing with dt, that is, the CD-CKF will produce more
accurate estimates more often (longer periods of time) with smaller sampling rates.

We also evaluated the CD-CKF performance when the whiteness assumption is violated.
Fig 9 summarizes the deterioration in performance using the error ratio PI,,;s./ Pl,pir. cOm-
puted for different time steps and multiple SNRs. We note that this ratio was closest to unity
for additive DT colored noise while it was largest for additive low frequency noise.

Importantly, Poisson-type noise, a common approximation of background input in neuro-
nal networks, showed mild performance deviation from that of white noise. At small time
steps (dt = 0.1-1 ms), the computed ratio is (very) high since the CD-CKF white noise perfor-
mance was significantly better than the CD-CKF performance under other noise types. This
distinction becomes less obvious for larger time steps (dt > 2ms), particularly with increasing
SNR. Hence the CD-CKF performance was most sensitive to whiteness assumption for small
time steps and is least sensitive to this assumption at large time steps and high SNR values.

Performance of the CKF. We here conducted an analysis of the CKF performance for
different additive noise cases and summarize the results in Tables 6 and 7, and Fig 10. In Fig
10, it is again seen that colored noise had the closest performance to white while low frequency
noise was the farthest from satisfying the whiteness assumption. Importantly, Fig 10 show that
quality of the CKF estimates mildly deteriorate from white noise to other noise types as the
SNR increase at low sampling rates (dt = 0.1 ms), unlike the performance sensitivity shown for

Table 5. Area rates of CD-CKF filter for white noise. Each number denotes the percentage out of 100 Monte-Carlo simulations of the area under the curve
where the estimated states were 20% away from the true states.

SNRin dB

https://doi.org/10.1371/journal.pone.0181513.t005

CD-CKF Area measure LI: white noise case

dtin ms

0.1 0.5 1 2 4 8
2.86 3.22 3.24 3.05 3.06 4.38
0.80 1.18 1.23 1.33 1.62 2.56
0.41 0.81 0.85 0.93 1.17 1.95
0.18 0.54 0.62 0.69 0.98 1.66
0.05 0.26 0.34 0.54 0.85 1.54
0.001 0.12 0.21 0.34 0.74 1.47

0 0.02 0.06 0.19 0.56 1.45

0 0 0 0.11 0.49 1.49
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Fig 9. Probability ratios Pl,,;se/ Plwnite for CD-CKF for different sampling intervals and noise
structures.

https://doi.org/10.1371/journal.pone.0181513.9009

the CD-CKEF at small time. Furthermore, the CKF performance becomes largely independent
of the noise structure at large sampling rates (dt = 8ms).

Comparison of CD-CKF and CKF. To arrive at a simple and concise comparative assess-
ment of the performance of CD-CKF and CKEF for different noise types, we plot the probability
and area rates for each scenario (after being normalized by the worst probability PI, and
area performance LI, values respectively) of the CD-CKF with white noise case (which were
obtained for lowest SNR = 4 dB and largest time step dt = 8 ms).

Table 6. Probability rates of CKF filter for white noise. Each number denotes the percentage out of 100 Monte-Carlo simulations of the time where the
estimated states were 20% away from the true states.

SNRindB

https://doi.org/10.1371/journal.pone.0181513.t006

0.1
7.98
3.77
2.63
2.1
1.35
0.9
0.35
0.02

CKEF Probability measure PI: white noise case

0.5 1

7.82 7.74
3.71 3.57
2.62 2.59
2.16 2.15
1.28 1.43
0.9 1.01
0.44 0.64
0.04 0.17

dtin ms

2 4 8
7.76 10.8 24.49
3.95 7.06 21.49
2.68 5.29 17.63
2.29 4.67 14.72
1.94 4.23 12.66
1.34 3.46 11.61
1.03 3.27 10.54
0.67 3.43 9.28
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Table 7. Area rates of CKF filter for white noise. Each number denotes the percentage out of 100 Monte-Carlo simulations of the area under the curve
where the estimated states were 20% away from the true states.

CKF Area measure LI: white noise case
dtin ms

0.1 0.5 1 2 4 8
SNRindB 4 3.24 3.21 3.26 3.22 3.99 9.72
7 1.33 1.31 1.25 1.42 2.4 8.42
8 0.87 0.88 0.86 0.88 1.67 6.77
9 0.65 0.67 0.66 0.7 1.42 5.63

11 0.4 0.37 0.41 0.59 1.26 4.7
12 0.25 0.25 0.29 0.38 1.01 4.33
14 0.09 0.11 0.17 0.27 0.93 3.94
18 0.005 0.01 0.04 0.17 0.97 3.48

https://doi.org/10.1371/journal.pone.0181513.t007

Figs 11 and 12 show the normalized probability rates for the CD-CKF and the CKF respec-
tively. Here again, we notice that while both filters improve their performance as the SNR
increase, the CD-CKEF has a sharper SNR-related improvement (faster slop decline) for a given
time step and all noise types tested. Furthermore, the CD-CKF performance improved steadily
with smaller time steps while the CKF performance remains essentially unchanged as the sam-
pling time steps decrease below dt = 1 ms.

Figs 13 and 14 show the normalized area rates for the CD-CKF and the CKF respectively.

Sampling Rate dt = 0.1 ms CKF

Sampling Rate dt = 0.5 ms

L
vt
]
14
o
4 7 8 9 1" 12 14 18 4 7 8 9 1" 12 14 18
Sampling Rate dt =2 ms
2
=
©
14
o
4 7 8 9 1" 12 14 18 4 7 8 9 1" 12 14 18
Sampling Rate dt=4 ms Sampling Rate dt =8 ms
3 3
L
T
(14 2
o P N -
1 2
4 7 8 9 1" 12 14 18 4 7 8 9 1 12 14 18
SNR in dB SNR in dB
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Fig 10. Probability ratios Pl,,;s¢/ Pl,ynite fOr the CKF estimation.
https://doi.org/10.1371/journal.pone.0181513.g010
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Fig 11. Normalized probability rates for the CD-CKF.
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To examine the performance improvement of the CD-CKF over the CKF, we computed the
ratios of the values obtained for CKF over those of CD-CKEF for both the probability measure
PI and the inaccuracy measure LI, that is

CKF
Ratio, ., = P
ato;; = PCD—CKF

ij |

Where I denotes the noise type, i for SNR value, and j denotes the sampling rate dt value. Fig
15 shows the ratio of the probability of the CKF values to that of the CD-CKEF values. We can
see that the CD-CKF quality of estimates are better (ratio >1) for most cases tested.

First, for large sampling intervals (dt = 8ms), the CD-CKF is nearly twice more accurate for
Gaussian noise (white, colored) with the CKF performance improving as the SNR increases
(slope of ratio decreases). The CD-CKEF is also significantly more accurate under other noise
types (Poisson, Exponential, low frequency) with the CKF performance lagging behind that of
the CKF as the SNR increases (slope of ratio increases).

Second, for small sampling intervals (dt = 0.1, 0.5 and 1ms), the CD-CKF performance
improves at a much higher rate compared to that of the CKF as the SNR increases, regardless
of the noise structure assumed.

Finally, for intermediate sampling step (df = 2-4ms), the CD-CKF performance is compara-
ble to that of the CKF for a wide SNR range and is only significantly better for the largest SNR
tested (18 dB)
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Hemodynamic model

We tested the performance of CKF and the hybrid CD-CKF in performing blind input decon-
volution under two scenarios of, first, unknown neural activity (NA) input and, second,
unknown NA inputs and model parameters (see Methods section). Fig 16A shows the simu-
lated BOLD signals (red trace) and estimated BOLD signal (overlapping blue trace) for both
filters under the first scenario (unknown NA input) for two time steps (dt = 0.2, 0.5 sec). The
corresponding estimated NA input, which was obtained after a smoothed backward pass of
both filters (Cubature smoother, see Methods section), is shown in Fig 16B (red trace: true
input, blue trace: estimated input). It is noted here that the CKF produced inaccurate estimates
of the input at larger time steps (Fig 16B1 and 16B3, bottom). More importantly, the CKF was
unable to accurately localize the time of occurrence of the NA input (input timing) for both
time steps (Fig 16B1 and enlarged plots in Fig 16B3). On the other hand, the CD-CKF pro-
duced more robust estimates of both the magnitude and input timing dynamics for the two
sampling times (dt = 0.2, 0.5 sec) (Fig 16B2 and enlarged plots in Fig 16B4). Finally, Fig 16C
shows the estimates of one hidden state, the vasodilatory signal (s), which exhibits similar per-
formance limitations of the CKF (in terms of signal shape and timing inaccuracy) when com-
pared to the CD-CKF.

The estimation accuracy for the second scenario (unknown NA input and unknown model
parameters) is shown in Fig 17. Again, and while the BOLD signal is fitted properly with both
CKF and CD-CKEF, the timing accuracy of the input (Fig 17B) and hidden states (Fig 17C) con-
tinues to be better for the hybrid filter under the two time steps (dt = 0.2, 0.5 sec). The average
values of the two parameters estimates show performance of the two filters (Fig 17A3 and 17A4).
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Fig 13. Normalized area rates for the CD-CKF.
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To gain more understanding, the normalized MSE values obtained for both CD-CKF and CKF
are averaged over 100 Monte-Carlo runs of the two scenarios at different sampling rates are
given in Table 8. A clear superior performance of the CD-CKF is seen in all the cases for the
input, state and parameter estimates.

Joint neuronal-hemodynamic model

We simulated the neuronal-hemodynamic model for four seconds in which a 2-second train
of 200 ms pulses (50% duty cycle) is delivered as excitation to the neuronal model. The hemo-
dynamic model is subsequently driven by the firing rate of the infra-granular layer activity and
both models were under the influence of additive white Gaussian noise. We assume a noisy
BOLD observation signal to be collected at different sampling rates (dt = 2, 4, 8, 10 ms).
Despite the fact that real BOLD signals has much slower sampling rate (in seconds), we present
this proposed model solely to explore the benefits of the CD-CKF over the CKF when mea-
surements have a slower rate than required by the dynamics of the underlying system.

We consider the continuous time system as driven by a Wiener noise process for a given
SNR. For the purpose of simulation, we adopt a time step of 0.1 ms in IT-1.5 discretization
method in order to generate the observation BOLD signal. We then artificially resample this sig-
nal at different sampling intervals (dt = 2, 4, 8, 10 ms) and make it available as measurement
data for the two filters. Overall, we perform a total of 20 independent Monte-Carlo simulations
in which we assess the performance of both CD-CKF and CKEF at different sampling rates. It is
worth mentioning that dt was chosen up to dt = 10 ms since the CKF starts to diverge and fail
for larger values whereas the CD-CKF continues to converge up to sampling interval df = 45 ms
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(given that the CD-CKF sampling interval dt is divided into m steps of length &, where & = dt/m,
and m is taken to equal 10).

Fig 18A shows the simulated and estimated BOLD signal for increasing time steps (dt = 2, 4
and 10 ms). For the observed output, we note that while CKF and CD-CKF are able to predict
the average signal (blue line) that is close to the simulated BOLD signal, the CKF exhibited
large variation in performance across the MC simulations (shaded blue area, wider 95% confi-
dence interval in subplot Fig 18A1 and enlarged Fig 18A3). The CD-CKEF predicted output, on
the other hand, was fairly unaffected up to the largest interval reported.

Among the estimated hidden neuronal states, we present samples that are increasingly far-
ther removed away from the BOLD observation. In particular, we consider the membrane
potential in the infra-granular layer (V*%, cf. Fig 1, whose firing output feeds the hemodynamic

model) and the excitatory conductance in the granular layer (g" which is one step further
removed from neuronal output). These are shown in Fig 18B and 18C. We first analyze the
CKEF performance. We here note that the CKF-based estimate has lower variance at small

dt = 2 ms (more consistent performance across MC simulations) for both membrane voltage
and granular conductance. The mean value, however, does not track the fast ripple dynamics
voltage for the membrane (Fig 18B3) and particularly for the conductance (Fig 18C3). With
increasing dt, this tracking performance becomes worse (dt = 4 ms, middle plots) and the vari-
ance is noted to increase for the CKF. At the largest dt = 10 ms, the CKF estimate has larger
variances with time. This indicates tendency to lose track of the actual states across trials, and
accordingly to perform worse particularly for the conductance (Fig 18C3, lower plot) where
the dynamics are nearly lost with very large errors across trials. In contrast, the CD-CKF per-
formance was fairly unaffected by the increase in time step and was largely able to recover the
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https://doi.org/10.1371/journal.pone.0181513.9015

fast ripple dynamics for dt = 2, 4 ms, with slight decrease in performance for dt = 10 ms (Fig
18B2, 18B4, 18C2 and 18C4). These estimates were furthermore consistent across the MC sim-
ulations as implied by the very tight confidence interval around the mean.

Table 9 lists the normalized MSE values averaged over 20 Monte-Carlo runs of CD-CKF
and CKEF at different sampling rates. It is clear that the CD-CKF outperformed the CKF for all
sampling rates in terms of lower MSE values and lower variance. It is noted that for dt = 10 ms
although the MSE value of the CKF is relatively acceptable compared to those of lower sam-
pling rates, the high variance makes the estimation unreliable as seen in Fig 18.

Finally, we present in Fig 19 preliminary simulations on using the CD-CKEF to estimate the
fine-grained neural electrical activity (scale of ~20 ms) from a noisy BOLD measured signal
(scale of ~1 sec) and known input to the neural population. Starting with a simulated BOLD
signal that is collected over 1 second intervals (repeat time = 1sec), we produced linear interpo-
lations spaced at 100 ms intervals between successive samples. This resampled signal subse-
quently constitutes an effective discrete-time observation to be used by the CD-CKEF. In the
filter time-update step between observations, we utilized m = 50(d = dt/m) subintervals (thus
producing an I'T-1.5 approximation of the integral every 2 ms). Finally, we assume a known
neural input signal, as a train of 100 ms pulses repeating every 200 ms for 2 seconds. Fig 19A
shows an example simulated noisy BOLD signal used as observation (green line), the noise-
free clean signal (red line), the estimated mean BOLD signal over 20 Monte Carlo simulations
(blue line), and the corresponding 95% confidence interval. The estimate is mostly very close
to the clean trace with the error largest during the transient period (where the filter is tracking
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Fig 16. Performance of the Cubature Kalman filters (with backward smoothers) for estimating
hemodynamic states from simulated BOLD signals under unknown NA inputs. A: BOLD signal and its
CKF (left) and CD-CKF (right) estimates for sample interval dt= 0.2, and 0.5 sec (top and lower rows,
respectively). In all figures, simulated signals are in red and estimates in blue. Shaded blue regions
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Fig 17. Performance of the Cubature Kalman filters (with backward smoothers) for estimating
hemodynamic states from simulated BOLD signals under unknown NA inputs and two unknown
parameters. A1-A2: BOLD signal and its CKF (left) and CD-CKF (right) estimates for sample interval dt=0.2,
and 0.5 sec (top and lower rows, respectively). A3-A4: Estimated parameters (rate of signal decay « and rate
of feedback regulation A). B: NA input for CKF (B1) and CD-CKF (B2), which are enlarged in B3, B4
respectively. C: Estimated vasodilatory signal.

https://doi.org/10.1371/journal.pone.0181513.g017

the state changes). Fig 19B1, 19B2, 19C1 and 19C2 again show the membrane potential and
the excitatory conductance, respectively. In the enlarged traces in Fig 19B2 and 19C2, we note
that the time update (which starts from interpolated discrete observations) is able to track the
salient neural dynamics despite the presence of noisy BOLD observations.
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Table 8. Normalized MSE values averaged over 100 Monte-Carlo runs of the hemodynamic estimation for both CKF and CD-CKF filters.

dtin sec
0.5 0.2

First scenario CKF MSE of the states 14¢ 4 1.8e %
MSE of the input 169¢ 4 31e
CD-CKF MSE of the states 0.62¢* 0.13¢™*

MSE of the input 57¢* 28¢*

Second scenario CKF MSE of the states 13e 4 1.8e*
MSE of the input 148 ¢ 4 29¢ 4

MSE of the parameters 109 e * 48¢ 4
CD-CKF MSE of the states 0.62¢* 0.14¢*

MSE of the input 6.04e* 77¢*

MSE of the parameters 58¢ 4 14¢ 4

https://doi.org/10.1371/journal.pone.0181513.t008

Conclusion and discussion

In this paper, we analyze the performance of two relatively novel nonlinear Bayesian estima-
tion techniques, namely the discrete Cubature Kalman filter and the hybrid Continuous-
Discrete Cubature Kalman filter, that carry significant promise in efficiently and recursively
estimating causal nonlinear models of hidden continuous random processes using a limited
set of indirect observations. Examples of such processes are dispersed throughout biological
phenomena, and are especially abundant and relevant in the field of Neuroscience. We here
focus on the two problems of (a) estimating neural firing and intracortical conductances from
direct real-time observations such as electric field potential (or EEG), and (b) estimating neural
activity drive and hemodynamic parameters from indirect time-sampled observations such as
BOLD signals (or fMRI).

Our results show that the explicit consideration of the continuous nature of the underlying
biological process can (1) provide a significant improvement in the accuracy of the estimates
and (2) allow for a wider range of noise processes that are commonly thought to adversely
affect the applicability of Gaussian-based techniques such as the Kalman filter.

First, we used simulated noisy electric potential recordings to assess the accuracy of discrete
and hybrid Kalman techniques in estimating the cortical neural firing rates. We estimated
these rates as hidden realizations of the continuous time process that is governed by nonlinear
dynamics and subjected to in vivo random noise. We here chose a popular model of the lami-
nar profile of cortical neural population activity among a multitude of candidate models avail-
able in the literature and that principally have similar nonlinearities (sigmoidal nature) and
continuous dynamics (neural membrane equations). We have addressed, using multiple
Monte-Carlo simulation runs, the accuracy of the hidden states obtained with the two tested
Kalman filtering techniques under different assumptions on (i) the data sampling rate at
which the observations are obtained, (ii) the signal-to-noise ratio in the observations, and (iii)
the structure of the modeled process noise that additively affect the hidden process dynamics.
We quantified the performance of a given filter in terms of the common mean square error
(MSE) in the estimate (averaged over 100 Monte-Carlo simulations) and two devised measures
of accuracy of the obtained estimates: the total fraction of time (PI) and the amount of devia-
tion (LI) that an estimate is farther away than a threshold percentage (20%) from the true
states.

Second, we simulated BOLD signal recordings to assess the ability of the two Kalman tech-
niques in (i) deconvolving the input neural activity and (ii) estimating model parameters. We
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Fig 18. Comparison of the investigated Kalman filters for neural estimation from simulated fMRI

signals. A: BOLD signal and its CKF (left) and CD-CKF (right) estimates for sample interval df=2, 4, and 10
ms (top, middle and lower rows, respectively). In all figures, simulated signals are in red and estimates in blue.

Shaded blue regions correspond to 95% confidence interval (20 simulations). B: Infra-granular membrane
potential for CKF (B1) and CD-CKF (B2), which are enlarged in B3, B4 respectively. C: Granular excitatory

conductance for different time samples (dt= 2, 4, and 10 ms).

https://doi.org/10.1371/journal.pone.0181513.9018
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Table 9. Normalized MSE values averaged over 20 Monte-Carlo runs of CKF and CD-CKEF filters for white noise with the corresponding variance.

dtin ms
2 4 8 10
CKF MSE 0.009 0.012 0.013 0.035
variance 3.4¢7 3.75¢7 1.05¢® 0.006
CD-CKF MSE 0.003 0.003 0.006 0.02
variance 3.7¢e” 39e” 57e” 2.89¢”

https://doi.org/10.1371/journal.pone.0181513.t009

again chose a popular hemodynamic model particularly to benchmark the accuracy obtained
here against state-of-the art estimation results that are reported in the neuroimaging literature
and that used these models. We here focused on the superior ability of the hybrid filter (CD-
CKEF) in estimating the amplitude and, critically, the timing of the neural input.

Finally, we simulated BOLD signal recordings as obtained from a joint neural-hemody-
namic model to study the ability of both techniques to estimate neural firings (under known
inputs) from these indirect observations. We presented a primary example on the unprece-
dented ability of a CD-CKF estimator to obtain fine-grained neural firing profiles (~ 20 ms)
from noisy BOLD low time resolution (~ 1 sec) observations.

We summarize our key findings as follows:

A BOLD
0.06F T T T T T T T
0.04 -
0.02- Co'nﬁdence interval | |
Noisy
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Fig 19. Performance of the CD-CKF for estimating neural firing dynamics from simulated BOLD signals under
known neural inputs. A: One recorded sample (noisy), clean and estimates BOLD. Shaded blue regions correspond to
95% confidence interval (20 simulations). B1: Clean and estimated membrane potential (red and blue traces, respectively),
enlarged in B2.). C1: Clean and estimated excitatory conductance (red and blue traces, respectively), enlarged in C2.

https://doi.org/10.1371/journal.pone.0181513.g019

PLOS ONE | https://doi.org/10.1371/journal.pone.0181513  July 20, 2017 36/49


https://doi.org/10.1371/journal.pone.0181513.t009
https://doi.org/10.1371/journal.pone.0181513.g019
https://doi.org/10.1371/journal.pone.0181513

@° PLOS | ONE

Cubature Kalman filtering and neuronal dynamic models

Performance of the two filters under Gaussian process noise

For the two cases of white (independent) and colored (dependent) Gaussian noise structures
(Figs 4-7), state estimates that were obtained with either the CKF and CD-CKF techniques
expectedly improved as the sampling time step size dt is decreased and the observation quality
(SNR) is increased. In comparing the performance of both filters (in terms of MSE ratios

over 100 simulations), the estimation accuracy for the cases of intermediate time step sizes

(dt = 1-2 ms) was (i) comparable under low SNR level but (ii) higher for the CD-CKF under
larger SNR levels. Importantly, the CD-CKF estimation accuracy was significantly higher in
the simulated cases of both very small and very large time steps (dt = 0.1-0.5 ms, dt = 4-8 ms,
respectively) regardless of noise levels. The obtained results were consistent regardless whether
the observations were obtained by simulating the system using the IT-1.5 or the LL discretiza-
tion methods.

Effect of observation noise level

An improvement in the signal quality (higher SNR) expectedly resulted in an increase in the
accuracy of the estimates for both filtering techniques. Still, the rate of increase was signifi-
cantly larger when using the CD-CKEF, particularly for lower SNR values. This result was con-
sistent regardless of the noise structure and the sampling interval tested.

Effect of sampling time step

For all the noise structures tested, the state estimation accuracy (MSE) obtained when using
the CKF and CD-CKF was generally comparable for intermediate step sizes (dt = 2 — 4ms)
particularly under low SNR levels (Figs 9-15). At the largest sampling interval, the estimates
obtained with CD-CKF were significantly better than those obtained with the CKF, regardless
of the observation noise levels and structure. Importantly, collecting even more frequent sam-
ples, or reducing the sampling interval below dt = 1 ms, resulted in a continuous improvement
in the performance of the CD-CKF but no improvement in that of the CKF performance
which exhibited a “plateau” in its accuracy.

Effect of process noise structure

The CD-CKF was more robust than the CKF against a wide range of additive noise structures
that violated the Gaussianity assumption inherent to Kalman filtering techniques. The
CD-CKEF outperformed the CKF in all the cases of non-Gaussian additive noise considered.
Furthermore, the CD-CKF performance at high SNR levels was less dependent on the actual
noise structure and approached that of Gaussian noise. In other words, the CD-CKF was able
to utilize the decrease in observation uncertainty (noise power) to adaptively correct the state
estimates. Among all the tested discrete random noise structures, low frequency noise consti-
tuted the most challenging structure for both filters, possibly since the power of this specific
signal is more concentrated within the frequency range of the system output (leading to effec-
tive lower SNR levels). In the case of neural systems, this is a less likely scenario since the elec-
tric potential recordings (i.e. observations or output), are often noted to have lower frequency
range compared to in-vivo fluctuations in the firing rate or synaptic conductances (i.e. hidden
process noise).

To summarize, the apparent gains made by using a CD-CKF over using a CKF in the esti-
mation step are focused mainly in the following situations

1. The sampling interval is large. Here, the multiple prediction steps that the CD-CKF under-
takes within the process model are able to better account of the uncertainty in the hidden
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states even when the noise structures violate Gaussianity assumptions. This was seen in
both the detailed field potential study and briefly in the hypothetical hemodynamic model-
ing problem.

2. The sampling interval can be made increasingly small. Here, the approximation accuracy of
the multiple prediction steps is able to better simulate the effect of the additive continuous
process noise, particularly if the SNR values are large and regardless of the noise structure.

3. The effect of process noise on signal quality is minimized. In the context of neural systems,
the process noise implicated in a Kalman setup is mainly background synaptic activity
arriving onto a given neural population. Process noise attenuation, therefore, can be
obtained by averaging across multiple trials of a given experiment, such as when recording
cognition-related evoked potentials (e.g. somatosensory or visual).

Another important result is the ability of non-linear Kalman filtering techniques to over-
come the limiting Gaussianity assumption on process noise structure in neural modeling. For
the latter class of models, it is commonly assumed that the background noise impinging on
local neural populations is the resultant of neuronal firing that is well approximated by a Pois-
son process. Current simulations demonstrated that the performance of both Kalman filters
under Poisson process noise showed mild deterioration compared with that under Gaussian
(white or colored) noise. In particular, the CD-CKF estimates under Poisson noise were very
close to their counterparts under Gaussian noise. Furthermore, the quality of such CD-CKF
estimates can be significantly improved by employing faster output sampling, a property that
did not seem to hold for the CKF estimates.

Hemodynamic model estimation

Estimating the neural activity underlying a recorded BOLD signal is a blind deconvolution
problem that is confounded by the presence of nonlinearities in the hemodynamic process and
time variation of the underlying neural activity. The results reported herein build on recent
work that employed the CKF in estimating effective neural connectivity from fMRI data [32].
In the latter reference, the authors compared the performance of Cubature Kalman filtering to
Dynamic Expectation Maximization (DEM) [49], and included a thorough discussion on the
utility and advantages of using recursive nonlinear cubature Kalman filters.

In the current work, both the CKF and CD-CKF were able to estimate the overall profile of
a low-frequency neural activity driving the hemodynamic model. However, only the CD-CKF
provided an accurate profile at increased time steps. Critically, the CD-CKF with backward
smoothing was able to provide an accurate time localization of the neural input. This occurred
particularly since it explicitly accounts for the continuous dynamics over increasingly smaller
interpolation steps of the low frequency observations. The ability to obtain accurate timing is
of obvious importance to the whole series of studies that provide model-based estimates of the
causal functional connectivity (directed information transfer) among brain areas using fMRI
experiments [39, 58].

Finally, the joint neural-hemodynamic model attempts to go one step further by estimating
all the states across the cascade of dynamic models with disparate temporal scales (neural firing
dynamics at few milliseconds and BOLD signals at 0.5 to 1 second). It is seen that a CD-CKF
smoother can still produce accurate estimates well beyond those obtained from discrete CKF
estimators. The affirmative results obtained here are based on the assumption that the input to
the neural population model is available and hence no input-deconvolution is needed. In fact,
the latter is an ill posed problem particularly since the low-pass nature of BOLD measurements

PLOS ONE | https://doi.org/10.1371/journal.pone.0181513  July 20, 2017 38/49


https://doi.org/10.1371/journal.pone.0181513

@° PLOS | ONE

Cubature Kalman filtering and neuronal dynamic models

makes it theoretically impossible to reconstruct high frequency input traces in the absence of
additional constraints on the nature of these inputs.

Modeling accuracy

It is important to note here that the reported results are those of estimation and not modeling
accuracy. In other words, the work implicitly assumes that the model structure chosen is inclu-
sive of the dynamics of the underlying phenomenon. The modeling uncertainties are also
assumed to satisfy the process and/or observation noise structures and levels discussed. The
problem of model selection continues to be a central question whereby a series of candidate
models are tested against available data. Notwithstanding the importance of the prior selection
of a model structure, validating (or falsifying) a model depends critically on the estimation
accuracy of its various parameters, inputs and states. Here, the selection is commonly assessed
using variants of the estimation (mean square) error in the posterior estimate, possibly coupled
with complexity criteria (Bayesian and Akaike information measures). The presented results
were obtained for neural and hemodynamic models that are commonly used in the literature
to illustrate the accuracy of the estimation as an integral part of an overall model design and
selection experiment.

Significance and implications

Other forms of Kalman filtering techniques have been applied in the area of neural modeling
and connectivity estimation [28, 59, 60]. Specifically, the Unscented Kalman filter (UKF) is a
nonlinear estimator that was employed in data assimilation is seizures [24, 61-64] and sleep
dynamics [27]. Since its introduction, the cubature Kalman filter CKF has been noted to out-
perform the UKF both in terms of accuracy and numerical stability [2]. The current work
suggests further refinements of the Kalman filtering theory in the area of neural modeling to
include hybrid treatment of the continuous process equation and the discrete observations.

The presented work demonstrates a major improvement in estimation performance of a
Kalman technique when the hidden dynamical process, such as neural activity, is explicitly
treated as a continuous process within the time update of the filter. The power of this method
becomes even more apparent when model inversion is attempted using observations that are
obtained over disparate time scales. In particular, our simulations illustrate that as the sam-
pling step size of a given recording is increased relative to the transient dynamics of the
process, the ability to obtain estimates of parameters punctuating these specific dynamics
becomes limited. First, in the case of electric potential recordings, the impact of fast dynamics,
such the fast activity of AMPA or GABA-A synapses, cannot be clearly deciphered as the sam-
pling interval increases beyond a few milliseconds. This situation is seen as particularly limit-
ing for the CKF which, unlike the CD-CKF, does not incorporate an explicit treatment of the
discrete observations. On the other hand, and because the CD-CKF integrates the impact of
noise within the continuous dynamics during the time-update (prediction) step, the filter per-
formance deteriorates marginally in estimating the hidden dynamics for sampling intervals
that are quite large (dt = 4-8 ms) in relation to the speed of such dynamics (membrane time
constant ~20 ms).

In the case of recordings obtained from other inherently slower modalities (e.g. fMRI,
SPECT), the effect of the sampling step size becomes even more pressing when assessing the
accuracy attainable under a CKF (or similar traditional discretization techniques). Indeed,
CKEF performance deteriorates when fitting neural population models (operating on the milli-
second scale) based on a set of observations that (a) are obtained at much slower rates, and
(b) are obtained from an aggregated measure of the neural activity that evolve with slower
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dynamics (such as oxygen metabolism). Here, the hybrid filter (CD-CKF) provides accurate
estimates of the neural activity input profile as well as significant improvement in estimating
the timing of the input activity. The latter is particularly useful in assessing the activation
sequence of brain areas from fMRI data, a cornerstone tool in brain functional connectivity
estimation.

We believe that these performance improvements gained by employing the hybrid
CD-CKEF are principally due to a major difference between the time update steps of the CKF
and CD-CKEF (that is, the prediction of the hidden states based on previous measurements and
predictions). Specifically, the time update of the CD-CKEF is divided into sub-intervals that
propagates the predicted states through the process function at a higher sampling rate than
that of the collected observations, whereas the time update of the CKF propagates the pre-
dicted states at the same sampling rate of collected observations. The frequent time-updates of
the CD-CKEF also allow for closer approximation of non-Gaussian process noise, further boost-
ing the accuracy of the prediction for a wider class of environmental noise. Therefore, at a
given sampling rate, the CD-CKF will always have more accurate predictions propagated from
the time update to the measurement update when compared to the CKF, and hence will pro-
vide more accurate estimates. Critically, in applications where the time scale of the available
measurements is limited by the modality (e.g. fMRI), the CD-CKF outperforms CKF since it
explicitly accounts for the significant under-sampling of the faster dynamics of the underlying
process (e.g. neural activity).

Finally, the time-recursive nature of Kalman filtering (particularly its ability to adaptively
adjust tracking various model parameters) emphasizes the relevance of the reported results to
modeling extensions in cases where the internal model parameters could vary with time, such
as during synaptic plasticity and activity modulation across vigilance states, and with externally
manipulations (e.g. transcranial stimulation).

Appendix
Cubature Kalman filter

Cubature Kalman filter is a nonlinear filter designed for hidden state estimation from nonlin-
ear dynamic system with additive noise. The nonlinear dynamic system is described by a state-
space model comprising a process and measurement equation. The process equation describes
the continuous dynamics of the system and it is expressed by a continuous stochastic differen-
tial equation. The behavior of the dynamic system is observed through noisy measurements
acquired at discrete time points and it is described by a discrete difference equation.

The state-space model is formulated as:

Process Equation : dx(t) = f(x(t),t)dt +/Qdp(t)

Measurement Equation : z, = h(x,k)+w

(1)

Where x(t) € R"is the state of the dynamic system at time t, z, € R is the measurement at
time f, f : R” X R — R" is the drift coefficient, h : R" x R — R? is the measurement func-
tion, $(¢) € R"isa standard Wiener process assumed to be independent of states and mea-
surement noise,. Q € R"" is the diffusion coefficient, w, € R is a vector of random
Gaussian measurement noise with zero mean and covariance Ry.

Two methodologies are proposed to deal with the continuous process equation:

1. Discretize the SDE using Local Linearization (LL) method [65, 66], this will transform the
state-space model to a pair of difference equations, and then apply the regular CKF.
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2. Use the CD-CKF which discretizes the SDE using Ito-Taylor expansion of order 1.5 (IT 1.5).

1. CKF

Local Linearization method consists of transforming a nonlinear SDE to a linear SDE by
applying the truncated It6-Taylor expansion to the drift coefficient f(x(f), t), then evaluate the
analytical solution of the resulting linear SDE and finally approximate the Itd’s integral in the
obtained solution by means of the composite Trapezoidal rule [65]. The resultant discrete dif-
ference equation will be as follows:

X = falo, k=1) + v,

Where v, , € R"isa vector of random Gaussian noise with zero mean and covariance Vy_j,
and

falg yk=1) = x, + j,:_ll[exp(kalAt) —1If(x_, k—1)

J, is the Jacobian of fand At is the time interval between samples.
The state-space model (1) becomes:

Process Equation : x, = f,(x,_,k—1)+v,_, (2)

Measurement Equation : z, = h(x,, k) + w, (3)

Both CKF and CD-CKEF are based on Bayesian filtering paradigm under Gaussian domain,
in which the posterior density of the state provides a complete statistical description of the
state at that time [8].

The CKEF includes two steps:

1. Time update: compute the predicted density p(xi|z1:4-1) ~ N (Xgp—1, Pri—1)-Where:

fck\k—l = E[x|z,4 1] = Elfy(x, 1 k= 1|z, ]

= /fd(xk—ﬂk = Dp(x_ylz1)dx, (4)

= /fd(xk—lvk —1)x N(xk—l;xk—l\k—lvpk—l\k—l)dxk—l

Py, = E[(x, — &k\k—l)(xk - )Ack\k—l)T|Z1:k—l]
= /fd(xk—lvk = Dfy(x 1, k= 1)T X N(xk—l;fck—l\k—lﬂPk—l|k—1)dxk—1 (5)

- -7
— X1 X1 T Vi

2. Measurement update: compute the posterior density p(x¢|z1:x) ~ N (X, Priic)-
The filter likelihood density is assumed to be Gaussian:

p(zlzi6 ) ~ N(Zk;ék\k—ﬂpzz,k\k—l)

where the predicted measurement:

Zyp = /h(xk>k> X N(xk;fck\k—lﬂpk\k—l)dxk (6)
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and the associated covariance

Py = /h(xka k)h(xk7k)T X N(xkﬁ%k\kqvpk\kq)dxk

5 5T
— ZgeaZg TR,

The cross-covariance between the state and the measurement is given by:

T A A~ ~
P = /xh(xkv k)" x N(xk;xk\k—ﬂpk\k—l)dxk - xk\k—lzlgkfl (8)

Thus, the conditional Gaussian density of the joint state and the measurement can be writ-
ten as:
X p p
T klk—1 k[k—1 xz,k|k—1
P([ka ZkT] |Zl:k—]) ~N N '] pr p
Z k-1 xzklk—1 2zk|k—1

From which the posterior density p(x|z,,) ~ N (X, Py,) is computed on the receipt of a

new measurement z;, where:

Xik = X1 T K, (z, — Zk\k—l)
_ T
P = Py — KPP i Ky

_ -1
K, = sz‘klk—lp k=1

zz

2. CD-CKF

Applying the It6-Taylor expansion of order 1.5 to the process equation in state-space model
(1) over the time interval (t, t + 6) yields [2]:

x(t+0) = fo(x(£), 1) + /Qw + (Lf (x(t), 1))y (9)
Where:

Ja(x(2),8) = x(2) + of (x(8), 1) + %52(Luf(x(f)7 t))

L, and L are two differential operators:
L — 0 ,0 1KY J/a./a 0
ot L g T2 22 VAV g
= S

ILf is a square matrix having elements L f, (i,j = 1,...,n)
of,

Ly = kz:; \/akj 8x1

(w, y) is a pair of correlated n-dimensional Gaussian random variables, which can be generated
from a pair of independent n-dimensional standard Gaussian random variables (u;, u,) as
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follows:
w = Vou,
_lg .
r=30(n+ )
E[ww'] = otI,
Elwy'] = 371,
2
T 1 3
Elyy’] =30,

1. Time update: compute the predicted density p(xs1]z14) ~ N (Xgs1ks Prs1jic)-
x(t+0) = E[fy(x(1))]z14]

R (10)
= /fd(xla k) x N(xk;xk\mpk\k)dxk
P(t+0) = E[fy(x(0))fy (x(£))]z.4] + éﬁgEﬂLf(x(t), £)(ILf (x(2), )]
+3PVAE[LF (0, 0)] + 5B (0), 0]V an
—x(t+0)(x(t+9))" +Q

To compute the predicted state and its error covariance more accurately at time t;, ;, the
sampling interval T is divided into m steps of length &, where 6 = (.1 — t)/m = T/m.

Let xﬁc denotes x(¢) at time t = KT + jJ, (1 < j < m), the statistics of xx, are given by:

2l = / £ KT 4 j6) x N (o 2y Py ), (12)

Pl ~ /fd(x;(,KT +78)f] (x, KT +j8) x N(xﬁ;; &i;lk,Pi‘k)dx};
1 N . N A\
+ 5 OLf (%, KT + 0 ) (Lf (¥, KT +55) ) .
1 N )DL " . T
+§52\/6(Lf(;¢|k, KT +jo)) + 552Lf(xfk‘k, KT +j6)1/Q
i ~Af r
% () +oQ
The predicted density is computed at tx,; for j = m, p(x;,,|2,,) ~ N (X}, Pyje) (iee.
p(xlziy) ~ N(fckﬂ\k?PkH\k))‘

2. Measurement update: perform normal discrete-time CKF update to compute the posterior
density p(x¢11]z1441) ~ N(xk+l\k+17Pk+1\k+1)‘
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3. Third-Degree Cubature Rule

The Bayesian filter in the Gaussian domain reduces to the problem of how to compute inte-
grals of the following form (Arasaratnam et al. 2010):

:/f(x) x N (x;., )dx

Where f{.) is some nonlinear function.
The heart of cubature Kalman Filter is to numerically approximate this type of integrals by
third-degree spherical-radial rule using an even set of 2n equally weighted symmetric cubature

points {&,, wi}?:"] (where n is the dimension of the state vector) [2]:
2n
1) = [ £0) x Nwign D)o > oflan+ VEE) (14)
i=1

Where:

: Vne, i=1,...,n
e —v/ne, i=n+1,...,2n

Using this numerical approximation of integrals,

1. the time update of the CKF becomes:

Xj—1 /fd Xk = 1) x N (x5 %, k15 Proyee Ddx,_,

2” Z;sz\k 1
Where

Xxk\k 1 fd(xk k-1 T Pk—1|k—1§i’k_ 1)

T .
Py /fd Xk = Dfy(x 1, k—1)" % N(xk—l;xk—l\k—lﬁpk—uk—l)dxk—l

_xk\k—lxk\k—l + Vi
T 2 ~T
E XX — XXy + Vi
And the measurement update

Zk\k 1 /h Xy k) X N(xkvxk\k 1 P )dx, = E Z
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Where
Zi,klk—l = h(;ck|k—1 + Pk\k—léi’ k)
and the associated covariance

Py = /h(xk7k>h(xkak)T X N<xk;fck\k—1vpk\k—l)dxk
_2k\k—1213|k—1 + Rk

1 2n
_ T - AT
= on E Zik1Z i1 — 21 Ziga T Ry

i=1

The cross-covariance between the state and the measurement is given by:
T ~ S A
Py = /Xh(xk’ k)" x N(xk;xk\k—UPk\k—l)dxk - xk|k—1zlf\k—1
1 2n r A 7
= _Z‘){i,k\k—lzi,k\k—l = X k1% kk—1
2” i=1
Where
Xi‘,k\k—l = )Ack\k—l + Pk\k—léi
2. the time update of the CD-CKF becomes:
B = [ KT ) % A7 (s 5 P )
1 2n
_ #(j+1)
-
Where

X =1 (P8 RT 4 50)

Pi A S KT 4 jO)F (6, KT+ o) x N (s %Pl ),
+ % OLF (& KT+ 50 ) (£ (% KT + 70 !
+%52\/6(Lf(xf,;|k,m +j5))T + %52Lf(5cf,;|k, KT +j5) J/a

i (#) +o0
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~ % ix;g‘;”x;‘_g;“ + %(ﬁLf (s KT+ 70) (1f (2 KT +55) )
i=1
+ %52\/6(Lf(5c’];‘k, KT +j5))T + %(VLf(;%f,;‘k, KT +j0)/Q

() +60

And the measurement update for CD-CKF is exactly the same as discrete-time CKF update.
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