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Integrated MEG and fMRI Model: Synthesis and

Analysis

Abbas Babajani*, Mohammad-Hossein Nekooei*,and Hamid Soltanian-Zadeh*+

Summary: An integrated model for magnetoencephalography (MEG) and functional Magnetic Resonance Imaging (fMRI) is proposed. In the model,
the neural activity is related to the Post Synaptic Potentials (PSPs) which is common link between MEG and fMRI. Each PSP is modeled by the direc-
tion and strength of its current flow which are treated as random variables. The overall neural activity in each voxel is used for equivalent current di-
pole in MEG and as input of extended Balloon model in fMRI. The proposed model shows the possibility of detecting activation by fMRI in a voxel
while the voxel is silent for MEG and vice versa. Parameters of the model can illustrate situations like closed field due to non-pyramidal cells, canceling
effect of inhibitory PSP on excitatory PSP, and effect of synchronicity. In addition, the model shows that the crosstalk from neural activities of the adja-
cent voxels in fMRI may result in the detection of activations in these voxels that contain no neural activities. The proposed model is instrumental in
evaluating and comparing different analysis methods of MEG and fMRI. It is also useful in characterizing the upcoming combined methods for simul-

taneous analysis of MEG and fMRL

Key words: Functional Magnetic Resonance Imaging (fMRI); Magnetoencephalography (MEG); Extended balloon model; Integrated model; Post

Synaptic Potential (PSP).

Introduction

Magnetoencephalography (MEG) and electroen-
cephalography (EEG) detect weak magnetic fields which
can be generated by the flow of synchronized
intracellular postsynaptic currents of pyramidal cells
(Hamaldinen et al. 1993). Functional Magnetic Reso-
nance Imaging (fMRI) signal reflects oxygen level of the
blood and thus is called blood oxygen level dependent
(BOLD) (Ogawa et al. 1992), which is a complex function
of multiple physical variables like blood flow, blood vol-
ume and blood oxygenation that changes by neural activ-
ities (Buxton et al. 1998; Friston et al. 2000). The
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spatiotemporal resolution of these two techniques is dif-
ferent. MEG has good temporal resolution in the order of
millisecond, but its spatial resolution is poor due to the
ill-posedness of the inverse solution. On the other hand,
fMRI has good spatial resolution in the order of millime-
ter but poor temporal resolution due to the limited rate of
change in the hemodynamic response.

Since MEG and fMRI are different views of a com-
mon source (neural activity), their combined analysis
should improve the overall spatiotemporal resolution of
the results. Several methods have been introduced for
MEG/fMRI combined analysis (Dale and Halgren 2001;
Dale et. al 2000; Horwitz and Poeppel 2002; Korvenoja et.
al 2001; Liu et. al 1998; Martinez-Montes et al. 2004)
where sophisticated methods have been introduced to
extract information as much as possible using a
data-driven strategy (the authors refer to them as a
top-down methods). Although the integrated
MEG/fMRI methods aim at reaching the spatial resolu-
tion of {MRI and temporal resolution of MEG, some basic
questions exist. For example, what are the differences be-
tween the spatiotemporal responses of the two methods
and what are the conditions that cause these differences?

In Nunez and Silberstein (2000), the authors enu-
merated conditions in which there may be difference be-
tween spatiotemporal responses of fMRI and MEG. They
imply that in a given neural activity with detectable
BOLD signal, opposite polarizations of excitatory post
synaptic potential (EPSP) and inhibitory post synaptic



102

Block 1 Biock 2

____________________________________

Kind of PSP:
| EPSP or IPSP

External |
Stimulation:
3

Direction of PSP

Filter

Strength of PSP

PSP
Production
Mechanism Crosstalk
from Neural Activities of

Adjacent Voxels

Babajani et al.

ECD: Vector Sum 01—’ Lead Field

] from
PSPs in the Voxel Forward Problem

Balloon Down
model Sampling

A

Figure 1. Schematic diagram for the proposed integrated MEG and fMRI model.

potential (IPSP) may cancel each other and thus no MEG
signal is produced. In addition, activity in some cells like
stellate cells whose dendritic tree is almost spherically
symmetric produces BOLD signal but they are silent for
MEG due to the fact that associated synaptic sources pro-
vide a spherically symmetric closed field structure. They
also stated that the MEG signal can be large when a few
percent of the neurons in each cortical column are "syn-
chronously active" while the BOLD signal is weak.

For illustrating the relationship between MEG and
fMRI, an integrated bottom-up model is required. If this
model is based on physiological principles, different ex-
perimental conditions can be simulated by changing pa-
rameters of this model. In addition, it can be used for
evaluating proposed methods for integrated MEG and
fMRI analysis. The integrated model proposed by Riera
and his colleagues (Riera et. al 2004; Riera et. al 2005) is one
of the most recent works in this field. They introduced a
two-dimensional autoregressive model with exogenous
variables (ARXx) to describe the interrelationships between
synaptic activity and hemodynamics. Furthermore, they
used a static nonlinear function to describe the elec-
tro-vascular coupling through a flow-inducing signal.

In this paper, we introduce a bottom-up integrated
model based on the physiological principles (see figure
1). Post synaptic potentials (PSPs) and action potentials
(APs) are two main indices for showing neural activities.
Itis assumed that both MEG and fMRI are only related to
the PSPs (Baillet et al. 2001; Hamalainen et al. 1993;
Lauritzen and Gold 2003; Logothetis 2002, 2003, 2001). In
the proposed model, PSPs are the main link between the
MEG and fMRI. For a given external stimulus, a simple
first order linear model represents the number of active
PSPs at each time. Several parameters are introduced for
the PSP whose variations in different neurons are mod-

eled using random variables. Different aspects of EPSPs
and IPSPs (like their directions and strengths) are used
for producing MEG and BOLD signals.

In the fMRI part of the model, we introduce a rela-
tionship between the strength of the PSPs and neural ac-
tivity which is used as input of the extended Balloon
model (Friston et. al 2000) for producing the BOLD out-
put. In the MEG part of the model, different spatial distri-
butions and directions are considered for the EPSP and
IPSP and equivalent current dipole (ECD) is calculated
for each voxel using the vector sum of all active PSPs. A
static Gaussian kernel is introduced for modeling the
crosstalk from neural activities of the adjacent voxels in
BOLD. Using computer simulations, we illustrate condi-
tions where for a given neural activity it is possible to de-
tect a BOLD signal but no MEG signal and vice versa.

It should be noted that whenever we write about the
direction of the PSPs, it is scientifically more accurate to use
PSCs (postsynaptic currents) instead of PSPs (postsynaptic
potentials). However, since the direction of PSC is not im-
portant for fMRI and many of the MEG literature also use
PSP instead of PSC, we use PSP throughout this paper.

Integrated Model

The proposed model relates the MEG and fMRI sig-
nals in an active voxel of the brain. The model is con-
structed based on the fact that PSPs are the main link
between the two techniques. Since each voxel of the cor-
tex contains a huge number of neurons and synapses
whose activities are not deterministically known, we con-
sider a stochastic model for PSPs whose parameters (like
direction and strength) have a probability density func-
tion (pdf). The MEG signal is produced according to both
direction and strength of the PSPs. The BOLD only de-
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pends on the overall strengths of PSPs, which is the input
of the extended Balloon model for producing the BOLD
signal. An overview of the physiological principles that
lead to the proposed integrated model is presented in the
following subsection before introducing the model.

Neural Basis of MEG and fMRI

Pyramidal cells, inhibitory interneurons, and stellate
cells are basic cell types in the neocortex where the first
two constitute about 75-80% and 10-25% of all neurons, re-
spectively (Buxhoeveden et al. 2002). MEG and fMRI sig-
nals reflect different aspects of the neural activity in these
cells. The MEG signal is usually related to activation of the
pyramidal cells. These cells are relatively large and their
apical dendrites are parallel to each other and perpendicu-
lar to the cortical surface. Thus, the current dipoles of the
PSPs add up. Dendrites of the stellate and interneuron
cells occupy roughly spherical volumes and thus do not
contribute significantly to the MEG signal. Activation in
all neurons consumes energy thereby increasing regional
cerebral blood flow (rCBF) and BOLD signal; there is no
difference between the neurons in terms of the resulting
BOLD signal in fMRI. In the integrated model, it is as-
sumed that all neurons generate the fMRI signal but only
the pyramidal cells generate the MEG signal.

Activity of each neuron starts with activities of its
synapses that produce PSPs. The overall activities of the
synapses may produce APs. PSPs and APs are two main
indices for neural activities. In special cases, currents re-
lated to action potentials might contribute to the cortical
MEG (and EEG) signals, e.g., high-frequency (about 600
Hz) somatosensory responses (Curio et al. 1994;
Hashimoto et al. 1996). However, MEG signal seems to
be largely due to the synaptic current flow (Baillet et al.
2001; Hamaldinen et al. 1993). On the other hand, based
on several experimental results, it is reported that the
BOLD signal is related to the PSPs and there is no correla-
tion between the BOLD signal and the APs (Lauritzen
and Gold 2003; Logothetis 2002, 2003, 2001).

There are some differences between the EPSP and
IPSP from the MEG point of view. EPSP and IPSP have
opposite polarizations and can cancel each other as con-
sidered in the proposed model. The spatial locations of
the excitatory and inhibitory synapses are different. Ex-
citatory synapses reach mainly the dendrite trees and in-
hibitory ones are attached to the soma and basal
dendrites. Since neurons are small compared to their dis-
tances to the MEG sensors and we consider an ECD in
each voxel, the location difference of EPSP and IPSP can
beignored. Another difference between EPSP and IPSP is
spatial distribution of their directions. The basal den-
dritic tree of a neuron (with more inhibitory synapses)
has approximately spherical symmetry while the apical
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dendritic tree (with more excitatory synapses) is approx-
imately parallel (Liley and Wright 1994). The differences
between the distributions of the directions of the EPSP
and IPSP are considered in the proposed model.

In general, the relationships between the excit-
atory-inhibitory mechanisms and the hemodynamic-
metabolic system need more investigation in the future
(Attwell and Iadecola 2002). There is even doubt about
the role of inhibition on increasing rCBF (Waldvogel et
al. 2000). Tagamet and Horwitz (Tagamet and Horwitz
2001) introduce large-scale modeling to address the role
of inhibition. Their simulations suggest that neuronal in-
hibition can raise rCBF if there is either low local excit-
atory recurrence or if the region is not otherwise driven
by excitation. Conversely, inhibition can lower the ob-
served values in situations with high recurrence or ac-
tively driven excitation.

Experimental study of Caesar and colleagues is one
of the newest studies for investigating the role of inhibi-
tion in rCBF changes (Caesar et al. 2003). In several ex-
periments, they stimulate the cerebellar climbing fibers
(excitatory) and parallel fibers (inhibitory) alone and in
combination, and simultaneously record the rCBF in the
Purkinje cells. They report that stimulation of the excit-
atory climbing fibers (EPSP) or inhibitory parallel fibers
(IPSP) increase the rCBF amplitude and there is no differ-
ence between EPSP and IPSP in this regards. Thus, they
conclude that the EPSP and IPSP have similar effect on
the BOLD signal.

However, it should be noted that neural inhibition
decreases the overall activity and thus may reduce rCBF.
In (Tagamet and Horwitz 2001} it is shown that for small
local excitatory recurrence, inhibition causes rCBF to in-
crease. In this situation, rCBF increase due to the added
inhibitory activity is more than its decrease due to the re-
duction of the overall activity. Tagamet and Horwitz ver-
ify the other case of big local excitatory recurrence that
inhibition decreases rCBF. In this case, the overall activ-
ity decreases due to the increased inhibitory activity.
Thus, if inhibitory activity is considered independent of
excitatory, it increases the rCBF and the decrease of the
total rCBF is due to the reduction of the overall activity.
EPSP and IPSP are independent in the proposed model.
Since there is almost no difference between them for con-
suming energy, there is no difference between them from
the fMRI point of view in the model.

It should be mentioned that the neuronal effect is
different for postsynaptic and presynaptic inhibition. An
IPSP is generated by postsynaptic inhibition but the
presynaptic inhibition decreases the strength of the gen-
erated EPSP by involved excitatory synapse. Since the
proposed model is based on different aspects of the
EPSPs and IPSPs, our main focus is this paper is
postsynaptic inhibition.
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PSP Production Mechanism

Block 1 of figure 1 implements the relationship be-
tween the external stimulus and the number of active
PSPs. The number of active PSPs at each time point is
considered as the output of a linear system whose input
is the external stimulus, similar to the linear model relat-
ing the external stimulus to the evoked transient in (Riera
et al. 2004). The relationship between the number of ac-
tive PSPs and strength of the stimulus may be nonlinear.
However, for the sake of simplicity, we assume a linear
model. This simplification does not have any influence
on the relationship between MEG and BOLD signals in
our model. The linear model is as follows.

r k
ot )

where #is the delay due to different relay processes in the
long afferent pathways. The first order linear model with
ap =1 and a; = 50 ms is used as the simplest linear model.
For block design, Stm(.) is the unit function and N is the
steady state value of N(f). For event related design, Stm(.)
is the Dirac delta function and N,/a, is the peak value of
N(t). Physiological noise is modeled by (t) in figure 1 and
represents the number of active PSPs, which is not related
to the external stimulus and is related to the spontaneous
activity. It can be modeled as a Poisson process.

Constructing BOLD from PSPs

The first block of fMRI in the proposed model is
"Crosstalk from Neural Activities of Adjacent Voxels”
(see figure 1). Neural activities in a voxel change its blood
flow and that of the neighboring voxels. In an experimen-
tal study on rats, it is reported that the diameter of local
arterioles (at the stimulation site) increases 26% and local
blood flow increases 55% while in an up stream region
about 2 mm distant from the stimulation site, the diame-
ter of arterioles increases 8.7% and blood flow increases
15% (ladecola et al. 1997). In another experimental study
onrats with electrical stimulation of the cerebellar paral-
lel fibers, the local CBF at the stimulation site changes
55% while at sites with 4.5 mm horizontal and 1 mm ver-
tical distance from the stimulation site, CBF changes 13%
and 11%, respectively (Iadecola et al. 1996). Thus, the
synaptic activities in a voxel can affect the CBF and re-
sulting BOLD signal in adjacent voxels.

The Gaussian spatial smoothing kernel is used for
modeling the spatial crosstalk of BOLD signal in the pro-
posed model. We consider the effective synaptic activi-
ties as:
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u, (r;t) =G(r;0,0)*** ulr;t);7 =(x, y,2), 6 =(0,, 5, 0;)
93]

where u(r;t) is the synaptic activities in a voxel located at
= {x,y,2), G(r ; 0, o) is a 3D Gaussian kernel with zero
mean and standard deviation o and "." shows 3D con-
volution. We use reported data from (Tadecola et al. 1996,
1997) and estimate o by curve fitting of the reported data
into a 3D Gaussian kernel. The estimated o is 2.6 mm in
the horizontal direction (axial slice) and 0.7 mm in the
vertical direction (normal to axial slice) of the brain,

In the proposed model, extended Balloon model
(Friston et al. 2000) is used as the main mechanism for re-
lating PSPs (as the neural activity) to the BOLD. In the ex-
tended Balloon model, there is a set of nonlinear state
space equations which relate the neural activity u(f) to
the BOLD. We will link PSPs to the extended Balloon
model by introducing a relationship between PSPs and
neural activity. In the simulations, the constant parame-
ters of the extended Balloon model are the same as those
used in (Friston et al. 2000).

The input to the extended Balloon model is the over-
all synaptic activities which are linearly related to the
rCBF. We try to find a relationship between synaptic ac-
tivity and PSPs. Each PSP consumes a small amount of
energy and causes a small change in the blood flow.
Thus, itis logical to consider synapticactivity (as input of
the extended Balloon model) proportional to the total
consumed energy by the PSPs. We need to solve the
Hodgkin-Huxley (H-H) equation for computing the
voltage, current, and energy of PSP. The PSP’s voltage is
modeled by multiplying a constant peak value AV and a
normalized waveform ¢(t) (Almeida and Stetter 2002;
Larkum et al. 1998):

_{t-1pgsp)
* psp

o) ="
Tpsp 3)

V() = AVeit) )

where 1pgpis time constant of ¢(t) and is considered as a
random variable with truncated Gaussian distribution
tpsp~ TN(2,1,0,0) ms according to the data reported in
(De Schutter 1998). The truncated Gaussian variable de-
noted by x ~ TN(, o; a,b) is a variable whose probability
for x<a or x >b is zero and its pdf is like the Gaussian dis-
tribution (except a scalar normalization) in the interval
x€fa,b] with mean p and standard deviation o.

The consumed energy by PSP is found by:
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E =°}V(t).1(t)dt
0 (%)

where I(#) is PSC. For simplicity, we use a constant value
for I(t) and according to equations 3-5 get:

E = IT PSPAV (6)

If N(t) PSPs fire at time ¢, the consumed energy for each of
them is represented by equation 6. The neural activity
should be proportional to the sum of the consumed energy.
Therefore, the following equation relates the synaptic activ-
ity (or neural activity) u(f) to the parameters of the PSPs:

N(t) N(t) N(t)
E= ﬁ:Ek = ih’;spzsvk o ir’f,spAVk
k=1 k=1 k=1

N()
u(t) oc ir’;spAVk
k=1 @)

Activation of both pyramidal and non-pyramidal
cells affects the BOLD signal, but the MEG signal is usually
affected by the activation of the pyramidal cells. In each
cortical area, the ratio of pyramidal to non-pyramidal cells
is almost constant (4 pyramidal cells for each
non-pyramidal cell). Thus, it can be assumed that the ratio
of number of active PSPs of pyramidal to non-pyramidal
cells is almost constant during the stimulus. By this as-
sumption, N(#) in equation 7 can represent the number of
active PSPs of the pyramidal cells and right hand side of
equation 7 is multiplied by a constant bigger than 1 and
therefore the proportional form of equation 7 does not
change. Another assumption in the proposed model is that
the ratio of IPSP to EPSP numbers is constant during the
stimulus. This can bejustified by the fact that the ratio of in-
hibitory to excitatory synapses is fixed in each cortical area.

Constructing MEG Signal from PSPs

From a distance, the PSP looks like a current dipole
oriented along the dendrite. Approximately, the current
dipole due to PSP is (Hamaldinen et al. 1993):

dZGinAV‘ﬁ

-0
7% (8)

®

where d is the diameter of the dendrite, o, is the
intracellular conductivity per unit length, AV is change of
voltage during PSP and #i is unit vector which shows cur-
rent dipole orientation along the dendrite. We consider the
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direction of current dipoles (of PSP) as a random variable
for modeling different kinds of dendrite tree structures.

We define "reference vector” as a vector thatis perpen-
dicular to the cortical surface in each voxel. For the sake of
simplicity, we assume cylindrical symmetry around the
direction of the reference vector and consider only one pa-
rameter for modeling the angle between the reference vec-
tor and direction of each current dipole in our model. This
angle in our model is @ which is considered as a truncated
Gaussian random variable whose pdf is fg(0).

-2
2

eZG
fo(®)= i
, ;k=~/2_ncerf[—ji——}—1t<9sﬂ
. (e}
o3 =62(1—%1—t—0-—82“2]

(10)

whereerf(.) is the error function and ¢ is the standard devi-
ation of 8 whose pdf is considered as a Gaussian. o is the
standard deviation of the truncated 6 whose pdf, fg(0),isa
truncated Gaussian. ¢ can get any positive value. As illus-
trated in figure 2, the pdf of 8 tends to concentrate around
zero when 6—0. The pdf of 8 tends to the uniform distri-
bution when 6—w. The uniform distribution (-n<6<n) is
chosen for the pdf of 8 in voxels that are not on the cortical
surface. Thus, direction of the reference vector is not im-
portant in these voxels because directions of PSPs are uni-
formly distributed between -n and .

Most of the excitatory synapses come from the apical
dendrites that are parallel and perpendicular to the corti-
cal surface. Thus, 6 for EPSP has a distribution concen-
trated around the reference vector, i.e., the value of ¢ in
equation 10 is small for EPSPs. A portion of the IPSPs co-
mes directly to the soma which has the same direction as
the trunk of the apical dendrites, therefore the value of ¢
issmall for these IPSPs. However, the inhibitory synapses
coming from basal dendrites have almost spherical spa-
tial distribution, i.e., the pdf of 8 for these IPSPs tends to a
uniform distribution, which can be considered as a
Gaussian with a large ¢. Thus, the average value of o for
IPSPs is larger than its average for the EPSPs. Larger di-
ameter of soma compared with dendrites produces dif-
ferent spatial distribution of the current flow after firing a
PSP. Spatial distribution of the current flow after firing a
PSP is mainly considered in the volume current which for
the sake of simplicity is ignored in the proposed model
because we consider spherically symmetrichead model.

The current dipole g in equation 9 is projected onto
two vectors, first vector (g,) is parallel to the reference
vector with the value of gcos(0) and the second vector (4,)
is orthogonal to the reference vector with the value of
gsin(®). Elg,] is zero (according to odd property of sin(.)
and even property of fg(8) in equation 10). Thus, for the



106

Babajani et al.

0.4
0.35}
0.3f
0.25¢

Pdf of 8
02

0.15

01

0.051

-TC -2

Figure 2. The pdf of 8 (angle between current dipole and reference vector) according to equation 10 for 4 values of o.

MEG sensors, g, acts as noise without any correlations
with the stimulation. On the other hands, E[g,] is nonzero
and can be sensed by the MEG sensors as a signal. When
o-» in equation 10, distribution of 6 tends to uniform
distribution and then E[g,] 0. It should be noted that the
direction and moment of each current dipole (produced
by a PSP) is modeled by several random variables in our
model. To qualitatively verify the effect of these random
variables on the MEG signal, we use E[gq] instead of g to
evaluate the overall effect of these random variables.

If N PSPs of the pyramidal cells fire at time ¢, then the
ECD from the sum of their activities according to equa-
tion 9 is:

N
4(t) = Z wi B AV 0, ()7
k=1 (1)

where w; is +1 for EPSP and -1 for IPSP, AV shows peak
value of PSP, Py is a coefficient according to equation 9
that models parameters of the kth synapse and its neigh-
boring dendrite, and @(f) is unitary peak waveform for
the kth PSP at time ¢ according to equation 3. For model-
ing different kinds of synapses, we consider B; and AVy
as random variables by using truncated Gaussian and
uniform distributions. The uniform distribution variable
denoted by x ~ uniform(a,b) is a random variable whose
probability is constant in the interval [4,b] and zero out-
side of this interval. We assume AV} as a truncated
Gaussian distribution (AV, ~ TN(10, 5; 0, ©) mV) (De
Schutter 1998) and P, according to equation 9 as a func-

tion of two random variables (d ~ uniform(0.1,2) pm and
Oy ~ uniform(0.1,2) @m?), based on the typical values of
d =1 pm and 6;, =1 QIm! (Hamaldinen et al. 1993).

The number of pyramidal PSPs in a voxel that starts
to fire at time ¢ is denoted by N(t). We sample N(t) every
millisecond in the simulations. The ECD in this voxel is
derived from equation 11:

. D N(t-d)
Q(t):Z ikakAVk(pk(t+d)-ﬁk
d=0 k=1 (12)

where qg(t+d) is the waveform of the kth PSP whose acti-
vation started at the previous d sampling times and D is
the maximum duration of PSP which we set approxi-
mately D = 30 ms according to the maximum value of
Tpsp in equation 3. The projections of Q(t) onto two nor-
mal vectors can be found as:

[ D N(t-d)
Q(t) =[ kakAVk(pk(t-c»d)cos(ek)}ﬁp +
d=0 k=1

D N(t=d) B
[ W B AV, @, (t +d)sin(0, )}-nn
d=0 k=1

Q) =Q, )i, +Q, (1),

13)

where 1, is the unit vector parallel to the reference vector
and 1, is the unit vector orthogonal to it.
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Figure 3. lllustration of the capability of the proposed model to generate both MEG and fMRI signals. The small black rect-
angle shows the duration of stimulation. (a) Number of active synapses according to equation 1 with gg =1, ;=50 ms. (b)
pdf of 8 where 6 is the angle between PSP dipole and direction perpendicular to the cortical surface. Solid and dashed
lines represent EPSP and IPSP, respectively. (c) Projected ECD in the direction perpendicular to the cortical surface, Qx(Hin
equation 13. (d) Projected ECD in the direction tangent to the cortical surface, Q,(H in equation 13. (e) Average synaptic
activity according to equation 7. (f) BOLD output with u/umgx = 0.2 and «(f) as input neural activity from (e).

The "Lead Field from Forward Problem" is the final
part of the MEG modeling in figure 1. Electrical potential
and magnetic field, produced by activation in some
voxels, can be computed by quasi-static approximation
of Maxwell equations (Baillet et al. 2001). After choosing
a head model (spherical approximation or realistic head
model), the following matrix equation relates the mea-
sured magnetic field and ECDs of the voxelsin the brain:

B(t)=L(7g )QA®) (14)
where Q(t) is ECDs in a region of interest in the brain, L is
the lead field matrix, and B(t) is the measured field by the
Sensors.

Analysis of the Model

Using the simulation results of the proposed model,
we show that it is possible to detect BOLD signal in a voxel
while the voxel is silent for MEG and vice versa. Themodel
isbased on equations 1 to 14 and figure 1. There are several
parameters in the model, some of which are considered
stochastic and others deterministic. In all simulations, the
values for the deterministic and the pdfs for the stochastic
parameters are as described in the previous sections (any
deviation from these values will be explained).

There are approximately 10° neurons per mm? of the
cortex and thousands of synapses per neuron
(Hamaldinen et al. 1993). If the external stimulus causes
activation in one percent of the synapses, then there are on
the order of 10° active synapses in a voxel with a volume of
1 mm3, The number of excitatory synapses is more than in-
hibitory synapses and we consider 10% for the ratio of
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Figure 4. llustration of cases that MEG signal is significant or small, using the effects of pdf of 6 and ratio of IPSPs number to
all PSPs on ECD (Q,(f)in MEG signals. (a) pdf of 8 is same as figure 3b and IPSPratio is set to 10%. (b) f(8)=5(8) and IPSP ratio
issettozero. (c) pdf Bis setto uniform distribution around (-, ©) and IPSP ratio is set to 10%. (d) pdf 0 is same as figure 3b and

IPSP ratio is set to 50%.

IPSPs to all PSPs (we call this ratio as "IPSP ratio" hereaf-
ter). Figure 3 shows first simulation results in a voxel of 1
mm?3 with N = 106 active PSPs and IPSP ratio of 10%. The
stimulus duration is 1 second. Number of active PSPs
(sum of EPSPs and IPSPs) during stimulation is depicted
in figure 3a. The current dipole produced by each PSP has
an angle () with the reference vector, in the (-n, 7 ) range.
Figure 3b illustrates the pdf of 6 for EPSPs and IPSPs.
The projected ECD to the reference vector (Q,(f)) and
normal to this vector (Q,(t)) are depicted in figures 3c and
3d, respectively. According to equation 13 and the odd
property of the sine function, the average value of Q,(t)
will be zero as shown in figure 3d. It is assumed in
(Hamalainen et al. 1993) that the ECD with moment in the
order of 10 nAm can be detected by the MEG sensors, al-
though the ECDs that can be detected vary much beyond
the stated 10 nAm (both upwards and downwards). Con-
sidering this detectable threshold for the moment of ECD,
we find that the Q,(f) in figure 3c can be detected, although
the pdf of 6 tends to a uniform pdf and it is expected that
PSPs cancel each other. This is according to the fact that the
small difference between the pdf of 6 and uniform pdf is
amplified by the huge number of active PSPs and thus a
detectable MEG signal is produced. Normalized synaptic
activities are shown in figure 3e and are used as the input
to the Balloon model. Finally, figure 3f shows the resulting
BOLD signal without considering the additive noise. The
maximum contrast of the BOLD signal is 1.58%.

The simulation results in figure 4 show special cases
where the BOLD signal is detectable but the MEG signal
may or may not be detectable. There are two parameters
in the proposed model for this condition: the pdf of 6 and
the IPSP ratio. When the pdf of 6 tends to uniform, then
the directions of the current dipoles are uniformly dis-
tributed and can cancel each other. On the other hand, if
the numbers of IPSP and EPSP are equal (the IPSP ratio
tends to 50%) with considering the same pdf of 6 for
EPSP and IPSP, they cancel each other because of their
opposite polarities. Since only Q,(t) correlates with the
stimulation, itis illustrated in figure 4. All conditions (ex-
cept for the pdf of 6 and IPSP ratio) in figure 4 are the
same as those in figure 3. Therefore, the BOLD output for
all subplots of figure 4 will be the same as those in figure
3f (not shown to avoid repetitions) and thus there will be
detectable BOLD signal in all subplots.

For a conventional condition, Q,(f) is shown in fig-
ure 4a, where the pdf of 0 is the same as that in figure 3b
and the IPSP ratio is set to 10%. The best condition for de-
tecting the MEG signal is shown in figure 4b, where all
current dipoles are considered parallel (fo(0)=5(6) in
equation 10) and all PSPs are considered EPSPs without
any IPSP (IPSP ratio is zero). The amplitude of ECD in
this condition is about 30 times larger than that of figure
4a. The pdf of 8 is considered to be uniform and the IPSP
ratio is set to 10% in figure 4c. In figure 4d, the IPSP ratio
is set to zero and the pdf of 0 is the same as that of figure
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Figure 5. lllustration of the nonlinear function that relates the standard deviation of § to ECD according to equations 18
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3b. The ECD in both figures 4c and 4d is like random
noise with zero mean and there is no detectable MEG sig-
nal correlated with the stimulus, although there are de-
tectable BOLD signals for both figures.

Now, we intend to quantitatively survey the effects
of pdf of 6 and IPSP ratio on MEG and fMRI signals.
Once the number of active synapses reaches its final
steady state value according to equation 1, it becomes al-
most constant. Referring to equation 13, we have:

. D N
Q =[Z D wkﬁkAchpk(d)cos(ek)}-ﬁp +

d=0k=1

D N
[Z Z wiB AV, ¢, (d)sin(6, )} Ay,
d=0k=1

(15)

where N is the average number of active synapses after
steady state. If all random variables in equation 15 are
considered independent, the mean value of ECD is:

— (D N B
Q= ZZ Hw, 1EB, JE[AV, 1El, (d)]E[cos(8, )]} 7, =0.7,

d=0k=1
(16)

Q =9V EN[(l r) g(o-’%) rg(oT)]

where E[.] is "expected value", r is the mean value of
IPSP ratio, V is mean amplitude of PSP, P is mean of p

(17)

D

according to equation 9, =ZE[(pk(d)] according to
d=0

o(t) in equation 3 with tpsp ~TN(2,1;0,0)ms and

g(o’%) and g(c#) show average effects of the pro-

jected ECD onto the reference vector for EPSP and
IPSP, respectively. The second term of equation 15
vanishes in averaging because of the odd property of
the sine function and even property of the pdf of 6.

The function g(cy) is the expected value of cos(6)
with respect to the truncated 6 and is defined by:

.
‘92

g(or)= jcos(e)f@(e)de jcos(e)

- V2nce

3 rf(fc)
2 -2

ok 0[12_;_ )

where fg(0) is the truncated Gaussian distribution de-
fined in equation 10. The g(o7) versus ¢ and o7 is plotted
in figure 5. When 6—0, then o1—0 and the pdf of 6 tends
to the Dirac delta function and g(cr)—»>1. When oo,
then or—n2/3 and the pdf of 8 tends to the uniform dis-
tribution and g(c)—0.

According to the relationship between the synaptic
activities as the input of extended Balloon model and the
PSPs in equation 7, we have:

(18)

N
U < Z TII(JSPAVk:I

k=1
N
max(N)

U o MPSPV kpymmidal =>1u =Upy

(19)

where u,, is the synaptic activity that produces the satu-
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rated maximum output in the extended Balloon model
and max(N) shows the maximum number of PSPs in a
voxel that can be activated by an external stimulus. In
equation 19, N represents the number of active pyramidal
cells and kyy pamiga Shows the effects of non-pyramidal cells
(which is silent for MEG) on the synaptic activity, which is
a constant for each voxel according to the assumptions of
the Integrated Model - Construction BOLD from PSPs sec-
tion. Inserting equation 19 in equation 17, we get:

VB max(N) [(1 r) g(GT) ~r g(cr)]_

Q=9
3 =Qufa-na(oh)rs(eh)] =

Then, the relationship between BOLD and ECD is
derived as:

Q =u[a-ns(sF)-rs(cH)] =

BOLD Output = Balloon Model (i)

(20)

@D

According to equation 21, the nonlinear relationship
between ECD and BOLD segregates into two parts: a lin-
ear relation between ECD and % (mean synaptic activity)
and anonlinear relation between BOLD and # asaresult
of the nonlinearity of the Balloon model.

Equation 17 shows different spatial distributions for
EPSPs and IPSPs that can be modeled with different pdf
of 6 (different values of g(cg ) and g(o{, ). In figures 6-7,
our intention is to separately illustrate the effects of IPSP
ratio and pdf of 8 on the relationship between fMRI and
MEG. In figures 6¢, 7b, and 7d, our focus is illustration of
the effect of IPSP ratio (r). Thus, we consider the same pdf
of 8 for EPSPs and IPSPs in these figures (c=c! =0). This
allows illustration of the effect of IPSP ratio without the
effect of the pdf of 8. On the other hand, in figures 6b, 7a,
and 7c, the goal is to illustrate the effect of the pdf of 6.
Therefore, we consider r=0 in these figures to merely
show the effect of the pdf of 8 without the effect of the
IPSP ratio. Note that according to equatmn 17 in the
manuscript, when r=0 the effect of g( g ) vanishes and
there is no need to assume the same pdf of 6 for IPSPs and
EPSPs in these figures.

Figure 6a illustrates the relationship between ECD
and BOLD accordlng to equation 21 with r = 0 and
o% =0 g 6+ ) =1) where BOLD increases and saturates
as ECD'increases. The curve can be separated into three
regions. For increasing ECD from zero to 1%, the BOLD
contrast is less than 15% of its maximum. The ECD and
BOLD signals are very small and may not be detected in
this region of the curve. The second part of the curve con-
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tains its steepest part where increasing ECD from 1% to
27% increases BOLD from 15% to 90%. The BOLD signal
saturates in the third part where 73% increase in ECD in-
creases BOLD signal by only 10%.

The effect of the pdf of 6 on the relationship between
the ECD and BOLD signals is shown in figure 6b. Three
curves are plotted foro =0,10and 25(r=0 for all curves).
According to figure 6b, for a large value of o5.=25 (where
the pdf of 6 tends to uniform) when the BOLD signal is at
its maximum, the ECD is less than 0.2% of its maximum
and is not detectable. The effect of the IPSP ratio (r) on the
relationship between the ECD and BOLD is shown in fig-
ure 6-c for three values of IPSP ratio, r = 0, 20%, and 40% (
of.= 61.= 0 for all curves). When r tends to 50% (canceling
EPSPs with IPSPs), the ECD tends to zero although the
BOLD signal is detectable at its maximum value.

In figure 7, a detectable signal for either ECD or
BOLD is assumed and effects of ¢ (pdf of 8) and r (IPSP ra-
tio) on the detection of the other one are evaluated. The
contrast of BOLDis fixed at 2% in figures 7aand 7b and the
resulting ECD is plotted as functions of ¢ and 7, respec-
tively. Note that increasing ¢ or r decreases ECD to zero
and thus even though the BOLD signal is detectable, there
may be no detectable MEG signal. In figures 7cand 7d, the
value of ECD is set to a detectable level (10% of its maxi-
mum) and the resulting BOLD is plotted as functions of o
and 7. Note that even with this small value of ECD, in-
creasing a or r increases the BOLD to its maximum.

As mentioned previously, the IPSP ratio in order of
10% is physiologically feasible in most of the cortical ar-
eas. We are not sure if the IPSP ratio of 50% is physiologi-
cally feasible. However, it is merely used to illustrate the
effect of canceling the EPSPs by IPSPs in our model.

Discussion

In this paper, an integrated model for the MEG and
fMRI is proposed. The PSPs are the common link be-
tween the MEG and fMRI. The parameters of the PSPs in
each neuron and even in each synapse in a neuron are
different. We treat each parameter of PSP as a random
variable. Considering expected values of these parame-
ters, the main relationship between ECD (in MEG) and
BOLD are derived in equation 21. Two parameters exist
in equation 21: the ratio of the number of active IPSPs to
the number of active EPSPs and the distribution of the
PSP directions. The first parameter summarizes different
aspect of EPSP and IPSP for MEG and fMRI. The second
one can show situations like the following. Spherically
symmetric distribution of PSPs” direction can represent
activities of the non-pyramidal cells or activations of the
inhibitory synapses belonging to the basal dendritic tree.
The sharp distribution of PSPs’ direction can model the
apical dendrites of the pyramidal cells for EPSPs.
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In the proposed model, the ratio of IPSP to EPSPs in
each voxel is assumed constant during activation (as
mentioned in the Integrated Model - Neural Basis of
MEG and fMRI section for the effect of IPSP in fMRI). The
effect of reducing the neural activities and the number of
active EPSPs by shunting inhibition is considered in the
model simply by the ratio of IPSP to EPSPs. If this ratio is
not constant during the activation, its effect can be mod-
eled by considering a time dependent value for this ratio.

Relationship between ECD and BOLD is nonlinear ac-
cording to equation 21 and figure 6. With low neural activi-
ties, both ECD and BOLD are so weak that can not be
detected. In the mid-range of the neural activity, there is al-
most a linear relationship between them. High neural ac-
tivity saturates the BOLD while ECD may increase (figure
6a). Figure 7 illustrates situations where for a specific neu-
ral activity, it is possible to detect the BOLD signal while
the ECD may or may not be detectable and vice versa.

Now, we address the synchronicity and its effect on
the MEG and fMRI signals. Assume N PSPs start to fire at
the same time synchronously. Peak of the measured signal
by the MEG sensors is N times of that for a single PSP.
Now, consider a situation in which there is no
synchronicity and each PSP fire with a delay with respect
to the previous PSP and the time duration from the first to
the last firing is in the order of 100-200 ms (duration of PSP
is in the order of 10-20 ms). In this case, the peak of the mea-
sured signal by the MEG sensors is almost equal to that of a
single PSP. The delay time in the order of 100 ms has no ef-
fects on the hemodynamic response and thus the two cases
are similar for the fMRI. To consider synchronicity, param-
eters of the linear model for relating external stimulus to
the number of active synapses (block 1 of figure 1) can be
changed and the number of PSPs that synchronously fire at
time ¢ can vary even with a fixed external stimulus.

There are several conditions that the MEG signal may
not be produced for a given neural activity. For example,
in a spherical head model, the radial dipoles and the di-
pole in the center of the sphere do not produce any mag-
netic field outside the sphere. In addition, the magnetic
field which is produced by a cortical source falls off as the
square of distance. Thus, superficial dipoles (that are close
to the sensors) have larger contributions than the deep di-
poles. Consequently, for a specific amount of neural activ-
ity and the resulting BOLD signal, the direction and
location of ECD can affect the measured field by the MEG
sensors. In the proposed model, the block "Lead Field
from Forward Problem" and the method selected for solv-
ing the inverse problem incorporate these into the model.

Conclusion

The purpose of this paper is to present an integrated
MEG and fMRI model. In the model, the neural activity is
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related to PSPs as the common link between MEG and
fMRI. The proposed stochastic model is based on the pa-
rameters of PSPs that are considered as random vari-
ables. Neural activities in a voxel can change rCBF and
produce BOLD signal in the neighboring voxels. We
model this spatial blurring property of the BOLD signal
as "Crosstalk from Neural Activities of Adjacent Voxels".
The effects of the model’s parameters are explored and il-
lustrated using multiple simulation studies. These simu-
lations show that the parameters of the model can
explain conditions for which there is a detectable {MRI
signal in a voxel but this voxel is silent for MEG and vice
versa. Possible differences in the spatial responses of the
MEG and fMRI can be shown using our model. The
crosstalk in fMRI and ill-posedness of the inverse prob-
lem in MEG contribute to the differences in the spatial re-
sponses of the two modalities. The proposed model is
instrumental in evaluating and comparing different
analysis methods of MEG and fMRI. It is also useful in
characterizing the upcoming methods for integrated
analysis of MEG and fMRIL
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