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Supplementary information
Neuronal Dynamics -- Spiking dynamics of each neuron and is simulated by using the Izhikevich model1


 ADDIN EN.CITE ,2
, which is expressed by a fast variable v and a slow recovery variable u:
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in particular, v is the membrane potential (in mV), while u approximates the difference of all inward and outward voltage-gated currents. Isyn is the total synaptic current, and a and b are parameters. When the membrane potential reaches the peak of the spike, i.e. v=30 mV, the model variables are reset according to v=c and u=d, where c and d are model parameters. Infra-node heterogeneity between neurons is achieved by varying the parameters a, b, c and d. Details of parameters distribution also employed in this simulation can be found in3

.
2

. This heterogeneous distribution, which distinguish between excitatory and inhibitory neurons, reflects the distribution of neuronal types of the majority of  mammalian neocortex
At each node a total of 1000 neurons were simulated, while keeping a 1:4 ratio between inhibitory and excitatory neurons4

.
In addition, neuronal dynamics for the ith neuron also encompass its synaptic conductance dynamics:
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were each `g’s constant represent the conductance of four receptors types (AMPA, NMDA, GABAA, GABAB) which follow their own dynamics: 
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, where τ = 5, 150, 6 and 150 ms for AMPA, NMDA, GABAA and GABAB receptors respectively.

Local, intra-node coupling – each neuron (both excitatory and inhibitory) has a fixed probability pintra=0.2 of establishing a directed connection to every other neuron of the same node; a fixed probability pintra was chosen to keep the average number of intra-node connection equal for all neurons (200 connections per neuron in average) while allowing variability between neurons. If a presynaptic neuron j is connected with postsynaptic neuron i, synaptic firing of j produces in i an increase of some g conductances by ccRjwj, where cc is a coupling constant, R is a ‘depression’ variable and w is a ‘facilitation’ variable5

):
5

. If the presynaptic neuron is an excitatory type, gAMPA and gAMDA are updated, while if the presynaptic neuron is an inhibitory type, gGABAA and gGABAB are updated. ‘Depression’ variable R and ‘facilitation’ variable w that define synaptic plasticity also have their own dynamics (see model by Markram et al.
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U, F and D are parameters experimentally measured in literature5
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. U, F and D are specific for each neuron types (excitatory- or inhibitory-type neurons).
Inter-node coupling

The ground truth adjacency matrix A is used to directly connect two nodes. "Presynaptic" and "postsynaptic" are, respectively, the driving (causal source) and the driven (causal sink) nodes. From a presynaptic node, nout=15 excitatory neurons are chosen at random and a directed (inter-node) connection is established between them and each of the neuron (excitatory and inhibitory) in the post-synaptic node with probability pinter=pintra=0.2. nout was chosen such that the number of outward connect neurons was low with respect to the total excitatory neurons in the same node (even in the case of a node connected towards every other node). The inter-node connection is implemented identical to the local coupling, except that the effects on the postsynaptic neuron are delayed by 10 ms from the onset of the spike on the presynaptic neuron. To stress the symmetry between intra- and inter-node coupling the probabilities pinter=pintra were arbitrary set to the same value.  If a presynaptic node is connected to more than one postsynaptic node, for each extra inter-node connection  the presynaptic neurons are chosen among those not previously engaged in inter-node connection towards other nodes, i.e. each single presynaptic neuron can only be connected to postsynaptic neurons of one node. 
BOLD dynamics

We describe BOLD signal as described in 7

. The BOLD signal y is a function of normalized venous volume V, normalized total deoxyhemoglobin q, and the basal rate of oxygen extraction E​0, and resting blood volume fraction V0:
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While q and V are time dependent variables with their own dynamics, V0 and E0  are assumed to be constant. The rate of normalized volume follow:
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Here, the rate of change of volume V is proportional to the difference of the inflow fin and the outflow fout ,which in turn depends on volume V. Also, the rate of change of deoxyhemoglobin q is proportional to the difference between the rate of import minus the rate of extraction:
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Where E/E0 represents the ratio of extracted oxygen, which is a function of the flow and the oxygen extraction
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Neurovascular coupling
The system depends on the inflow fin, whose dynamics is to be specified. Following9

 we assume that a local neurovascular signal s is responsible for the rate of change of fin: 

  

[image: image9.wmf].

in

f

s

=


where s has a specified dynamics:
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The first term of the r.h.s. specify that the rate of change of s is proportional to the neuron activity u, the second and the third terms are relaxation terms with respect to s itself and the inflow fin. We now only need to define the neuron activity u in terms of variables which describe the Izhikevich-neuron; since the BOLD signal is known to depend on the conductances of AMBA receptor types (which contribute to local field potential modulation10,11
) and of NMDA receptor types (which modulates blood flow through nitric oxide signaling pathway10
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), we set the neuron activity u as:
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u is therefore the node "signal" which enters causality estimation. 

Numerical values for constant parameters
Table of variables used in the simulation:
	name
	value
	unit

	Uexc
	0.5
	ms-1

	Fexc
	1000
	ms

	Dexc
	800
	ms

	Uinh
	0.2
	ms-1

	Finh
	20
	ms

	Dinh
	700
	ms

	V0
	0.02
	a.u.

	E0
	0.8
	a.u.

	α
	0.2
	a.u.

	τs
	800
	ms

	τ0
	1000
	ms

	τf
	400
	ms

	ϵ
	0.0001
	a.u.
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