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The causal connectivity of a network is often inferred to understand network function.
It is arguably acknowledged that the inferred causal connectivity relies on the causality
measure one applies, and it may differ from the network’s underlying structural
connectivity. However, the interpretation of causal connectivity remains to be fully
clarified, in particular, how causal connectivity depends on causality measures and
how causal connectivity relates to structural connectivity. Here, we focus on nonlinear
networks with pulse signals as measured output, e.g., neural networks with spike
output, and address the above issues based on four commonly utilized causality
measures, i.e., time-delayed correlation coefficient, time-delayed mutual information,
Granger causality, and transfer entropy. We theoretically show how these causality
measures are related to one another when applied to pulse signals. Taking a simulated
Hodgkin—Huxley network and a real mouse brain network as two illustrative examples,
we further verify the quantitative relations among the four causality measures and
demonstrate that the causal connectivity inferred by any of the four well coincides
with the underlying network structural connectivity, therefore illustrating a direct link
between the causal and structural connectivity. We stress that the structural connectivity
of pulse-output networks can be reconstructed pairwise without conditioning on the
global information of all other nodes in a network, thus circumventing the curse of
dimensionality. Our framework provides a practical and effective approach for pulse-
output network reconstruction.

causality | correlation | mutual information | Granger causality | transfer entropy

The structural connectivity of a network, such as a cortical network, is of great importance
in understanding the cooperation and competition among nodes in the network (1-3).
However, it is often difficult to measure directly the structural connectivity of a network.
On the other hand, with the development of experimental techniques in neuroscience, it
has become feasible to record simultaneously, with high temporal resolution, the activities
of many nodes in a network (4-6). This provides a possibility to reveal the underlying
connectivity of the network by analyzing the nodes’ activity data and identifying the
causal interactions (connectivity) among them (7—12).

There are difficulties in measuring these causal interactions: One of the most widely
used statistical indicators for interaction identification is the correlation coefficient
(13-15) that characterizes linear dependence between two nodes. The correlation coeffi-
cient is symmetric, and thus cannot distinguish the driver-recipient relation to recover the
causal connectivity (16). To solve this, the time-delayed correlation coefficient (TDCC)
(15, 17) is used to detect the direction of causal connectivity. However, TDCC, as a linear
measure, may fail to capture causal interactions in nonlinear networks. As a nonlinear
model-free generalization of TDCC, time-delayed mutual information (TDMI) (18-20)
was proposed to measure the flow of information in nonlinear networks. Despite their
mathematical simplicity and computational efficiency, TDCC and TDMI cannot exclude
the historical effect of signals and may encounter the issue of overestimation (19-21).
Granger causality (GC) (22-24) and transfer entropy (TE) (19, 25, 26) were two other
measures that were introduced to detect causal connectivity with the exclusion of the
signal’s own historical effects. GC is based on linear regression models and assumes
the causal relation can be revealed by analyzing low-order statistics of signals (up to
the variance). Consequently, the validity of GC for nonlinear networks is in general
questionable (27). In contrast, TE is a nonparametric information-theoretic measure that
quantifies the causal interactions with no assumption of interaction models. However, it
requires the estimation of the probability distribution of dynamical variables conditioned
on the historical information in networks, which makes TE suffer from the curse of
dimensionality in practical applications to network systems with many nodes (28-30).
It is known that the causal connectivity inferred by different causality measures can
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be inconsistent with each other (31-33). With one exception [TE
has been proven to be equivalent to GC for Gaussian variables
(34)], there is little understanding of the relationships between
these measurement techniques, including when they accurately
(or inaccurately) predict causal interaction (connectivity).

The determination of structural connectivity from causal
interactions faces even more fundamental difficulties: First, causal
interactions may not be the result of direct structural connections
between the nodes of the network, but rather the result of cor-
relations arising from common external stimuli, or correlations
arising from indirect connections (for example, there are two
direct connections, from X to Y and from Y to Z, denoted by
X — Y and ¥ — Z, respectively. This results in correlations
between X and Z, yet no direct connection from X to Z). For
clarity, a pair of neurons ¥ and X with a synaptic connection
from Y to X, denoted as ¥ — X, are called d-conn (directly
connected) (¥, X) pair. Otherwise, we term them an id-conn
(indirectly connected) (¥, X) pair. Second, causal connectivity,
asinferred from any of the above four measures, is statistical rather
than structural (35-39), i.e., causal connectivity quantifies direct
statistical correlation among network nodes, whereas structural
connectivity corresponds to physical connections among network
nodes. In general, it is not clear whether structural connectivity
can be reconstructed from causal connectivity.

In this work, we address the above issues for an important class
of nonlinear networks, which we term pulse-output networks
and which include spiking neural networks. The activity of each
node in a pulse-output network can be described as a stochastic
binary time series for the presence/absence of a pulse (spike) in
each time window, e.g., spike train. Under this description, we
illustrate mathematically that the four causal connectivity mea-
sures (TDCC, TDMI, GC, and TE) can be represented by one
another, to leading order in a perturbation expansion. Next, both
by simulations of a Hodgkin—Huxley (HH) neural network and
with experimentally measured data from mouse cortical network
(40, 41), we verify that the mathematical relations among the four
causality measures are valid for representative samples of pulse-
output networks. More importantly, for pulse-output networks,
we demonstrate that the underlying structural connectivity can
be recovered from the causal connectivity, itself inferred from any
one of four causality measures. For pulse-output networks of both
simulated Hodgkin—Huxley neural networks and a real mouse
cortical network (40, 41), we show that the potential problems
with the recovery of structural connectivity from causal connec-
tivity, e.g., confounders and hidden nodes, can be resolved.

We emphasize that the pulse-output nature of a spiking
neuronal network allows one to represent the neuronal signal
as a binary time series, with random spike times. With the
utility of this stochastic binary representation, our analytical
framework shows, using only pairwise information between
neurons, i) the establishment of mathematical relationships
between four common measures of causal connectivity, and
ii) the accurate pairwise predictions of structural connectivity
from causal connectivity, without conditioning on the global
information from all other nodes. Thus, the reconstruction can
circumvent the curse of dimensionality and can be applied to
the reconstruction of structural connectivity in large-scale pulse-
output nonlinear systems or subsystems.

Results

Concepts of Generalized Pairwise TDCC, TDMI, GC, and TE.
Consider a nonlinear network of N nodes with dynamics given

by
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dZ

dr
where Z = (21,2, ..., Zn). We focus on the application of
TDCC, TDMI, GC, and TE to each pair of nodes without
conditioning on the rest of nodes in the network, accounting
for the practical constraint that conditional causality measures
in general require the information of the whole network that is
often difficult to observe. For the ease of illustration, we denote
apairof nodesas X = Z;and ¥ = Z, and their measured time

series as {x,} and {y,}, respectively.
TDCC (15, 17), as a function of time delay 2, is defined by

=F(Z 1), (1]

CX Vi) = VG Inm)
0x0y

where “cov” represents the covariance, 6, and oy are the standard
deviations of {x,} and {y,}, respectively. A positive (negative)
value of m indicates the calculation of causal value from ¥ to X
(from X to ¥), and nonzero C(X;, ¥; m) indicates the existence of
causal interaction between X and Y. Without loss of generality,
we consider the case of positive 7 in the following discussions,
that is, the causality measure from ¥ to X.

In contrast to the linear measure TDCC, TDMI is a model-free
method being able to characterize nonlinear causal interactions
(18-20). TDMI from Y to X is defined by

2% Yn—m) 2]

[()(, Y; m) = Z P(xn’)’”*m) logp(xn)p()/n—m)’

X Yn—m

where p(x,, yn—m) is the joint probability distribution of x;,, y,,— >
p(x,) and p(y,—) are the corresponding marginal probability
distributions. /(X Y; m) is nonnegative and vanishes if and only
if x, and y,,—,, are independent (20). Nonzero /(X, Y; m) implies
the existence of causal interaction from Y to X for a positive 7.

It has been noted that TDCC and TDMI could overestimate
the causal interactions when a signal has a long memory (19—
21). As an alternative, GC was proposed to overcome the
issue of overestimation based on linear regression (22, 23, 42).
The autoregression for X is represented by x,4+1 = a9 +
Zf:] a;Xy+1—; + €,41, where {a;} are the estimated autore-
gression coefficients and €,4 is the residual. By including the
historical information of ¥ with a message length / and a time-
delay m, the joint regression for X is represented by x,41 =
G+ Y by Apn—it Z]l-zl biyn+2—m—j+Mnt1, where {z;} and
{b;} are the estimated joint regression coefficients, and #7,,+ 1 is the
corresponding residual. If there exists a causal interaction from Y
to X, then the prediction of X using the linear regression models
shall be improved by additionally incorporating the historical
information of Y. Accordingly, the variance of residual #,,4; is

smaller than that of €,41. Based on this concept, the GC value
from Y to X is defined by

Var(e,
Gy x(k I;m) = log \ﬁ-

The GC value is also nonnegative and vanishes if and only if

{bj} = 0, i.e., the variance of residual €,41 for X cannot be
reduced by including the historical information of Y. Note that,
by introducing the time-delay parameter 7, the GC analysis
defined above generalizes the conventional GC analysis, as the
latter corresponds to the special case of 7 = 1.
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GC assumes that the causal interaction can be fully captured
by the variance reduction in the linear regression models, which
is valid for Gaussian signals but not for more general signals.
As a nonlinear extension of GC, TE was proposed to describe
the causal interaction from the information theoretic perspective
(19). The TE value from Y to X is defined by

Ty—x(k lym) = > plowrs X;Sk)’)’;s{)kl—m)

k) (!
St 18 P

P(Xn+1 lxgk)’yi21_m)

Plonprlx57)
(k)

where the shorthand notation x;,

/ .1
yi_i)_l_m = (Jnt1=m> Yn—m» -+ Ynt2—m—1)» &, [ indicate the length

(order) of historical information of X and Y, respectively. Similar
to GC, the time-delay parameter 7 is introduced that generalizes
the conventional TE, the latter of which corresponds to the
case of m = 1. TE is nonnegative and vanishes if and only

if p(xn+1|x,(,k),y;(f_’)_l_m) = p(x,,+1|x,(1k)), i.e., the uncertainty

of x,41 is not affected regardless of whether the historical
information of Y is taken into account.

In this work, we investigate the mathematical relations among
TDCC, TDMI, GC, and TE by focusing on nonlinear networks
described by Eq. 1 with pulse signals as measured output, e.g.,
the spike trains measured in neural networks. Consider a pair of
nodes X and Y in the network of NV nodes, and denote their
pulse-output signals by

we(t) =Y 8(t—14) and wy ()= 8(t—1y), [4]
/ /

, (3]

-log

= (X Xp—1s - Xp—jpt-1) and

respectively, where 6(+) is the Dirac delta function, and {z,/} and
{71} are the output time sequences of nodes X and ¥ determined
by Eq. 1, respectively. With the sampling resolution of Az, the
pulse-output signals are measured as binary time series {x,} and
{yn}, where x,, = 1 (y, = 1) if there is a pulse signal, e.g., a spike
generated by a neuron, of X (¥) occurred in the time window
[t4, tn + At), and x,, = 0 (y,, = 0) otherwise, i.e.,

t,+Ar ty+Ar
X :/ wy(t)dt and y, :/ wy(t)ds,  [5]
ty tn

and #, = nAtr. Note that the value of Az is often chosen to
make sure that there is at most one pulse signal in a single small
enough time window. In the stationary state, the responses x;,
and y, can be viewed as stochastic processes when the network is
driven by stochastic external inputs. In such a case, for the sake
of simplicity, we denote py = p(x, = 1), p, = p(y» = 1), and
define Ap,, = Z% — 1, measuring the dependence
between x;, and y;,—,.

Mathematical Relation between TDMI and TDCC. For the re-
lation between TDCC and TDMI when applied to nonlinear
networks with pulse-output signals, we prove the following
theorem:

Theorem 1. For nodes X and Y with pulse-output signals given in
Egs. 4 and 5, we have

C*(X, Y;m)

[(X, Vim) = +0(A7Ap)), [6]

where the symbol “O” stands for the order.
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Proof: The basic idea is to Taylor expand TDMI in Eq. 2 with

respect to the term Lntien) (the detailed derivation can
PCn)p(n—m)

be found in S/ Appendix, Supporting Information Text 1B), then

we arrive at the following expression:
V4 (xn’)’n—m)
T Tim) = 3 plonnen)log(1-+ L2 )
anXn;m 2(0)p(n—m)

n=Lyp—m=1)— px 2

2(px _Pazc)(p)/ _PJZ/)

Since TDCC can be written as

P =1y =1) — PxPy

CXY;m)= (71
Joe =20~ 2)
we have
I(X, Y;m) = w + O(AFPApD).
O

Mathematical Relation between GC and TDCC. We next derive
the relation between GC and TDCC as follows:

Theorem 2. For nodes X and Y with pulse-output signals given in
Eqs. 4 and 5, we have

m+1—1
Gyox(klim)= Y CHX Y;i)+ O(APApL).  [8]

i=m

Proof: From the definition, GC can be represented by the
covariances of the signals (34) as

I (xp41 |X;Sk))

(341 Ixy(zk) @ﬂiﬁl—m)

Gy—x(k [;m) = log (9]

where T'(x|ly) = cov(x) — cov(x, y)cov(y) 'cov(x,y)T for

random vectors x and y, cov(x) and cov(y) denote the covariance
matrix of x and y, respectively, and cov(x, y) denote the cross-
covariance matrix between x and y. The symbol 7 is the transpose
operator and @ denotes the concatenation of vectors.

We first prove that the autocorrelation function (ACF) of
binary time series {x,} as a function of time delay takes the order
of Az (see SI Appendix, Supporting Information Text 1C for the
proof, SI Appendix, Fig. S1). Accordingly, we have

cov(x,gk)) = 0'3 (I+A),

where A = (a;),a;; = O(At), and T is the identity matrix.
Hence,

1 A
F(xn+1|x,(,k)) = 65 - ;cov(anrl,x,gk))(I —A)

- cov(x,+1, x;sk))T + O(Ats). [10]
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In the same way, we have

(%1 |x7(1/€) ea.y;(z{)kl—m)
= 02 = —scovlup 1)1~ Aeovliyg 1)

X

1 / A /
— ;cov(xn+1,y£_,)_1,m)(l - B)COV(Xn—l-l’)’;(H)-l—m)T
y

+ O(AFAp2). [11]

where B = (Z,j), Z,] = O(At). Substituting Eqs. 10 and 11 into
Eq. 9 and Taylor expanding Eq. 9 with respect to Az, we can
obtain

m+[—1
Gyox(klim)= " C*(X Yii)+ O(APAp}). [12]

i=m

The detailed derivation of Egs. 10, 11, and 12 can be found in
SI Appendix, Supporting Information Text 1C. O

Mathematical Relation between TE and TDMI. From the defini-
tions of TE and TDMI, TE can be regarded as a generalization
of TDMI conditioning on the signals’ historical information
additionally. To rigorously establish their relationship, we require

that ”xiﬁjl) ”0 < land H}’;(z{i)-l—m”() < 1 in the definition of TE

given in Eq. 3, where denotes the /) norm of a vector, i.e.,

'”o
the number of nonzero elements in a vector. This assumption
indicates that the length of historical information used in the
TE framework is shorter than the minimal time interval between
two consecutive pulse-output signals. With this condition, we

mathematically establish the following theorem:

Theorem 3. For nodes X and Y with pulse-outpur signals given

in Eqs. 4 and 5, under the assumption that ‘xr(l/fil) . < 1 and
)’r(z/J)rl—mHO < 1, we have
m+1—1
Tyox(klim)= > I(XY;i)+OAPAp}),  [13]

where Ty, x is defined in Eq. 3.

. . . k
Proof: To simplify the notation, we denote x,(z ) = (% Xn—15 -

/ _
X,,,k_t,_l) and}’ill_m = (}’n+1—m:)’n—m} ~-~;_}’n+27m7/) asx~ and
3™, respectively. From Eq. 3, we have

Y
Ty—x(k, l;m)= 1%y ) log B 22 2
ok lm= 2L plny ) el
Xpt-1,X7 )
m+[—1
= > IXY;)+A+B

(14]

where

2O 1xa1) T1205)
[T 20jlxn1) pO7)

A= 3" plat1.y7)log

Xn41,)"
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and

=y Pl 7)) plxat)
B = 1> X, 1
Z Pl ) log Peenr1ly™)  plxutalx™)

Xn+1,X" )"

n+1—m
j=n+2—m—["
of Eq. 14 can be found in SI Appendix, Supporting Information
Text 1D. A and B in Eq. 14 consist of multiple terms, and the
leading order of each term can be analytically calculated. For the
sake of illustration, we derive the leading order of one of these
terms and the leading order of the rest terms can be estimated

and ]_[]» in A represents The detailed derivation

. . . k41
in a similar way. Under the assumption that ||x;(1_:1 )”0 <1

/ .
and “)’Ez—i)-lfmno < 1, the number of nonzero components is at

() g0

most one in x, ;" and y, 1, . Without loss of generality, we
assumed x,+; = 1 and y,+1—, = 1. In such a case, we can
obtain the following expression in A,

2O 1xag1) T1205)
n_;’PO’j'xﬂ'f'l) P()/i) Xpt1=Lynt1-m=1

=py Y. Apupij+ O(APAp).
jFEnt+1—m

P(¥nt1,y") log

We can further show that the leading order of all the terms in
A cancel each other out (S Appendix, Supporting Information
Text 1D), thus we have A = O(A#> Ap2,). Similarly, we can also
show B = O(APAp2) (SI Appendix, Supporting Information
Text 1D), and thus
m+1—1
Tyox(klm)= ) I(XY:i)+ O(APAp).

O

Mathematical Relation between GC and TE. From Theorems 1—

3, we can prove the following theorem (see details in S/ Appendix,
Supporting Information Text 1E):

Theorem 4. For nodes X and Y with pulse-output signals given

<1 and
0

in Eqs. 4 and 5, under the assumption that Hxil_e:il)
O]

y”'H*mHO < 1, we have

Gy_x(k l;m) =2Ty_ x(k I;m) + O(AtzAp‘:’n), [15]
where Ty, x is defined in Eq. 3.

Note that in Theorems 3 and 4, we require the condition

“xii_—ﬁl) ||0 < 1land ||y£21_m||0 < 1 to establish the relations of

causality measures. However, the relations of the four causality
measures remain to hold approximately in the absence of this
condition, as will be discussed below.

We summarize the relations among the four causality measures
in Fig. 1. Note that the relations depend on the condition of
weak dependence between X and Y described by small Ap,, (see
derivations in S/ Appendix, Supporting Information Text 1). We
note that in some extreme case with very strong inhibition, Ap,,
can approach —1 so that the relations no longer hold. In such
case of Ap,, & —1, different equivalence relations among the four
causality measures apply, as developed in ST Appendix, Supporting
Information Text 2. We describe the numerical verification of
these relations in the Discussion.

pnas.org
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Theorem 1

Theorem 2
Theorem 3

Theorem 4

Fig. 1. Mathematical relations among TDCC, TDMI, GC, and TE established
by four theorems.

Mathematical Relations of Causality Measures Verified in HH
Neural Networks. To verify the relations among the causality
measures derived above, as an illustrative example, we apply gen-
eralized pairwise TDCC, TDMI, GC, and TE to the HH neural
network described in Materials and Methods. We first consider a
d-conn pair of neurons ¥ — X in an HH network containing 10
excitatory neurons driven by independent homogeneous Poisson
inputs. Let {7/} and {,;} be the ordered spike times of neuron
X and Y in the HH network respectively and denote their spike
trains as wy(#) = Y, 6(¢r — 7y) and wy(z) = Y ,6(¢ — 1),
respectively. With a sampling resolution of Az, the spike train
is measured as a binary time series as described above. To
numerically verify the above theorems, we then check the order
of the remainders in Eqs. 6, 8, 13, and 15 in terms of Az and
Apyy,. Note that Ap,,, the measure of the dependence between
X and Y, is insensitive to sampling resolution Az (SI Appendix,
Fig. §2). Therefore, by varying sampling interval Az and coupling
strength S (linearly related to Ap,,), respectively, the orders of
the remainders are consistent with those derived in Egs. 6, 8, 13,
and 15 as shown in Fig. 2. In addition, Fig. 3 verifies the relations
among the causality measures by changing other parameters. For
example, in Eqgs. 8, 13, and 15, the four causality measures are
proved to be independent of the historical length 4, which is
numerically verified in Fig. 34. And although the values of GC
and TE rely on the historical length / in Fig. 3B, the mathematical
relations among the four causality measures revealed by Theorems
14 hold for a wide range of /. Recall that, in order to establish
rigorously the relations of the causality measures of Theorems

3 and 4, our proofs required the assumption Hx,(iil) Ho <1

/ . . .
and || }’fz—&)-l—m”o < 1. This assumption can often be satisfied:
For example, in the above simulations, the memory time of the
neuron is about 20 ms, while the interspike interval is around

A

107 107
7 —
5 10 5 10 7
2 2
g 5 g ‘
2 4o %7 23TDMI-ZTDCC? 2 40 £ 23TDMI-XTDCC?
GC-3TDCC? GC-3TDCC?
+ 2TE-2ZTDMI + 2TE-2ZTDMI
X GC-2TE X GC-2TE
10*11 10*11
1072 107! 100 102 107" 100
At Apm

Fig. 2. Numerical verification of the convergence order of the remainders
in terms of (A) At and (B) Apm. The convergence orders for At in (A) and
Apm in (B) agree well with Theorems 1-4 (RZ > 0.998). The gray dashed and
solid lines indicate the 2nd-order and 3rd-order convergence, respectively.
The four causality measures are calculated from a d-conn pair in an HH
network of 10 excitatory neurons randomly connected with probability 0.25.
The parameters are set as k =/ = 5 and m = 6 (time delay is 3ms), S = 0.02
mS cm—2 in (A), and At = 0.5 ms in (B).
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Fig. 3. Dependence of causal values on parameters of (A) order k, (B) order
1, (C) time delay, and (D) coupling strength S obtained from the same pair
of neurons in the HH network in Fig. 2. In (C), a positive (negative) time
delay indicates the calculation of causal values from neuron Y to neuron X
(from X to Y). The green curve represents the summation of squared TDCC
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dashed curve in (A)-(C) is the significance level of causality for an id-conn
pair in the same HH network. The gray star curve in (D) is the quadratic fit
of causal values with respect to different S. The parameters are set as (A):
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k=1=1,At=05ms,m=6.

100 ms. However, even when the assumption breaks down in
the regime of high firing rate, the mathematical relations among
the four causality measures remain to hold approximately, as
examined numerically in SI Appendix, Fig. S3.

We next verify the mathematical relations among the causality
measures for the parameter of time delay 7 by fixing parameters
kand /. In principle, the value of £ and / in GC and TE shall be
determined by the historical memory of the system. To reduce
the computational cost (15, 43, 44), we take # = / = 1 for all the
results below. It turns out that this parameter choice works well
for pulse-output networks because of the short memory effect
in general, as will be further discussed later. Fig. 3C shows the
mathematical relations hold for a wide range of the time-delay
parameter used in computing the four causality measures (see
more examples in SI Appendix, Fig. S4).

We further examine the robustness of the mathematical
relations among TDCC, TDMI, GC, and TE by scanning the
parameters of the coupling strength S between the HH neurons
and external Poisson input strength and rates. As shown in
Fig. 3D, the values of the four causality measures with different
coupling strength are very close to one another. Their relations
also hold for a wide range of external Poisson input parameters (S/
Appendix, Fig. S5). From the above, the mathematical relations
among TDCC, TDMI, GC, and TE described in Theorems 1-4
are verified in the HH network.

Relation between Structural Connectivity and Causal Connec-
tivity in HH Neural Networks. We next discuss the relation
between the inferred causal connectivity and the structural

https://doi.org/10.1073/pnas.2305297121
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Fig. 4. Distributions of causal values in an HH network of 100 excitatory
neurons randomly connected with probability 0.25. (A) The distribution
of causal values of each pair of neurons in the whole network. (B) The
distribution of causal values of each pair of neurons in an HH subnetwork
of 20 excitatory neurons. The parameters are setas k =/ =1, S = 0.02
mS cm’z, At = 0.5 ms, and m = 6. The colors are the same as those in Fig. 3
and the curves nearly overlap.

connectivity. Note that the causal connectivity inferred by these
measures is statistical rather than structural (35-37), i.e., the
causal connectivity quantifies the direct statistical correlation
or dependence among network nodes, whereas the structural
connectivity corresponds to physical connections among network
nodes. Therefore, a precise relationship between causal connec-
tivity and structural connectivity has been unclear. In Fig. 3C,
the peak causal value from ¥ to X (at time delay around 3 ms,
m = 06) is greater than the significance level (the gray dashed line
in Fig. 3C), while the causal value from X to Y is not. Based
on this, the inferred direct causal connections between X and ¥
are consistent with the underlying structural connections. From
now on, we adopt peak causal values, 7 = 6, to represent the
causal connectivity unless noted explicitly.

To investigate the validity of this consistency in larger net-
works, we further investigate a larger HH network (100 excitatory
neurons) with random connectivity structure and homogeneous
coupling strength (87 Appendix, Fig. S6A). As shown in Fig. 44,
the distributions of all four causal values across all pairs of
neurons virtually overlap, which again verifies their mathematical
relations given by Theorems 1-4. In addition, as the network
size increases from 10 to 100 neurons, the distributions of the
causality measures in Fig. 44 exhibit a bimodal structure with
a clear separation of orders. By mapping the causal values with
the structural connectivity, we find that the right bump of the
distributions with larger causal values corresponds to d-conn
pairs, while the left bump, with smaller causal values, corresponds
to id-conn pairs. The well separation of the two modals indicates
that the underlying structural connectivity in the HH network
can be accurately estimated from the causal connectivity.

The performance of this reconstruction approach can be
quantitatively characterized by the receiver operating character-
istic (ROC) curve and the area under the ROC curve (AUC)
(31, 45, 46) (Materials and Methods). 1t is found that the AUC
value becomes 1 when applying any of these four causality
measures (SI Appendix, Fig. S6B), which indicates that the
structural connectivity of the HH network could be reconstructed
with 100% accuracy. We point out that the reconstruction of
network connectivity based on causality measures is achieved
by calculating the causal values between each pair of neurons
that requires no access to the activity data of the rest of neurons.
Therefore, this inference approach can be applied to a subnetwork
when the activity of neurons outside the subnetwork is not
observable. For example, when a subnetwork of 20 excitatory HH
neurons is observed, the structural connectivity of the subnetwork
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can still be accurately reconstructed without knowing the
information of the rest 80 neurons in the full network as shown in
Fig. 4B. In such a case, the AUC values corresponding to the four
causality measures are 1 (SI Appendix, Fig. S6C). In addition,
we have also shown that, for HH networks with heterogeneous
coupling strength (for example, the coupling strength follows
a log-normal distribution), accurate reconstructions of network
structural connectivity can still be achieved (S/ Appendix, Fig. S7).
To increase biological plausibility, we have enlarged network size
to 10% neurons activated in a balanced excitation-inhibition state
(Networks in balanced states in the Discussion). In such alarge bal-
anced network, accurate reconstruction performance is preserved.

Mechanism Underlying Network Connectivity Reconstruction
by Causality Measures. We next demonstrate the mechanism
underlying the validity of pairwise inference of pulse-output
signals in the reconstruction of network structural connectivity.
It has been frequently noticed that pairwise causal inference may
potentially fail to distinguish d-conn from id-conn pairs (16, 47).
For example, in the case that ¥ — W — X, the id-conn (¥, X)
pair, may possibly be mis-inferred as a d-conn pair via pairwise
causality measures. However, pulse-output signals circumvent
such spurious inferences as explained below. Here we take TDCC
as an example to elucidate the underlying reason for successful
reconstruction. If we denote Spy—x = plx, = llpp—m =
1) — p(x, = l|yu—m = 0) as the increment of probability of
generating a pulse output for neuron X induced by a pulse-
output signal of neuron Y at 7 time step earlier, we have TDCC
2

C(XY;m) = dpy—x py—pyz through Eq. 7. For the case of

Px—Px
Y - W — X, we can derive 6py . x = O(6py—w - 6pw—x)s
and further C(X, Y;m) = O(C(W, Y;m) - C(X, W;m)) (see
derivation details about the relations among 6p, Ap,,, and
causality measures in ST Appendix, Supporting Information Text
3 and Fig. S84). Because the influence of a single pulse-output
signal is often small (e.g., in the HH neural network with
physiologically realistic coupling strengths, we obtain [dp| <
0.01 from simulation data), the causal value C(X, Y; m) for the
id-conn (Y,X) pair is significantly smaller than C(\V, Y;m) or
C(X, W;m) for d-conn (¥, W) and (W, X) pairs as depicted in
Fig. 44. Another key concern in pairwise inference arises from
correlated activity triggered by shared upstream drivers, termed
“confounders.” They will possibly result in the misidentification
of id-conn pairs as d-conn pairs, an issue observed in traditional
inference methodologies (47-50). For neuron pairs influenced
by a common driver, represented as ¥ < W — X, where
W acts as the confounder for X and Y, a similar relation can
be derived: dpy_ x(ordpx—y) = O(Spw—y - 5]JWH)() (S1
Appendix, Supporting Information Text 3 and Fig. S8B). As a
consequence, the indirect causality resulting from confounders is
also significantly diminished when compared to that from direct
interactions.

We also note that the increment 6p is linearly dependent on the
coupling strength S (ST Appendix, Fig. S8C), thus we establish
a mapping between the causal and structural connectivity, in
which the causal value of TDCC is proportional to the coupling
strength § between two d-conn neurons. The mapping between
causal and structural connectivity for TDMI, GC, and TE is
also established in a similar way, in which the corresponding

causal values are proportional to S? as shown in Fig. 3D.
Therefore, the application of pairwise causality measures to
pulse-output signals is able to successfully reveal the underlying
structural connectivity of a network. Furthermore, leveraging this
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quadratic relation between causal value and coupling strength, it
is possible to estimate the coupling strength rather than “coupled
or not coupled” based on the causal value, which requires more
future studies. In summary, for pulse-output networks, structural
connectivity can be accurately inferred from causal connectivity
in a pairwise manner that overcomes computational issues of
high dimensionality. Thus, the method is potentially applicable
to experimentally measured data from large-scale biological
networks or subnetworks as discussed below.

Network Connectivity Reconstruction with Physiological Ex-
perimental Data. Next, we apply all four causality measures to
experimental data to address the issue of validity of their math-
ematical relations and reconstruction of the network structural
connectivity. Here, we analyze the in vivo spike data recorded
in the mouse cortex from Allen Brain Observatory (40, 41)
(Materials and Methods). By applying the four causality measures,
we infer the causal connectivity of those cortical networks. As
the underlying structural connectivity of the recorded neurons
in experiments is unknown, we first detect putative connected
links from the distribution of causality measures, and then
follow the same procedures as previously described in the
HH model case using ROC and AUC in signal detection
theory (31, 45, 46) (Materials and Methods) to quantify the
reconstruction performance.

Because we have demonstrated the equivalence of the four
causality measures, we will use TE as a representative causality
measure to demonstrate a way to detect putative connections.
As we have shown above, the TE values are proportional to
S$2. In addition, previous experimental works observed that the
coupling strength S follows the log-normal distribution both for
intra-areal and interareal cortical networks in mouse and monkey

brains (51). Thus, the distribution of TE for d-conn pairs should
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follow the log-normal distribution. In addition, we assume that
the distribution of TE for id-conn pairs also obeys the log-normal
distribution (Materials and Methods).

To validate the above assumption of two log-normal distribu-
tions of TE values, we consider an HH network where neurons are
randomly connected and the network coupling strength follows
the log-normal distribution as observed in experiment (51). In
this case, although the distribution of log TE values (log, , Ty x)
in Fig. 54 for d-conn and id-conn pairs overlap with each
other, it can be well fitted by the summation of two log-normal
distributions of TE values. Importantly, the fitted distributions
of TE of d-conn and id-conn pairs agree well with those of the
true connectivity setup in simulation as shown in Fig. 5B. Thus,
we take the log-normal fitted distributions of causality measures
as the ground truth of structural connectivity to evaluate the
performance of network connectivity reconstruction, e.g., the
AUC value is 0.997 in Fig. 5B. Additionally, we evaluate the
performance of network reconstruction by using an experimen-
tally measured log-normal distribution of synaptic weights (52).
A slightly degraded reconstruction performance can be achieved
with AUC value of 0.90, as depicted in SI Appendix, Fig. STE.
Practically, an optimal inference threshold determined as the
intersection of the two fitted distribution curves (53) can be used
for network connectivity reconstruction, which is indicated by
the vertical solid line in Fig. 5B. In addition, the above results are
robust for a variety of coupling strength distributions, including
uniformly distributed and Gaussian distributed coupling strength
with AUC values higher than 0.95 (S Appendix, Fig. S7).

We then apply the same ROC analysis to all the four causality
measures when analyzing experimental data under different visual
stimuli conditions. As shown in the /nsets of Fig. 5 C-F, the
distribution of TDCC, TDMI, GC, and TE values are close to
each other, which again verifies their mathematical relations given
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Fig. 5. Reconstruction of structural connectivity by the assumption of mixed log-normal distribution of causal values. (4) Distribution of TE values in an HH
network of 100 excitatory neurons. The entry Aj; in the adjacency matrix follows a Bernoulli distribution with probability of 0.25 being 1. For the d-conn pairs,
eg.Aj=1, the corresponding coupling strength from neuron j to neuron i is sampled from a log-normal distribution. The blue and red curves are the simulated
and fitted distributions, respectively. Inset: Histogram of structural coupling strength, S. (B) Distributions of TE values from d-conn and id-conn pairs of HH
neurons in (A). The red and orange curves are the simulated TE values from d-conn and id-conn pairs respectively, while the blue and green curves are the fitted
TE values from d-conn and id-conn pairs respectively which are obtained from the fitting in (A). Other parameters are the same as those in Fig. 4. (C-F) ROC
curves of the network composed by the recorded neurons in experiment under visual stimuli of (C) drifting gratings, (D) static gratings, (F) natural scenes, and
(F) natural movie, with AUC values equal to 0.950, 0.951, 0.953, 0.967. Insets: The distribution of causal values of each pair of neurons in the whole network. The
parameters are setas k = 1,/ = 5, At = 1 ms, and m = 1. The colors are the same as those in Fig. 3. (G) The similarity matrix of TE values over all neuron pairs
across different stimuli conditions. For each pair of stimuli conditions, the similarity between the inferred TE values is measured by their correlation coefficient.
The similarity matrix is symmetric with respect to its diagonal of ones, and the lower triangular part of the matrix is shown in the heatmap.
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by Theorems 1 to 4. Furthermore, to confirm the assumption of
small |Ap,,| for experimental data, we examined the distribution
of |Apyl. As detailed in ST Appendix (SI Appendix, Fig. S9,
Top panel), a substantial majority of the distribution adheres
to the expansion assumption, specifically where |Ap,,| < 1.
Under the assumption of mixed log-normal distribution (§7
Appendix, Fig. S9, Middle panel), we first infer the ground truth
of the network structural connectivity, and then evaluate the
reconstruction performance of all four causality measures by the
ROC curves as shown in Fig. 5 C-F with AUC values greater
than 0.95. To investigate the consistency of reconstruction
across different stimuli conditions, we compute the correlation
coefficient of causal values for each pair of stimuli. As shown in
Fig. 5G, our reconstruction achieves relatively high consistency
across conditions with a correlation coefficient higher than 0.75.
Note that almost all of the causal values of inconsistently inferred
connections fall into the overlapping region of the distributions
of d-conn and id-conn pairs (green curves in S/ Appendix, Fig. S9,
Bottom panel) which are generally error prone. We point out that
such error prone generally exists as we can see similar phenomena

for HH networks (87 Appendix, Fig. $10).

Discussion

In this work, inspired by the pulse-output nature of spiking
neuronal networks, we have built an analytical framework upon
a stochastic binary representation of neuronal interactions. This
framework allows us, using only pairwise information between
neurons, to i) establish the mathematical relationships between
four widely used measures (TDCC, TDMI, GC, and TE)
of causal connectivity, and ii) accurately reconstruct physical
(structural) connectivity from causal connectivity in simulated
HH neuronal networks. In addition, our framework provides
the clarification and reduction of the major possible obstacles
induced by confounders and unmeasured hidden nodes in
conventional network reconstructions. Finally, we have used
this analysis of pulse-output signals to reconstruct the structural
connectivity of the real neuronal network in the mouse brain
from experimentally measured spike-train data and have achieved
promising performances.

We emphasize two key features of pulse-output signals in
eliminating of the curse of dimensionality that lead to effective
network reconstruction via our framework: i) the short timescale
of autocorrelation, and ii) the weakness of indirect causalities.
On the one hand, with small time step Az commonly used
in experiment, the short autocorrelation timescale protects the
inferred causality from the corruption of the self-memory of time
series. Therefore, the short autocorrelation length overcomes the
curse of dimensionality in the estimation of probability density
function by reducing the order of conditioned signal history (e.g.,
k =/ = 1). On the other hand, because of the spike nature of the
pulse-output signal, the causal values of d-conn pairs are several
orders of magnitude larger than those of id-conn pairs, providing
a clear distinction between the two. These two features make
our framework a practical approach for pulse-coupled network
reconstruction. In contrast, if these causality measures are directly
applied to continuous-valued signals, e.g., voltage time series of
a neuronal network, the mathematical relations derived in our
theorems do not hold (87 Appendix, Fig. S114) and the network
reconstruction may also fail. For instance, TDCC and TDMI
give incorrect reconstruction of the structural connectivity due
to the strong self-correlation of continuous-valued time series (S/

Appendix, Fig. S11B).
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In the main text, we have illustrated the effectiveness of the
four causality measures by taking the examples of an excitatory
HH neural network receiving uncorrelated external Poisson
drive (Materials and Methods). In fact, as discussed below, these
methods apply much more broadly for pulse-output networks,
including networks in synchronized states, networks receiving
correlated inputs, networks with different neuronal models,
networks comprising both excitatory and inhibitory neurons,
networks in balanced states, and networks with output by
surrogate calcium imaging data.

Synchronized States. Oscillations and synchronizations are com-
monly observed in the biological brain network, as shown in S/
Appendix, Fig. S12A. Due to the fake causality between neu-
rons introduced by the strong synchronous state, conventional
reconstruction frameworks fail to capture the true structural
connectivity. However, with our framework, high inference
accuracy (AUC > 0.88) can still be achieved (SI Appendix,
Fig. S12 B and C). Furthermore, by applying a desynchronized
sampling method that only samples the pulse-output signals
in asynchronous time intervals (S Appendix, Fig. S12D), we
can again perfectly reconstruct the network (AUC > 0.99, S/
Appendix, Fig. S12 E- and F). The relation between percentages
of desynchronized downsampling and AUC values is shown in

SI Appendix, Fig. S13.

Correlated Inputs. External inputs to the network in the brain
can often be correlated. In such a case, the synchronized states
may be observed similarly as in previous cases (SI Appendix,
Fig. S14A4). Nevertheless, our framework can still achieve high
inference accuracy (AUC > 0.99 with desynchronized down-
sampling methods, or AUC > 0.88 without downsampling, S/
Appendix, Fig. S14 B—F) if the external inputs are moderately
correlated, e.g., correlation coefficient less than 0.30 in our
simulation case.

Different Neuronal Network Models. We apply our framework
of reconstruction to other types of neuronal networks, including
leaky integrate-and-fire (LIF) network (54), Izhikevich network
(55), FizHugh-Nagumo network (56), and Morris—Lecar net-
work (57) (Materials and Methods). The results of all these
networks can be seen in SI Appendix, Fig. S15. Our framework
works well, with clear two-modal distributions of causal values
(SI Appendix, Fig. S15 B, E, H, and K) and high reconstruction
performance (AUC > 0.98, SI Appendix, Fig. S15 C, F, I, and L).

Networks Comprising Excitatory and Inhibitory Neurons.
While the computational studies above have focused on net-
works of excitatory neurons, we now extend our framework
to the case of HH networks consisting both excitatory and
inhibitory neurons. In this context, we analyze a 100-neuron
HH network configuration, comprised of 80 excitatory neurons
and 20 inhibitory neurons. Recognizing the inherent tendency of
inhibitory neurons to induce synchronization, we incorporate the
downsampling preprocessing step prior to our methods applica-
tion and achieve similarly accurate reconstructions (AUC > 0.99
with desynchronized downsampling methods, or AUC > 0.71
without downsampling, ST Appendix, Fig. S16).

Networks in Balanced States. Given that the inclusion of
inhibitory neurons does not impact the performance of our
method, we further extend our approach by applying it to the
LIF network operating in the balanced dynamical regime (58).
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The balanced state is a widely recognized feature of cortical
network dynamics, characterized by the cancelation of strong
excitatory and inhibitory inputs for each individual neuron in
the network. In the balanced state, neurons display fluctuation-
driven behavior, and the entire network is in the asynchronous
state. We simulate the balanced state of LIF neuronal networks
using parameters from previous works (59) (Materials and
Methods) with varying network sizes and sparsity levels. As
illustrated in S/ Appendix, Fig. S17A, our framework exhibits
robust reconstruction performance for balanced networks with
a fixed number of connections K = 40 for each neuron. As
the network size IV varies, AUC values always remain close to
1. Moreover, for a fixed network size N = 40,000, we vary
the number of connections K from 20 to 4,000, changing the
network connection density from 0.1 to 20%. Our findings
indicate that for networks with connection density below 10%,
our reconstruction framework performs well, as depicted in
SI Appendix, Fig. S17B. Note that for relatively small X, the
strong inhibition might lead to the case of Ap, ~ —1 due

to the synaptic coupling strength being O(1/+/K). In such
a case, another version of mathematical relations among the
four causality measures has been developed and numerically
verified in ST Appendix, Supporting Information Text 2 and in §7
Appendix, Fig. S184. For networks with fixed connection density,
p = K/N, as the network size N increases, the proportion
of neuronal pairs with Ap,, ~ —1 decreases (SI Appendix,
Fig. S18 C—F). Therefore, the relations in Theorems 1-4 are
valid for large E-I balanced networks with realistically large
degree such as K = 1,000. In addition, for large sparse E-
I balanced networks, the separation between distributions of
d-conn pairs and id-conn pairs remains valid, guaranteeing good
reconstruction performances (S Appendix, Fig. S18B).

Surrogate Calcium Imaging Data. In addition to its application
to spike-train data, our framework introduces the potential for re-
constructing structural connectivity from calcium imaging data.
Calcium imaging is widely used to visualize individual neuronal
activities. However, compared to spike-train data, calcium signals
have slower dynamics, which results in lower temporal resolution
of the signals. This restricts the ability to capture precise spike
timings for each neurons, thus, challenging the accuracy of our
framework. To evaluate the validity of our framework in such
a case, we first simulate calcium imaging data by coarsening
the precise spike-train data of simulated HH networks, which
mimics the spike train obtained by deconvoluting the calcium
imaging data in experiments. As illustrated in S/ Appendix,
Fig. S19, given adequate data length, our framework can still
successfully identify the bimodal distribution of causal values,
achieving an AUC value being 0.97. Consequently, provided
with sufficient recording length, our framework may be capable
of reconstructing the intrinsic structural connectivity of neuronal
networks with measured calcium imaging data.

In practice, a separation in the distribution of causal values
between the contribution of d-conn and id-conn pairs calculated
from data indicates the effectiveness of our method. To ensure
good performance, our method requires i) a sufficient number
of recorded firing events, ii) asynchrony (or only moderate
synchrony), and iii) sparse connectivity. Somewhat more quanti-
tatively, first, our method relies on the detection of accumulative
information transfer in the pulse-output signals. Hence, it
requires sufficient time length of recording signals. As shown in
SI Appendix, Fig. S20A, by scanning various coupling strengths,
our method is effective across the majority of coupling strengths
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with 1.2 x 10° spikes per neuron (corresponding to a duration of
roughly a few hours (107 ms) of recording at a 12 Hz firing rate)
in the pulse-output signals. We note that the effectiveness of our
method relies on the magnitude disparity between d-conn and
id-conn pairs. In application, it is better to choose the causality
measure which depicts a clearer double-peak feature in the
distribution of causal values. When considering two independent
neurons with limited recording data length, the causal value lies
at approximately O(1/L) with L denoting the length of time
series. If the causal values, being quadratically related to the
coupling strength, are not considerably greater than O(1/L),
weak connections might remain undetected. Taking TDCC as
an illustrative point, based on Egs. 3 and 6 from SI Appendix,
Supporting Information Text 1, and given p, ~ p, = rAr K 1,
it implies C(X, Y;m) ~ rAtApy,,. This further indicates that
C(X, Y;m)? should surpass the baseline of independent pairs,
e, C(X, Yim)? ~ rPAr*Ap?, > O(1/L) = a/L, where a is
a system-dependent coefficient. Such criteria impose constraints
on the spike-train data: the mean firing rate, 7, the recording
data length, Z, and neuronal coupling strength (proportional to
Apy), cannot be very small concurrently, i.e., ”2LAp2 At* > a.
Therefore, the weaker the coupling strength, the longer the length
of data that is required.

In addition, our approach works for neuronal networks in the
asynchronous regime, but it can withstand a moderate amount
of synchronization. Networks displaying extensive synchroniza-
tion or correlation (60) have consistently posed challenges for
structural connectivity reconstruction (47). We have previously
highlighted that, with the aid of downsampling techniques,
our method remains effective in quasisynchronized networks
(SI Appendix, Figs. S12, S14, and S16). For HH dynamics
with input correlation less than 30%, our method works well
after downsampling, as shown in S/ Appendix, Fig. S20B.
Nevertheless, if the synchronization level rises further, the
unsynchronized periods after downsampling will possess very
few spikes, and, given the constraints discussed above, our
method may be ineffective. In addition, high-density connectivity
poses another challenge. We find that performance drops
when connection density exceeds 30% in HH networks, and
40% after downsampling (SI Appendix, Fig. S20C). This can
be attributed to the compounded causal effects via indirect
interaction pathways (48—50). As the network connection density
increases, the number of indirect pathways also increases and
the contribution from indirect pathways toward causality will
accumulate monotonically, as formulated by Eq. 40 in S/
Appendix, Supporting Information Text 3. When these indirect
pathways exert influence commensurate to (or even surpassing)
direct connections, the reconstruction performance drops.

Materials and Methods

Reconstruction Performance Evaluation. For binary inference of structural
connectivity, analysis based on receiver operating characteristic (ROC)
curves is adopted to evaluate the reconstruction performance in this work. The
following two scenariosare considered. (Unless otherwise specified, the length of
simulated spike-train dataused forreconstruction analysisinthisworkis 107 ms.)
With known structural connectivity. The conventional procedures for ROC
curves analysis can be naturally applied toward data with true labels, i.e.,
structural connectivity in our binary reconstruction case. The area under the ROC
curve (AUC) quantifies how well causality measures can distinguish d-conn pairs
from id-conn pairs. If AUC is close to 1, the distribution of the causal values
of those two kinds of pairs (d-conn and id-conn pairs) is well distinguishable,
i.e., the performance of binary reconstruction is good. If the AUC is close to
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0.5, the distributions of causal values of those two types of pairs are virtually
indistinguishable, meaning the performance of reconstruction is close to a
random guess.

Without known structural connectivity. Conceptually, the causality measures
ford-conn and id-conn pairs can be fitted by the log-normal distribution with dif-

(d-conn) ~ N(py, o )and 10910 T)SId conn)

ferent parameters, i.e., logq Ty, y
N (g, 02) respectively. So motlvated we fit the overall distribution with the
summation of two log-normal distributions

_ 2 1— _ 2
pe em(_w 1) >+ pcﬂp(jx ?>)/
271'612 207 Zm;% 20y

where pc is the proportional coefficient between two Gaussian distributions

logqg T)Eic;nn) and logqg Tﬁ'd'conn). After that, the fitted distribution of two
types of pairs is regarded as the true labels of structural connectivity. The similar
procedures, as the previous case with known structural connectivity, are applied
to obtain the ROC curve and the AUC value to evaluate the reconstruction

performance.

HH Model. The dynamics of the jth neuron of an HH network is governed (61)

V:
Ciﬁ —G (Vi = V) + M Ky

I;\‘a = _GNam,' hi(Vi — Vna)
= —Ggn} (V; — V),

input

% = (1 =z)az(V}) = zip(Vy), forz=m,h,n,

where C and V; are the neuron's membrane capacitance and membrane
potential (voltage), respectively; m;, h;, and n; are gating variables; Vya, Vk,
and V| are the reversal potentials for the sodium, potassium, and leak
currents, respectively; Gy, Gg, and G| are the corresponding maximum
conductances; and a; and B; are the rate variables. The detailed dynamics
of the gating variables m, h, n and the choice of parameters can be found
in ref. 53 and S/ Appendix, Supporting Information Text 4. The input current
l;npUt = —G;(t)(V; — Vg) where G;(t) is the input conductance defined by
Gi(t) = 132 H(t — si) 4+ 325435 22 H(t — =jp) and Vg is the reversal
potential of excitation. Here, s;; is the /th spike time of the external Poisson
input with strength f and rate v, A = (4;) is the adjacency matrix with 4;; = 1
indicating a direct connection from neuron j to neuron i and A; = 0 indicating
no connection there. S is the coupling strength, and z;; is the /th spike time
of the jth neuron. The spike-induced conductance change H(t) is defined by
Ht) = % [exp (—;Z) — exp (—— O(t), where 64 and o/ are the
decayand rise time scale, respectively, and ©(-) is the Heaviside function. When
the voltage V; reaches the firing threshold, Vy, the jth neuron generates a spike
at this time, say T and it will induce the ith neuron’s conductance change if
Aj=1.

LIF Model. The dynamics of the ith neuron in a leaky integrate-and-fire (LIF)
network is governed (59, 62)

v
Co = =61V -

Vi(t) = Vreset
where C and V; are the membrane capacitance and membrane potential. V;

and G, are the reversal potential and conductance for leak currents. Compared
with HH model, LIF model drops terms of nonlinear sodium and potassium

current, and the input current is given by I}np”t = Y8t —sp) +
TP (t - j/), where &(-) is the Dirac delta function, s; is the /th
spike time of the external Poisson input with strength f, and rate v, 7jp is the

V) + Ilnput

it Vi(t) = Vi,

https://doi.org/10.1073/pnas.2305297121

Ith spike time of jth neuron with strength S. And A = (4) is the adjacency
matrix defined the same as that in the HH model. When the voltage reaches the
threshold V4, the ith neuron will emit a spike to all its connected postsynaptic
neurons, and then reset to Vieset immediately. In numerical simulation, we
use quantities: C = 1, Vreset = —65 mV, Vy, = —40 mV, and the leakage
conductance is set to be G, = 0.05ms™" corresponding to the membrane
time constant of 20 ms.

LIF Network Model in the Balanced Regime. The dynamics of the ith neuron
with type Qin a LIF network is given below:

C dVO G
& =6

VA(t) = Vieset

where Q € {E, I} represents the excitatory or the inhibitory neuron type. VI.O

—v) 1%

P
it Ve = Vth'

and Vtﬂ are the membrane potential and spike threshold potential, respectively.
And the excitatory input current to the ith neuron with type Q is given by

NE
1% (t) = 236 (t - sf,?) + Sy, Af/?f 6 (t - rﬁ), where &(-)
is the Dirac delta function, sﬁ is the /th spike time of the external Poisson input

for the ith neuron with type Q, f2 is the input strength and v is the input
rate. Tﬁ is the /th spike time of the jth excitatory neuron. S is the strength of

the recurrent excitatory input to the neuron with type Q. A% — (A?E) is the
adjacency matrix from excitatory neurons to Q-type neurons. And the inhibitory
) where 7/ is

!
_SOI ZN AOI Zl5 ( i
the fth spike time of jth inhibitory neuron with strength S and AO’ (AO/)
theadjacency matrixfrominhibitory neuronsto Q-type neurons. Inthe numencal
simulation of £-/ balanced networks, we set parametersas C = 1, Vieset = —65
mvV, thh = —40mV, thh = —54.5mV, G, = 0.05ms~", and the coupling
strengths are set to be SEE = S = 15mv/ VK, S = 30mV/VK, S =
27 mV/+/K, and parameters related to the Poisson drive are f£ = 15 mV/v/K,
fll=12 mv/ VK, E — J/ = K. 50Hz where K is the in-degree of a single
neuron for both £ and / types, i.e., each neuron receives K excitatory projections
and K inhibitory connections from other neurons in the network.

inputcurrentisgiven bylo’( t) =

Izhikevich Model. The dynamics of the ith neuron in an Izhikevich network is
governed (55)

dV

e =0, 0412 + 5V; + 140 — u; + "™
du;
Ttl = a(bV; — uj),

where V; is the membrane potential and u; is the recovery variable describing
the force that drives V; toward resting state. = is the time constant of V;. a
and b describe the time scale and sensitivity (with respect to V;) of u;. | 'npm

is the driving current containing the external Poisson input and the synaptic
input from other neurons, defined by I:,”p”t =Y exp(t—sp)@ (t — ) +
2 A4S D exp (t - j,> (C) (t - q,), where ©(-) is the Heaviside function
and parameters are defined similarly as those in the LIF model. When the
voltage reaches the threshold Vi, the neuron emits a spike to all its postsynaptic
neurons, and then reset V; to ¢, and u; to u; + d. In numerical simulation, we
use quantities: 7 = 1ms,a = 0.02 ms*1, b=02 mV_1, = —-65my,
d =38V =30mV.

FitzHugh-Nagumo Model. The dynamics of the ith neuron in a FitzHugh-
Nagumo network is governed (56)

3

dv; v
TVT; =V 3 - +Imput
dw;

TWTTIIV,'-I—a—bW,',
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where V; and W; describe the membrane potential and recovery variable,

respectively. 7y and 7y are their corresponding time constants. l:.npm is the
driving current containing the external Poisson inputand the synapticinputfrom
other neurons, defined by /;nput =1328(t—sy)+2;A536 (t - rj/),
where parameters are defined similarly as those in the LIF model. When the
voltage reaches the threshold V4, the neuron emits a spike to all its postsynaptic

neurons. In numerical simulation, we set quantities: a = 0.7, b = 0.8,
Vip = 0,7y = Tms,and 7y = 12.5ms.

Morris-Lecar Model. The dynamics of the ith neuron in a Morris-Lecar network
is governed by (57)

dv:
C= =~ (Vi = Vo) — Gy (V; = )
— Gy (U — ) + "™
aw, 1
ot i (We —w),

where C and V; are the neuron's membrane capacitance and membrane
potential, respectively; Vc,, Vi, and V| are the reversal potentials for the
calcium, potassium, and leak currents, respectively; Gc,, Gk and G| are the
corresponding maximum conductances; and W; isthe neuron'’s recovery variable
(normalized KT conductance). M>° and W° are the voltage-dependent
equilibrium value of the normalized conductance of calcium and potassium,
respectively, defined by

M = 0.5 (1 + tanh [(V; — V4)/V,))
WP = 0.5 (1 + tanh [(V; — V3)/Va)),

where V4, V, V3, and V4 are the constant parameters. T’W isavoltage-dependent
time constant of W;, defined by

Vi—V3\ "
w 3
o =1 (cosh ’2‘/4 ) ,

where 7 is a temperature-dependent parameter, fixed as a constant in
simulation./}nput isthe driving current containing the external Poisson inputand

the synaptic input from other neurons, defined by I:."pUt =1y 6(t—sy) +
2 A5 20 (t - rj,), where parameters are defined similarly as those in
LIF model. When the voltage reaches threshold Vy,, the neuron emits a spike
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