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Abstract
Objective. Being able to characterize functional connectivity (FC) state dynamics in a real-time
setting, such as in brain–computer interface, neurofeedback or closed-loop neurostimulation
frameworks, requires the rapid detection of the statistical dependencies that quantify FC in short
windows of data. The aim of this study is to characterize, through extensive realistic simulations,
the reliability of FC estimation as a function of the data length. In particular, we focused on FC as
measured by phase-coupling (PC) of neuronal oscillations, one of the most functionally relevant
neural coupling modes. Approach. We generated synthetic data corresponding to different
scenarios by varying the data length, the signal-to-noise ratio (SNR), the phase difference value, the
spectral analysis approach (Hilbert or Fourier) and the fractional bandwidth. We compared seven
PC metrics, i.e. imaginary part of phase locking value (iPLV), PLV of orthogonalized signals, phase
lag index (PLI), debiased weighted PLI, imaginary part of coherency, coherence of orthogonalized
signals and lagged coherence.Main results. Our findings show that, for a SNR of at least 10 dB, a
data window that contains 5–8 cycles of the oscillation of interest (e.g. a 500–800 ms window at
10 Hz) is generally required to achieve reliable PC estimates. In general, Hilbert-based approaches
were associated with higher performance than Fourier-based approaches. Furthermore, the results
suggest that, when the analysis is performed in a narrow frequency range, a larger window is
required. Significance. The achieved results pave the way to the introduction of best-practice
guidelines to be followed when a real-time frequency-specific PC assessment is at target.

1. Introduction

The characterization of the physiological and patho-
logical organization of the human brain requires the
assessment of functional connectivity (FC), defined as
the statistical dependency between neural signals (He
et al 2018). Reliable FC estimation is crucial to unravel
the integrated cooperation of several spatially separ-
ated brain regions and its role in cognition (Bressler
and Menon 2010). While the assessment of static FC,
i.e. obtained under the assumption that the FC does
not change over the data acquisition time period,

requires a limited number of parameters to be set
(e.g. frequency of interest), the estimation of dynamic
FC depends on a larger set of factors to be chosen in
the analysis pipeline. Albeit being more complex in
nature, the estimation of dynamic FC may provide
important insights when fluctuations over the data
acquisition time period (either in ongoing or epoched
paradigms) are relevant (e.g. perception, learning
or memory related studies; Goddard et al 2016).
Similarly, brain–machine interface, closed-loop or
neurofeedback approaches used to guide interven-
tion in neurorehabilitation may require the real-time
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Figure 1. Connectivity estimates are biased by finite data length. (A) Left: time-courses of two ideal (i.e. noiseless) phase-coupled
oscillators in the frequency band 9−11 Hz, with constant phase difference (∆θ = π/4) and independent amplitudes; center: polar
histogram and mean-resultant-length (MRL) vector for the instantaneous phase difference sampled at all time points in the range
from 0 to 1 s; right: polar histogram and MRL vector for the instantaneous phase difference sampled at all time points in the
range from 0 to 0.2 s. (B) Same as in panel (A) for two uncoupled oscillators. (C) Box plots of the distribution of connectivity
estimates, as measured by the imaginary part of phase-locking value (iPLV), displayed as a function of data length; results were
obtained from 5000 realizations of phase-coupled oscillators (in purple) and uncoupled oscillators (in green); the dot, the
rectangular box and the whiskers for each box plot denote the median value, the range from the 16th to the 84th percentile and
the range from the 5th to the 95th percentile of the distribution, respectively.

estimation of dynamic FC (Sitaram et al 2017). This
real-time estimation is best achieved by relying on
electrophysiological techniques, which feature a high
temporal resolution (on a millisecond time scale)
that is fundamental to track and interfere with the
brain. These techniques offer also a unique opportun-
ity to investigate, with high spectral resolution, neural
oscillations, which are known to subserve brain con-
nectivity (Varela et al 2001, Engel et al 2013). Indeed,
it has been hypothesized that only coherently oscillat-
ing neuronal groups can effectively interact (Commu-
nication Through Coherence; Fries 2005), and that
phase-coupling (PC) between oscillatory signals from
different brain areas properly represents a measure of
long-range connectivity (Engel et al 2013).

To detect such PC in a dynamic FC framework,
several aspects need to be taken into account, among
which the length of the data window is crucial. As
an illustrative example, we considered the estima-
tion of PC, using the imaginary part of the phase
locking value (iPLV; Palva and Palva 2012), in the
two extreme scenarios of always coupled or always
uncoupled noiseless signals (figures 1(A) and (B),
respectively). This example shows that, for shorter
data window lengths, high iPLV values are obtained
also for uncoupled signals (panel (C)). In the practical
situation of noisy signals, not only false connectiv-
ity can be detected but also true connectivity can be
missed.

In this simulation study, we assess the reliability
of PC estimates as a function of the data length and
with different metrics used in the literature to detect
this neural coupling mode (Marzetti et al 2019). In

particular, we focus on realistic (synthetic) data cor-
responding to different situations realized by varying
the following parameters: the data length, the signal-
to-noise ratio (SNR), the phase difference value, the
specific spectral analysis method and the fractional
bandwidth.

Previous studies investigated the performance of
FC metrics with various parameters under simulated
conditions as well as real data (Astolfi et al 2007,Wang
et al 2014, Fraschini et al 2016, Bakhshayesh et al
2019, Liuzzi et al 2019, Sommariva et al 2019, Tewarie
et al 2019). Wang et al (2014) benchmarked 42 dif-
ferent connectivity metrics from seven metric fam-
ilies, including coherence, mutual information, and
Granger causality. They evaluated the performance
of the metrics on electroencephalographic (EEG)
and functional magnetic resonance imaging signals
simulated by relying on different generative models
(GMs), incorporating both linear and non-linear sys-
tems. Accuracy in recovering the ground truth was
estimated for different data lengths, sizes of sliding
window, time delays as well as noise levels. Liuzzi et al
(2019) investigated sensitivity of connectivity met-
rics to time-varying dynamics of connectivity states.
Estimation accuracy was assessed for two classes of
connectivity metrics: phase- and amplitude-based.
Analysis was performed on synthetic signals repres-
enting a two-node system and a large-scale network.
Performance was evaluated under different paramet-
ers of connectivity state durations, length of sliding
windows, and SNR levels. Sommariva et al (2019)
studied the reliability of connectivity estimation using
model-based and data-driven metrics with respect to
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different data length constraints. Furthermore, artifi-
cially generated source signals were projected to EEG
sensor space with different levels of biological noise,
and then estimated again via source reconstruction.
They demonstrated metric-dependent effects of the
number of available samples as well as of the noise
level on the reliability of estimated connectivity.

Tewarie et al (2019) compared time-resolved
methods based on sliding window approach with
methods incorporating data-driven (adaptive) win-
dowing, similar to the approach used in de Pasquale
et al (2010). They showed that adaptive windowing
outperforms fixed-window approach in recovering
fast-dynamic fluctuations in connectivity. However,
adaptive windowing is not easily applicable to real-
time analysis scenario.

All the aforementioned studies demonstrated the
sensitivity of connectivity estimates to data length
and sliding window length. However, most of them
did not consider an extensive set of phase-based
connectivity metrics. In addition, this is the first
study that, to our knowledge, addresses this issue
by also comparing two spectral approaches: the
Hilbert-based approach and the Fourier-based one.
For example, Liuzzi et al (2019) and Bakhshayesh
et al (2019) directly focused on the Hilbert approach,
while only the Fourier-based one was used in
Sommariva et al (2019). Moreover, we extensively
investigated the effects induced by the choice of the
frequency bandwidth on the metric performances.
Indeed, previous work focused on standard band
definition regardless of the relevant central frequency.
For instance, Bakhshayesh et al (2019) simulated a
coupling in the alpha band, while Liuzzi et al (2019)
studied two specific frequency bands (alpha band for
the neural mass model, and the beta band for the
autoregressive (AR) model). We also varied the SNR
and the phase of the simulated couplings in order to
account for different possible scenarios. Finally, we
expressed the window length in terms of the number
of cycles of a given oscillatory signal component, thus
reducing possible confounds in the results induced by
the specific frequency of interest.

2. Material andmethods

In brief, signal time-courses were generated as pairs
of time-courses of variable length, describing band-
limited processes with a given center frequency and
bandwidth of the oscillation of interest, associated
with two cortical sites. The two sources could be
either uncoupled or phase-coupled. The generated
source time-courses were projected to the sensor
level using realistic head and sensor models. Biolo-
gical and instrumental noise was added to different
extents. The reconstructed source time-courses were
then obtained from the simulated signals through
the exact low-resolution electromagnetic tomography
(eLORETA) spatial filter (Pascual-Marqui 2007a) as

implemented in the FieldTrip toolbox (Oostenveld
et al 2011). Pairwise coupling between sources was
assessed by means of several connectivity metrics
intrinsically robust to source leakage effects: iPLV,
phase lag index (PLI), debiasedweighted PLI, imagin-
ary part of coherency, and lagged coherence. Addi-
tionally, connectivity using coherence and PLV was
assessed after orthogonalization (Brookes et al 2012,
O’Neill et al 2015) of the reconstructed source time-
courses since thesemetrics are not intrinsically robust
to source leakage effects (Marzetti et al 2019). Ten
thousand repetitions (5000 for phase-coupled sources
and 5000 for uncoupled sources) were obtained by
varying the source locations and the center fre-
quency of the oscillation interest. All details are given
below.

2.1. Head and sensor models
The head and sensor models used in this study were
based on the publicly available ‘New York Head’
model (Huang et al 2016), downloaded from www.
parralab.org/nyhead. Themodel data contain (but are
not limited to): (a) a segmentation of the ICBM-152
template head (Fonov et al 2009, 2011) into six differ-
ent tissue types (skin, skull, cerebrospinal fluid—CSF,
greymatter, whitematter, and air cavities); (b) a high-
density triangular mesh (74 382 nodes) for the cor-
tical surface; (c) the labels and locations of 231 EEG
scalp electrodes defined in accordance with the 10–5
electrode system (Oostenveld and Praamstra 2001);
(d) the lead-field matrix evaluated for all electrodes
and unit-strength current dipoles located at the nodes
of the cortical surface mesh, with orientations nor-
mal to the local cortical surface, by using a finite-
element method (FEM) with a six-tissue volume-
conductor model derived from head segmentation
(tissue conductivities in S m−1: gray matter 0.276;
white matter 0.126; CSF 1.65; skull 0.01; skin 0.465;
air 2.5 × 10−14); and (e) triangular meshes (1922
nodes each) for the inner- and outer boundaries of
the skull and for the outer boundary of the skin (i.e.
the scalp). We refer to (Huang et al 2016) for further
details on the New York Head model.

From the mentioned data, we modeled a 128-
channel EEG system by using a selection of 128 EEG
scalp electrodes of the 10–5 system according to the
configuration of conventional high-density EEG sys-
tems (Oostenveld 2006). We used a uniform sub-
sample of 9788 nodes of the cortical surface mesh,
with the exclusion of the medial wall, for the source
space; source-current distributions were modeled
using normally oriented current dipoles placed at
these nodes. For the selected EEG sensors and sources,
we built two forward models, based on different
volume-conductor modeling details and numerical
computationmethods, to independently generate the
EEG signals and solve the inverse problem. The first
model was the FEM model provided along with the
New York Head used as a GM for simulating the
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Figure 2. Illustrative representation describing the generation and reconstruction of source time-courses. For each realization, we
generated a pair of time-courses (either coupled or uncoupled) of variable length associated with two random cortical sites, black
dots. The generated source time-courses were projected to the sensor level using realistic head (six tissue-type FEM) and sensor
models. Biological and instrumental noise was added to different extents at the sensor level. The estimated source time-courses
were obtained through the eLORETA spatial filter (with leadfield based on a three-shell BEM model).

EEG signals. The lead-field matrix was obtained by
taking the entries of the full 231 × 74 382 lead-
fieldmatrix corresponding to the selected sensors and
sources, eventually re-referenced to common average
reference.

The second forward model was built using a
simplified three-shell volume-conductormodel along
with a boundary-element method (BEM) (de Munck
1992, Mosher et al 1999). The surface meshes for
the inner-skull, outer-skull and scalp were used as
conductivity boundaries in a three-shell boundary-
element volume-conductor model (skin, skull and
intracranial volume). Tissue conductivities were set
equal to 0.33 S m−1 for the skin and intracranial
volume, and 0.0041 S m−1 for the skull, as in Huang
et al (2016).Within this volume-conductor geometry,
we computed the lead-field matrix by using a lin-
ear collocation BEM (Stenroos et al 2007) formu-
lated with the isolated source approach (Hämäläinen
and Sarvas 1989, Stenroos and Sarvas 2012). In addi-
tion, we computed the source estimator using one
of the most commonly used methods for the solu-
tion of EEG inverse problem: the eLORETA method
(Pascual-Marqui 2007a). This model was used as a
test model (TM) for source reconstruction and con-
nectivity analysis.

A schematic of the overall pipeline is shown in
figure 2.

2.2. Simulated EEG data
We generated pairs of signals of variable length,
sampled at 512 Hz, representing the time-courses of
the activity at two cortical sites. To include noise con-
tamination and interference signal (crosstalk) from
other cortical sites, the final source time-courses were
generated as described below.

We simulated two dipolar sources, s1 and s2, with
locations randomly chosen from the nodes of the cor-
tical surfacemesh and orientations normal to the cor-
tex. The source time-courses, s1 (t) and s2 (t), were
modeled as band-limited processes with center fre-
quency fc and fractional bandwidth Bf (i.e. the abso-
lute bandwidth divided by the center frequency). The
center frequency fc was randomly sampled from a
uniformdistribution in the range from10 to 50Hz;Bf
was fixed to 0.5, i.e. a value that roughly approximates
conventional EEG frequency bands (e.g. 4.5–7.5 Hz
for theta, 7.5–12.5Hz for alpha, or 15–25Hz for beta).
The two sources could be either uncoupled or phase-
coupled. To simulate uncoupled sources, s1 (t) and
s2 (t) were generated as the sum of sinusoids with fre-
quencies from fc (1−Bf/2) to fc (1+Bf/2), in steps of
0.01 Hz, and independent and identically distributed
random amplitudes and phases for each frequency
component, eventually passed through an AR filter
of length 0.2/fc. To simulate phase-coupled sources,
we first generated s1 (t) and s2 (t) as in the case of
uncoupled sources; we then computed their analytic
signals using the Hilbert transform, and we set the
instantaneous phase of s2 (t) equal to the instantan-
eous phase of s1 (t) plus a constant phase difference
∆θ, while keeping the instantaneous amplitude of
the original signal; ∆θ was randomly sampled from
a uniform distribution in the range from−π to π.

The generated source time-courses were projec-
ted to the sensor level through multiplication by the
source topographies (i.e. the columns of the lead
field matrix) calculated using the GM. Additive noise
was modeled as a mixture of independent standard
normal processes distributed over cortical nodes and
electrodes. This approach allowed us to model the
presence of both biological (i.e. correlated brain-)
noise and instrumental (i.e. sensor) noise. Specific-
ally, the N-dimensional vector noise time-course,
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n(t), with N being the number of EEG sensors,
was sampled from a multivariate Gaussian distribu-
tion with zero mean and covariance matrix of the
form:

Cn = LL
T +λI (1)

where L denotes the GM lead-field matrix, the sym-
bol T denotes the transpose operator, I is the identity
matrix, and λ is a scalar parameter that weighs the
contribution of instrumental noise to the biological
noise covariance matrix. The diagonal/non-diagonal
entries of the first term of the sum in equation (1)
models the variance/covariance of the sensor-level
signals that is due to biologically realistic spread
(which is in turn modeled by the lead-field matrix)
and the second term of equation (1) codes the incre-
ment of each sensor variance due to instrumental
noise. In particular, we set λ= 0.01 trace

{
LLT

}
/N,

where trace{·} denotes the trace of a matrix. This
value of λmodeled a 10% increase of the sensor vari-
ance that is due to instrumental (and not to biolo-
gical) noise.

The reconstructed source time-courses, σ1 (t) and
σ2 (t), were obtained from the simulated EEG signals
through multiplication by the source spatial filters
(i.e. the rows of the eLORETA estimator matrix cor-
responding to the simulated sources s1 and s2) calcu-
lated with TM, i.e. σ1 (t)

σ2 (t)

=

 wT
1

wT2

[l1 l2]

 γ1s1 (t)

γ2s2 (t)

+n(t)


(2)

where li (for i= 1,2) denotes the topography of
source i calculated using the GM, wi (for i= 1,2)
denotes the spatial filter of source i calculated using
the TM, and γ1 and γ2 are two parameters that weight
the contribution of the actual source time-courses
to the reconstructed source time-courses. We var-
ied γ1 and γ2 in order to manipulate the SNR (see
section 2.4.2).

2.3. Source connectivity analysis
Source connectivity was estimated from the recon-
structed source time-courses, σ1 (t) and σ2 (t), as
follows. We computed the spectra Σ1 ( f) and Σ2 ( f)
of the source time-courses σ1 (t) and σ2 (t). From
these spectra, which are complex-valued functions of
the frequency f, we extracted the spectral amplitudes,
A1 ( f) = |Σ1 ( f)| and A2 ( f) = |Σ2 ( f)|, and phases,
ϕ1 ( f) = arg{Σ1 ( f)} and ϕ2 ( f) = arg{Σ2 ( f)},
where |·| and arg{·} denote the absolute value and
the argument, respectively, of a complex-valued
number. We computed the phase difference as
∆ϕ12 ( f) = ϕ1 ( f)−ϕ2 ( f). The source connectiv-
ity was then estimated by using seven different PC
metrics, as listed below.

The PLV (Tass et al 1998, Lachaux et al 1999) was
estimated as

• PLV12 ( f) = | ⟨exp{ı∆ϕ12 ( f)}⟩| (3)

where ı is the imaginary unit, exp{·} denotes the
exponential function, and ⟨·⟩ denotes the expecta-
tion value. The latter is evaluated as the average across
time, see section 2.4.3 below.

The iPLV (Palva and Palva 2012) was estimated
as

• iPLV12 ( f) = | ⟨ℑ{ exp{ı∆ϕ12 ( f)}}⟩| (4)

whereℑ{·} denotes the imaginary part of a complex-
valued number.

The PLI (Stam et al 2007) was estimated as

• PLI12 ( f) = |⟨sign{∆ϕ12 ( f)}⟩| (5)

where sign{·} denotes the sign function.
The debiased weighted phase-lag index

(wPLIdeb) (Vinck et al 2011) was estimated as

• wPLIdeb12 ( f) =

√∣∣∣∣ ⟨ℑ{S12 ( f)}⟩2 −⟨ℑ{S12 ( f)}2⟩
⟨|ℑ{S12 ( f)}|⟩2 −⟨|ℑ{S12 ( f)}|2⟩

∣∣∣∣
(6)

where S12 ( f) = A1 ( f) A2 ( f) exp{ı∆ϕ12 ( f)}.
The coherence (Coh) (Rosenberg et al 1989,

Halliday et al 1995) and the imaginary part of coher-
ency (imCoh) (Nolte et al 2004) were derived from
the complex-valued coherency. In particular, the
former was computed as

• Coh12 ( f) =

∣∣∣∣∣ ⟨A1 ( f)A2 ( f) exp{ı∆ϕ12 ( f)}⟩√
⟨A2

1 ( f)⟩⟨A2
2 ( f)⟩

∣∣∣∣∣
(7)

and the latter as

• imCoh12 ( f) = ℑ

{
⟨A1 ( f)A2 ( f) exp{ı∆ϕ12 ( f)}⟩√

⟨A2
1 ( f)⟩⟨A2

2 ( f)⟩

}
.

(8)

Hence, Coh and imCoh coincide with the abso-
lute value and the imaginary part of the complex-
valued coherency, respectively. imCoh, which can be
negative-valued, was considered as absolute value.

The lagged coherence (lagCoh) (Pascual-Marqui
2007b) was estimated as

• lagCoh12 ( f)

=
ℑ{⟨A1 ( f)A2 ( f) exp{ı∆ϕ12 ( f)}⟩}2

⟨A2
1 ( f)⟩⟨A2

2 ( f)⟩−ℜ{⟨A1 ( f)A2 ( f) exp{ı∆ϕ12 ( f)}⟩}2

(9)

whereℜ{·} denotes the real part of a complex-valued
number.

A source-leakage compensation by using a pair-
wise orthogonalization procedure (Brookes et al 2012,
O’Neill et al 2015)was applied to source time-courses,
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σ1 (t) and σ2 (t), prior to the estimation of Coh and
PLV. Such compensation was not required for estim-
ating other connectivity metrics, which are robust to
artificial PC detection due to source leakage (Marzetti
et al 2019). An in-house implementation of the above
connectivitymetricswas used. Eachmetricwas estim-
ated for all frequencies within a band around the
center frequency (see section 2.4.4 for the selection
of the frequency band), and then averaged over this
band.

2.4. Simulation repetitions
We generated 10 000 two-source configurations by
varying the locations of the cortical nodes s1 and
s2 and the center frequency fc. Of these, 5000 were
used to test connectivity estimates for phase-coupled
sources and 5000 for uncoupled sources. For each
two-source configuration, source connectivity was
estimated by independently varying the following
four parameters in the simulations: (a) the data
length; (b) the output signal-to-noise ratio (oSNR);
(c) the spectral analysis approach; and (d) the test
fractional bandwidth. These parameters are described
below in more detail.

2.4.1. Data length
The length L of the source time-courses, hereinafter
the data length, wasmeasured as the number of cycles
of an oscillation at the center frequency fc (e.g. L = 5
cycles is equal to 1000 ms for fc = 5 Hz, or 500 ms for
fc = 10 Hz, or 250 ms for fc = 20 Hz). We varied L in
the range from 1 to 20 cycles, in steps of 0.5.

2.4.2. oSNR
For each of the two reconstructed sources, we defined
the oSNR in the frequency band of the simulated sig-
nal, ∆f= 0.5 fc, as the ratio between the projected
actual-source-signal variance and the projected-noise
variance, i.e.

oSNRi = 10 log10

(
var∆f

{
wTi li γi si (t)

}
var∆f

{
wTi n(t)

} )
, for i= 1,2

(10)

where var∆f {·} denotes the variance of a signal which
has been band-pass filtered (two-pass fourth-order
Butterworth filter) in the frequency band ∆f. We
independently varied γ1 and γ2 in equation (2) to set
three levels of oSNR, i.e. 20 dB, 10 dB and 3 dB.

2.4.3. Spectral analysis approach
The estimation of source connectivity from continu-
ous signals, such as σ1 (t) and σ2 (t), relies on a time-
resolved representation of signal spectra. That is, the
spectra of the source time-courses were computed
as functions of both frequency and time, i.e. Σ1 (f, t)
and Σ2 (f, t). For each frequency, source connectiv-
ity estimates were computed as in equations (3)–(8),
in which the expectation values were evaluated as

an average over time (segments for the Fourier-
based approach and instants for the Hilbert-based
approach). Such a time-resolved representation of
signal spectra was obtained using either a Fourier-
based approach or a Hilbert-based approach.

In the Fourier-based approach, σ1 (t) and σ2 (t)
were divided into overlapping segments of equal
length W; the value of W was set to control the fre-
quency resolution (see section 2.4.4); the step width
between successive segments was chosen equal to
the sampling interval of the signal. By construc-
tion, each segment was centered around a differ-
ent time-instant t. Within each segment, the signal
was first multiplied by a Hanning window function
to reduce effects related to spectral leakage (Harris
1978), and then Fourier transformed to compute the
frequency-dependent Fourier coefficients. The collec-
tion of the Fourier coefficients estimated from dif-
ferent segments yielded the time-resolved represent-
ation signal spectra, Σ1 (f, t) and Σ2 (f, t).

In the Hilbert-based approach, σ1 (t) and σ2 (t)
were first band-pass filtered around the center fre-
quency, with a given bandwidth (see section 2.4.4),
by using a two-pass fourth-order Butterworth filter.
The analytic signals of the filtered source time-courses
were then computed by using the Hilbert transform.
Particular attention was paid to the minimization
of the edge effects induced by both the filter and
by the Hilbert transform. For the former, we used
the Gustafsson’s method to set the filter initial con-
ditions (Gustafsson 1996) as in Scipy (scipy.signal)
filtfilt function. For the latter, we used the filtered
source time-courses to generate the coefficients of an
AR model (Yule–Walker, order 30 or 2/3 of the data
length for shorter data), which served to iteratively
pad the time-courses by one-cycle-length at both ends
prior to the computation of the Hilbert transform.
The analytic signals provided the time-resolved rep-
resentation signal spectra,Σ1 (f, t) andΣ2 (f, t), for the
frequency band of interest.

2.4.4. Test fractional bandwidth
In real-data applications, the frequency band associ-
ated with the (potentially present) PC of interest may
be unknown.We thus wanted to analyze the impact of
the choice of the fractional bandwidth (a frequency
band normalized by the center frequency) on the
minimum data length required to have reliable con-
nectivity estimates. We termed the fractional band-
width used in connectivity analysis as ‘test fractional
bandwidth’, Btestf . We recall that, instead of using an
unnormalized absolute bandwidth, it is convenient to
use the fractional bandwidth, since it does not change
as the center frequency of the bandpass process is
moved.

This study is conducted under the assumption
that, as described in section 2.2, the underlying PC
shows a frequency-band specificity corresponding to
fractional bandwidth Bf = 0.5 (value that roughly
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approximates standard EEG frequency bands e.g. for
a center frequency fc = 10 Hz, we have the band 7.5–
12.5 Hz, which approximates the alpha frequency
band).

The test fractional bandwidth, Btestf , depends on
the choice of specific parameters in spectral ana-
lysis, discussed below. In particular, we defined Btestf

as the ratio between the 6 dB bandwidth ∆f−6dB

(namely the range of frequencies comprised between
the−6 dB points of the frequency response function)
and the center frequency fc, i.e.

Btestf =
∆f−6dB

fc
(11)

For instance, estimating connectivity between filtered
time-course with a ∆f−6dB = 10 Hz or a ∆f−6dB =
1 Hz, with the same center frequency fc = 10 Hz (i.e.
in the frequency-bands 5–15 Hz and 9.5–10.5 Hz),
means to analyze the statistical dependency with a
Btestf = 1 or a Btestf = 0.1, respectively. In the following,
we describe the dependency of theBtestf on the selected
parameters for the Fourier-based and Hilbert-based
approaches.

For the Fourier-based approach, Btestf solely
depends on the length W of the segments in which
the source time-courses are divided for the com-
putation of Fourier coefficients, and on the shape
of the window function which is multiplied with
each signal segment to reduce spectral leakage
(Harris 1978); in this study we used a Hanning win-
dow, for which Btestf = 2/W, where W is measured
in number of cycles of an oscillation at the cen-
ter frequency fc. For the Hilbert-based approach,
Btestf = 2

(
fhigh − flow

)
/
(
fhigh + flow

)
, where flow and

fhigh denote the lower and higher cutoff frequencies
of the band-pass Butterworth filter applied to source
time-courses prior to the calculation of the analytic
signal (note that the 3 dB attenuation at the cutoff fre-
quency of a one-pass Butterworth filter is enhanced
to 6 dB after two-pass filtering).

In this work, we varied the segment lengthW (for
the Fourier-based approach) and the cutoff frequen-
cies flow and fhigh (for the Hilbert-based approach)
to vary Btestf in the range from 0.1 to 1, in steps of
0.1. Since the fractional bandwidth Bf used in data

generation is fixed to 0.5, the above choice for Btestf

corresponds to analyzing, for each realization, fre-
quency bandwidths in the range from 0.2 to 2 times
the one of the simulated data (e.g. for a center fre-
quency fc = 10 Hz, and thus a simulated frequency
band of 7.5–12.5 Hz, the analyses will cover bands
from 9.5–10.5 Hz to 5–15 Hz).

2.5. Performance assessment
The performance of each connectivity metric was
assessed by using the area under curve (AUC) of the
receiver operating characteristic (ROC) curve (Egan
1975, Fawcett 2006). For each combination of sim-
ulation parameters (i.e. data length, oSNR, spectral
analysis approach, and fractional bandwidth), we col-
lected npos = 5000 connectivity estimates obtained
from phase-coupled sources, defined as positives
(Fawcett 2006) and nneg = 5000 connectivity estim-
ates from uncoupled sources as negatives. We defined
a threshold T(p), which is a function of p (0< p⩽
100), as the connectivity value at the pth percentile of
the connectivity metric distribution of the uncoupled
sources. Given a value for p, all the scores exceed-
ing T(p) were classified as positives (coupled), other-
wise as negatives (uncoupled); the true positive rate
(TPR) was computed as the ratio between the num-
ber of positive samples ‘correctly’ detected as posit-
ives (coupled) and the total number of positives; the
false positive rate (FPR) was computed as the ratio
between the number of negative (uncoupled) samples
‘incorrectly’ detected as positives and the total num-
ber of negatives. Note that, in this simulation, FPR
is equal to 1− p. The specificity and sensitivity were
computed as TPR and 1-FPR, respectively.

The ROC curve was obtained by plotting TPR
against FPR for successive values of p in the range
from 0 to 100, in steps of 1. The AUC was estimated
from the ROC curve using the trapezoidal approx-
imation. The 95% confidence interval for AUC was
estimated under large sample size approximation as

CI95% (AUC) = AUC± 1.96 SE(AUC) (12)

where SE(AUC) is the standard error of AUC of the
form (Hanley and McNeil 1982)

SE(AUC) =

√
AUC(1−AUC)+

(
np − 1

)(
Q1 −AUC2

)
+(nn − 1)

(
Q2 −AUC2

)
npnn

(13)

with

Q1 =
AUC

2−AUC
, and Q2 =

2AUC2

1+AUC
. (14)

We used the AUC as a measure of the perform-
ance of a connectivitymetric in discriminating phase-
coupled sources from uncoupled sources, i.e. the
larger the AUC, the better the performance. The
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minimum data length required for accurate discrim-
ination was found according to a minimum AUC
value of 0.70, which is conventionally used as a
threshold value to define a diagnostic test as accur-
ate (Swets 1988). We looked at the AUC as a func-
tion of the data length and test fractional bandwidth;
approximate isolines for AUC = 0.7 were computed
after applying a two-dimensional Gaussian smooth-
ing kernel with unitary standard deviation.

2.6. Dependence on phase difference
To investigate the dependence of the connectivity
metric performance on the phase difference between
phase-coupled sources, we performed dedicated sim-
ulations in which the phase difference∆θ during data
generation was parametrically set in the range from 0
to π, in steps of π/18. At each value of ∆θ, we eval-
uated the minimum data length required to obtain
AUC larger or equal to 0.70.

2.7. Edge response analysis
To show practical implications of the use of finite
data length for connectivity analysis in real-life exper-
iments, we simulated an example case of a dynamic
connectivity analysis experiment, as described
below.

We generated pairs of signals, sampled at 512 Hz,
representing the activity of two sources at 10 Hz, with
5 Hz bandwidth. The signal length was 6 s, centered
at t = 0 s (i.e. from −3 s to 3 s). We simulated dif-
ferent source connectivity profiles. In the first pro-
file, the data comprised two consecutive segments
each of length 3 s; the sources were phase-coupled
(∆θ = π/2) in the first segment (i.e. one from −3 s
to 0 s) and uncoupled in the other segment (i.e. from
0 s to 3 s); this profile will be referred to as ‘edge’.
The other profiles comprised three consecutive seg-
ments, i.e. one central segment of length D, centered
t = 0 s, and two lateral segments; the sources were
phase-coupled in the central segment (∆θ=π/2) (i.e.
from −D/2 s to D/2 s) and uncoupled in the lateral
segments (i.e. from −3 s to −D/2 s, and from D/2 s
to 3 s); these profiles will be referred to as ‘steps’. We
varied D across 0.125 s, 0.25 s, 0.5 s, and 1 s. Addit-
ive uncorrelated noise was sampled from a univariate
Gaussian distribution; the SNR was measured as the
ratio between the signal variance and the noise vari-
ance in the frequency band 7.5−12.5 Hz and set to be
equal to 10 dB.

For each connectivity profile, we generated a total
of 1000 signal realizations. We estimated the time-
courses of dynamic source connectivity by using a
sliding window approach. Specifically, connectivity
was estimated within sliding windows of data of
length L, moved in steps of 7.8 ms across the whole
signal length. We varied L across 250 ms, 500 ms,
750 ms, and 1000 ms.

3. Results

In this section, we first present the performances
of different connectivity metrics in discriminating
phase-coupled sources from uncoupled sources as
measured by ROC AUC; we consider an accept-
able performance level when AUC is at least equal
to 0.7. Then, we present how the minimum data
length required to reach the acceptable performance
level depends on the phase difference between phase-
coupled sources. Last, we discuss the practical implic-
ations of the use of finite data length in a simulated
experiment of dynamic connectivity analysis using a
sliding-window approach.

We found similar patterns of AUC dependence
on data length L and test fractional bandwidth
Btestf across the different connectivity metrics and
oSNR values. The AUC dependence patterns will be
described below for the representative case of PLV
estimated from source signals with oSNR= 10 dB.

Figure 3(A) shows the heat map of the AUC for
PLV estimated by using the Hilbert-based approach
as a function of L and Btestf . Small AUC values
(AUC < 0.7) are found for small values of L (i.e. L < 3
cycles), as well as for larger L if Btestf is small (i.e.
L < 13 cycles at most if Btestf = 0.1). For fixed Btestf ,
AUC increases with increasing L (up to values in the
range from about 0.7 at Btestf = 0.1 to about 0.9 at
Btestf > 0.4). For fixed L, AUC shows an initial increase
with increasing Btestf and approaches to a maximum
at a value of Btestf , which is roughly equal to the frac-
tional bandwidth of the simulated signal (i.e. 0.5), fol-
lowed by a plateau or a slight decrease at higher Btestf .
Figure 3(B) left plot shows the heat map of the AUC
for PLV estimated using the Fourier-based approach
as a function of L and Btestf . While AUC still increases
for increasing L, we emphasize a few key differences
between this AUC pattern and the PLV one estimated
by using the Hilbert-based approach. First, the sig-
nal spectra and, consequently, the connectivity estim-
ates and AUC could not be evaluated for L < 2/Btestf

(i.e. the white region in the AUC heat map), since the
data length was not sufficient to build segments of
length W = 2/Btestf necessary to achieve the desired
frequency resolution. Second, for a given combina-
tion of L andBtestf , the AUC is smaller than the respect-
ive value calculated using theHilbert-based approach.
Third, the AUC pattern reflects the number of aver-
aging segments used for the computation of Four-
ier spectra (see figure 3(B), right plot, for quantitat-
ive values), with small AUC values being paired to a
small number of averaging segments. Last, as an effect
of AUC dependence on the number of averaging seg-
ments, the value of Btestf at which, for fixed L, AUC
reaches its maximum is slightly larger than 0.5.

For a comparative evaluation of the perform-
ance of the connectivity metrics, we looked at the
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Figure 3. Area under the curve (AUC) of the receiver operating characteristic (ROC) curve. (A) Heat map of AUC for PLV
estimated by using the Hilbert-based approach, as a function of data length (expressed as number of cycles, cyc.) and test
fractional bandwidth, for oSNR= 10 dB; the black line indicates the isoline for AUC= 0.7. (B) Left: heat map of AUC for PLV
estimated by using the Fourier-based approach, as a function of data length and test fractional bandwidth, for oSNR= 10 dB; the
black line indicates the isoline for AUC= 0.7; right: heat map of the number of averaging segments used for the computation of
Fourier spectra, as a function of data length and test fractional bandwidth. (C) Isolines (solid lines) for AUC= 0.7 with the
respective uncertainty regions (shaded regions, calculated as the area within the isolines for the 95%-confidence-interval bounds
of AUC equal to 0.7), as a function of data length and test fractional bandwidth, for the different connectivity metrics (PLV, iPLV,
PLI, wPLIdeb, Coh, imCoh, lagCoh); the plots in different rows refer to different spectral analysis approach (Hilbert-based and
Fourier-based); the plots in different columns refer to different values of oSNR (20 dB, 10 dB, and 3 dB).

data length required to reach the minimum per-
formance level, i.e. AUC = 0.7; this quantity will
be hereinafter denoted as Lmin. For each connectiv-
ity metric, we extracted the isoline for AUC = 0.7
in the plots of AUC as a function of L and Btestf ; this
isoline indicates the values of Lmin for various val-
ues of Btestf . The results are shown in figure 3(C); the
plots in different rows refer to different spectral ana-
lysis approach (Hilbert-based and Fourier-based); the
plots in different columns refer to different oSNR val-
ues (20 dB, 10 dB, and 3 dB); within each plot, the
solid lines represent the isolines for AUC= 0.7 calcu-
lated for the different connectivity metrics, and the
shaded regions represent the respective uncertainty
regions calculated as the area within the isolines for
the 95%-confidence-interval bounds of AUC equal

to 0.7. We distinguish two main trends for Lmin as
a function of Btestf : (a) Lmin rapidly increases with
decreasing Btestf if the latter is smaller than the value
that is close to (Hilbert-based approach) or slightly
above (Fourier-based approach) the fractional band-
width of the simulated signal (i.e. 0.5 in this simula-
tion); and (b) above this value, Lmin slightly decreases
(oSNR = 20 dB), remains constant (oSNR = 10 dB)
or slightly increases (oSNR = 3 dB) with increas-
ing Btestf . In the comparison between spectral analysis
approaches, we found that, for a given value of Btestf ,
Lmin obtained by using the Hilbert-based approach is
globally smaller than the Lmin obtained by using the
Fourier-based approach. In the comparison between
the different connectivity metrics, the main differ-
ences arise if the Hilbert-based approach is used and
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Figure 4. Area under the curve (AUC) of the receiver operating characteristic (ROC) curve for Btestf = 0.5. Plot of AUC (dots) with
95% confidence interval (error bars) as a function of data length and test fractional bandwidth, for the different connectivity
metrics (PLV, iPLV, PLI, wPLIdeb, Coh, imCoh, lagCoh) and a value of test fractional bandwidth Btestf = 0.5; the plots in different
rows refer to different spectral analysis approach (Hilbert-based and Fourier-based); the plots in different columns refer to
different values of oSNR (20 dB, 10 dB, and 3 dB).

Btestf is small, where the values of Lmin for Coh and
lagCoh are smaller than the ones of the other con-
nectivitymetrics; overall, the values of Lmin for imCoh
and iPLV are systematically larger than the one of the
other connectivity metrics.

Figure 4 shows the AUC as a function of L in
the particular case of Btestf = 0.5, i.e. a value that
roughly corresponds to the bandwidth of conven-
tional EEG frequency bands (e.g. 4.5–7.5 Hz for
theta, 7.5–12.5 Hz for alpha, or 15–25 Hz for beta)
and that corresponds to the fractional bandwidth of
the simulated signals. For all connectivity metrics,
AUC increases for increasing L starting from a value
around 0.5 (no discrimination ability) up to values
greater than 0.8 (high discriminability) in high oSNR
conditions.

In high oSNR conditions (20 dB and 10 dB),
and using the Hilbert-based approach, we found
that a Lmin of about 2–3 cycles is needed for PLV,
PLI and wPLIdeb to reach the AUC threshold value
(AUC = 0.7), while at least 5 cycles are needed for
iPLV and imCoh. Conversely, with a oSNR equal to
3 dB, about 10 cycles are needed to reach AUC = 0.7
for basically all methods.

In accordance with the previous results, the
Fourier-based approaches were associated with lower
performance than those obtained by relying on the
Hilbert transform. In particular, using the former
approach, the Lmin is almost doubled.

We also evaluated the performance of differ-
ent connectivity metrics as a function of the phase

difference between the simulated phase-coupled sig-
nals. Figure 5 shows the minimum number of cycles
needed to obtain an AUC ⩾ 0.7, as a function of the
phase difference.

Consistently with the previous findings, we
obtained that the methods based on the Hilbert
approach outperforms the Fourier-based ones, since
the Lmin obtained with the latter is approximately
two times larger than the Lmin obtained by using
the former approach. Figure 5 shows that the curves
always have their minimum at phase differences close
to π/2. The range of phase differences in which
each metric reaches AUC values close to (its) min-
imum depends on the level of oSNR: the higher
the oSNR the larger this range (that approximately
spans 100◦ for a oSNR equal to 20 dB, and 60◦ for
a oSNR = 3 dB). Interestingly, global minima for
Lmin are reached by imCoh, while other metrics, e.g.
lagCoh and iPLV, reached these minima only in par-
ticular conditions.

Finally, we showed some practical implications of
using a finite data length in the example case of a
dynamic connectivity analysis experiment. We simu-
lated time-courses pairs composed of phase-coupled
(in the alpha frequency band, i.e. 7.5–12.5 Hz) sig-
nals of different durations (length = 1, 0.5, 0.25 and
0.125 s), which are preceded/followed by uncoupled
signals. Then, we estimated the dynamic connectiv-
ity using the PLV with the sliding-window lengths
L = 10, 7.5, 5 and 2.5 cycles, which correspond to
a sliding-window of 1, 0.75, 0.5, 0.25 s, respectively.
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Figure 5.Minimum data length in the range 1−20 cycles (cyc.) required to obtain AUC⩾ 0.7 as a function of phase difference
between source time-courses, calculated for the different connectivity metrics (PLV, iPLV, PLI, wPLIdeb, Coh, imCoh, lagCoh)
and for a value of test fractional bandwidth Btestf = 0.5; the plots in different rows refer to different spectral analysis approach
(Hilbert-based and Fourier-based); the plots in different columns refer to different values of oSNR (20 dB, 10 dB, and 3 dB).

Figure 6.Median value (solid lines) and the range from the 16th to the 84th percentile (shaded regions) for 5000 estimates of
dynamic connectivity as measured by PLV using a sliding-window approach; the black solid line represents the theoretical
phase-coupling profile, i.e. equal to 1 for phase-coupled signals, or 0 for uncoupled signals. The plots in different rows refer to
different sliding-window lengths (250 ms, 500 ms, 750 ms, and 1000 ms); the plots in different columns refer to different dynamic
connectivity profiles (edge, and steps of length 1 s, 0.5 s, 0.25 s, and 0.125 s).

Figure 6 shows the obtained dynamic connectivity
profiles.

The detection of coupling is relatively easy when
it lasts for 1 s, although the connectivity profile for
each sliding-window length has different slope and
peak value. In particular, a short sliding-window is
associated with a connectivity profile with a steep
slope, whereas the opposite is found for longer
windows.

In addition, our results showed that short win-
dows have a clear detection peak also when the

coupling has a short duration, and, on the oppos-
ite, larger windows failed to detect short couplings.
Another interesting aspect is that uncoupled signal
pairs result in an increased average value of PLV as the
window gets shorter. Using a short sliding-window,
uncoupled signals may thus be wrongly detected as
coupled, but it is likely thatmost of the phase-coupled
sources are detected as functionally. Conversely, using
a larger window, uncoupled signals are hardly detec-
ted as coupled, but it is possible that short-term PCs
are not detected at all.
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4. Discussion

In this study, we investigated the impact of the data
length to reliably estimate PC in a dynamic FC frame-
work. Overall, our results show that in the com-
parison between the spectral analysis approaches,
the Hilbert-based approach outperforms the Fourier-
based one. Moreover, we showed that five oscilla-
tion cycles may be considered sufficient to conduct a
reliable analysis for almost all the analyzed (Hilbert-
based) metrics, assuming a conventional threshold
for the AUC equal to 0.7 (Swets 1988), and an oSNR
greater than or equal to 10 dB. In fact, a substantial
fraction (approx. 25%) of spontaneous PC at the fre-
quency of the µ-rhythmwithin interhemispheric cor-
tical motor network can be captured by windows of
about five oscillation cycles (Ermolova et al 2021). In
general, we found some similarities among the beha-
vior of the analyzed methods, which may depend on
mathematical relations among them (Nolte et al 2020;
see the supplementary material (available online at
stacks.iop.org/JNE/19/016039/mmedia) of this paper
for a proof of the theoretical relations among the
three PC methods that were not considered in the
above-mentioned study). However, since these rela-
tions hold for an infinite amount of data and we deal
with short windows of data, it is reasonable that some
statistical differences arise. Specifically, the metrics
that reached an AUC of 0.7 with the smallest num-
ber of cycles for high SNRs (i.e. 20 dB and 10 dB)
were those relying on both the imaginary part and the
real part, such as PLV and coherence of orthogonal-
ized signals, and the lagged coherence. Unfortunately,
these metrics might be prone to false positives (figure
S2 shows e.g. an overall inflation of Coh with respect
to imCoh values also where no connectivity is expec-
ted). Moreover, a direct comparison between the dif-
ferent metrics depends on the specific application,
e.g. in relation to the accepted FPR, and is beyond the
scope of this work. Our findings also demonstrated
that the phase difference influences the number of
cycles to be chosen to get an AUC equal or greater
than 0.7, but this influence is limited. For example,
for an oSNR greater than or equal to 10 dB, the min-
imum data length required to obtain AUC ⩾ 0.7 is
always smaller than five cycles for a phase difference
in the range 40◦ − 140◦ for all connectivity metrics,
with a minimum corresponding to ±90◦. This min-
imum value can be easily explained since artifactually
zero-lag correlated sources are associated with phase
differences either close to 180◦ or to −180◦, which
are maximally distant from ±90◦. For a frequency
of 10 Hz, the range 40◦ − 140◦ would correspond
to a lag between source time-courses in the range
10 ms–40 ms.

In addition, our results showed that the fractional
bandwidth chosen for the analysis also influences the
number of cycles to be chosen to get an AUC equal
or greater than 0.7. For example, for an oSNR greater

than or equal to 10 dB, choosing a bandwidth approx-
imately equal to (or greater than) the one associ-
ated with the underlying coupling would be the best
choice. Since it is difficult to have a priori knowledge
regarding the exact frequency range of the couplings
in real data, unless previous neuroscientific know-
ledge is available, our suggestion is to avoid select-
ing a very narrow frequency range since this choice
would imply using larger windows of data to reach
the desired performance. In practice, the unmotiv-
ated reduction of the analyzed frequency range may
worsen the performance of PC methods. In our sim-
ulation study, we assumed the individual central fre-
quency to be known. Indeed, even though in real-data
applications the individual central frequencymay also
be a priori unknown, power or time-frequency ana-
lyses can be performed, e.g. to inform us about indi-
vidual frequency peaks (which can be successively
used as the central frequency for a PC analysis).

Finally, we investigated some practical implica-
tions of using short/long windows of data in case of
neural couplings with different duration. In partic-
ular, short sliding-window showed higher sensitivity
and lower specificity then longer sliding-window. In
real-time settings, it will be fundamental to decide
whether more specificity or more sensitivity is of
interest, also considering that the value of these vari-
ables depends on the chosen metric (see figure S1).
The aspects should be carefully considered in sci-
entific experiments, such as those based on closed-
loop EEG with concurrent Transcranial Magnetic
Stimulation (TMS) (Zrenner et al 2016, 2018, Tervo
et al 2022), in which a stimulation pulse might
be triggered by the real-time detection of specific
functional couplings. Although in the main analysis
we only showed, as a representative example, the
dynamic profiles associated with PLV, we also per-
formed edge response analysis with the other PCmet-
rics. The results showed that all metrics have a sim-
ilar behavior for a sliding-window length larger than
250 ms. When the shortest sliding-window length
is used, PLI and wPLIdeb tend to reach values that
are close to 1 also for phase-uncoupled sources (see
figure S2). This behavior might be due to the fact
that these metrics take into account, in the expecta-
tion value, the sign-function of the phase-difference,
which is computationally equal to either 1 or −1,
thus being almost always larger (in magnitude, and
in case of uncoupled sources) than a plain raw value.
The above-described negative behavior is mitigated
by considering a higher number of cycles.

One aspect that has not been taken into account
in this study is the potential advantage of usingmulti-
dimensional (MD) connectivity methods instead of
one-dimensional (1D) methods (see e.g. Basti et al
2020). The MD methods allow to analyze the stat-
istical dependency between two sets of multivari-
ate time-courses, such as the parcel activity or
the three-dimensional time-course associated with
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reconstructed cortical activity with free source orient-
ation. Instead, 1D-methods, such as the approaches
analyzed in this study, are those that can only be
applied to pairs of scalar time-courses, e.g. to two
EEG sensor signals or to two time-courses associated
with orientations normal to the local cortical surface.
Since recent studies showed the sub-optimality of 1D-
methods when standard-length data have amultivari-
ate nature (Geerligs and Henson 2016; see also Basti
et al 2019 for the concept of ‘multivariate nature’), it
might be possible that the difference in performance
also arises when shorter data are considered. Never-
theless, a comprehensive comparison between 1D and
MD is out of the scope of this paper. Similarly, here we
focused on the performance of undirected PC meth-
ods and, thus, we did not consider e.g. amplitude-
based methods (O’Neill et al 2015), cross-frequency
methods (Palva et al 2005, Chella et al 2016), and dir-
ected PC methods, such as phase slope index (Nolte
et al 2008, Basti et al 2017) and phase transfer entropy
(Lobier et al 2014).

The synthetic study reported here relied on sim-
ulations of interacting neural sources. While we here
limited our analyses on pairs of phase-coupled source,
in future studies it will be interesting to quantit-
atively analyze the changes in the metric perform-
ances induced by the presence of complex PC net-
works composed of more than two sources (which
may in addition be the framework for analyzing
also multivariate and MD PC approaches). We pre-
ferred to rely on a model providing phase-coupled
time-courses in a frequency band of interest (resem-
bling frequency-specific neural phase-coupled activ-
ities). Several other models have been used in the
past for conducting synthetic connectivity analysis;
two typical examples are AR models (Chella et al
2019, Sommariva et al 2019) and neural mass mod-
els (Liuzzi et al 2019). In future studies, it will also be
interesting to analyze whether the presence of amp-
litude correlated time-courses, such as those obtained
by relying on AR models, may affect the perform-
ance of some connectivity methods (e.g. wPLI, which
explicitly weighs the amplitudes). Furthermore, in
our simulation pipeline we explicitly used two for-
wardmodels in order to (independently) generate the
EEG signals and solve the inverse problem. For pursu-
ing the latter step, we relied on eLORETAmethod and
assumed the source locations to be perfectly estimated
by this method. The source-leakage effects are, how-
ever, not significantly reduced by this step: the biolo-
gical noise couples to the estimate through the leakage
inherently present in the inverse estimator. Since we
only used robust PC methods, we do not expect sig-
nificant metric performance inflations.

In conclusion, the achieved findings pave the way
to the definition of guidelines necessary when an
online frequency-specific PC assessment is of interest.
Such estimation might be crucial in a non-invasive

closed-loop EEG-TMS or in a neurofeedback frame-
work.

Data availability statement

The data that support the findings of this study
are available upon reasonable request from the
authors.

Acknowledgments

This study was funded by the European Research
Council (ERC Synergy) under the European Union’s
Horizon 2020 research and innovation programme
(ConnectToBrain; Grant Agreement No. 810377).
The content of this article reflects only the author’s
view and the ERC Executive Agency is not respons-
ible for the content. Author LM is also supported by
Bial Foundation Grant No. 80/20.

Conflict of interest

The authors declare no conflict of interest.

Credit authorship contribution statement

Alessio Basti: Software, Formal analysis, Writing—
Original Draft; Federico Chella: Software, Formal
analysis, Writing—Original Draft; Antea D’Andrea:
Writing—Original Draft; Maria Ermolova:
Writing—Original Draft; Roberto Guidotti: Soft-
ware, Writing—Original Draft; Laura Marzetti: Con-
ceptualization, Writing—Original Draft, Writing—
Review & Editing; Vittorio Pizzella: Conceptualiz-
ation, Writing—Original Draft, Writing—Review &
Editing; Gian LucaRomani:Writing—Review&Edit-
ing, Funding acquisition; Matti Stenroos: Writing—
Review & Editing.

ORCID iDs

Alessio Basti https://orcid.org/0000-0002-8392-
7201
Roberto Guidotti https://orcid.org/0000-0002-
0807-6005
Antea D’Andrea https://orcid.org/0000-0001-
9507-9505
Vittorio Pizzella https://orcid.org/0000-0002-
0452-1108
Laura Marzetti https://orcid.org/0000-0002-6481-
3743

References

Astolfi L et al 2007 Comparison of different cortical connectivity
estimators for high-resolution EEG recordings Hum. Brain
Mapp. 28 143–57

Bakhshayesh H, Fitzgibbon S P, Janani A S, Grummett T S and
Pope K J 2019 Detecting synchrony in EEG: a comparative

13

https://orcid.org/0000-0002-8392-7201
https://orcid.org/0000-0002-8392-7201
https://orcid.org/0000-0002-8392-7201
https://orcid.org/0000-0002-0807-6005
https://orcid.org/0000-0002-0807-6005
https://orcid.org/0000-0002-0807-6005
https://orcid.org/0000-0001-9507-9505
https://orcid.org/0000-0001-9507-9505
https://orcid.org/0000-0001-9507-9505
https://orcid.org/0000-0002-0452-1108
https://orcid.org/0000-0002-0452-1108
https://orcid.org/0000-0002-0452-1108
https://orcid.org/0000-0002-6481-3743
https://orcid.org/0000-0002-6481-3743
https://orcid.org/0000-0002-6481-3743
https://doi.org/10.1002/hbm.20263
https://doi.org/10.1002/hbm.20263


J. Neural Eng. 19 (2022) 016039 A Basti et al

study of functional connectivity measures Comput. Biol.
Med. 105 1–15

Basti A, Mur M, Kriegeskorte N, Pizzella V, Marzetti L and
Hauk O 2019 Analysing linear multivariate pattern
transformations in neuroimaging data PLoS One
14 e0223660

Basti A, Nili H, Hauk O, Marzetti L and Henson R N 2020
Multi-dimensional connectivity: a conceptual and
mathematical review NeuroImage 221 117179

Basti A, Pizzella V, Nolte G, Chella F and Marzetti L 2017
Disclosing brain functional connectivity from
electrophysiological signals with phase slope based metrics J.
Serb. Soc. Comput. Mech. 11 50–62

Bressler S L and Menon V 2010 Large-scale brain networks in
cognition: emerging methods and principles Trends Cogn.
Sci. 14 277–90

Brookes M J, Woolrich MW and Barnes G R 2012 Measuring
functional connectivity in MEG: a multivariate approach
insensitive to linear source leakage NeuroImage 63 910–20

Chella F, Marzetti L, Stenroos M, Parkkonen L, Ilmoniemi R J,
Romani G L and Pizzella V 2019 The impact of improved
MEG–MRI co-registration on MEG connectivity analysis
NeuroImage 197 354–67

Chella F, Pizzella V, Zappasodi F, Nolte G and Marzetti L 2016
Bispectral pairwise interacting source analysis for
identifying systems of cross-frequency interacting brain
sources from electroencephalographic or
magnetoencephalographic signals Phys. Rev. E 93 052420

de Munck J C 1992 A linear discretization of the volume
conductor boundary integral equation using analytically
integrated elements (electrophysiology application) IEEE
Trans. Biomed. Eng. 39 986–90

de Pasquale F et al 2010 Temporal dynamics of spontaneous MEG
activity in brain networks Proc. Natl Acad. Sci. 107 6040–5

Egan J P 1975 Signal Detection Theory and ROC Analysis in
Psychology and Diagnostics (Hove: Psychology Press)

Engel A K, Gerloff C, Hilgetag C C and Nolte G 2013 Intrinsic
coupling modes: multiscale interactions in ongoing brain
activity Neuron 80 867–86

Ermolova M, Metsomaa J, Zrenner C, Kozák G, Marzetti L and
Ziemann U 2021 Spontaneous phase-coupling within
cortico-cortical networks: how time counts for
brain-state-dependent stimulation Brain Stimul. 14 404–6

Fawcett T 2006 An introduction to ROC analysis Pattern Recognit.
Lett. 27 861–74

Fonov V S, Evans A C, McKinstry R C, Almli C R and Collins D L
2009 Unbiased nonlinear average age-appropriate brain
templates from birth to adulthood NeuroImage 47 S102

Fonov V, Evans A C, Botteron K, Almli C R, McKinstry R C and
Collins D L 2011 Unbiased average age-appropriate atlases
for pediatric studies NeuroImage 54 313–27

Fraschini M, Demuru M, Crobe A, Marrosu F, Stam C J and
Hillebrand A 2016 The effect of epoch length on estimated
EEG functional connectivity and brain network
organisation J. Neural Eng. 13 036015

Fries P 2005 A mechanism for cognitive dynamics: neuronal
communication through neuronal coherence Trends Cogn.
Sci. 9 474–80

Geerligs L and Henson R N 2016 Functional connectivity and
structural covariance between regions of interest can be
measured more accurately using multivariate distance
correlation NeuroImage 135 16–31

Goddard E, Carlson T A, Dermody N and Woolgar A 2016
Representational dynamics of object recognition:
feedforward and feedback information flows NeuroImage
128 385–97

Gustafsson F 1996 Determining the initial states in
forward-backward filtering IEEE Trans. Signal Process.
44 988–92

Halliday D M, Rosenberg J R, Amjad A M, Breeze P, Conway B A
and Farmer S F 1995 A framework for the analysis of mixed
time series/point process data—theory and application to
the study of physiological tremor, single motor unit

discharges and electromyograms Prog. Biophys. Mol. Biol.
64 237–78

Hämäläinen M S and Sarvas J 1989 Realistic conductivity
geometry model of the human head for interpretation
of neuromagnetic data IEEE Trans. Biomed. Eng.
36 165–71

Hanley J A and McNeil B J 1982 The meaning and use of the area
under a receiver operating characteristic (ROC) curve
Radiology 143 29–36

Harris F J 1978 On the use of windows for harmonic analysis with
the discrete Fourier transform Proc. IEEE 66 51–83

He B, Sohrabpour A, Brown E and Liu Z 2018
Electrophysiological source imaging: a noninvasive
window to brain dynamics Ann. Rev. Biomed. Eng.
20 171–96

Huang Y, Parra L C and Haufe S 2016 The New York Head—a
precise standardized volume conductor model for EEG
source localization and tES targeting NeuroImage
140 150–62

Lachaux J-P, Rodriguez E, Martinerie J and Varela F J 1999
Measuring phase synchrony in brain signals Hum. Brain
Mapp. 8 194–208

Liuzzi L, Quinn A J, O’Neill G C, Woolrich MW, Brookes M J,
Hillebrand A and Tewarie P 2019 How sensitive are
conventional MEG functional connectivity metrics with
sliding windows to detect genuine fluctuations in dynamic
functional connectivity? Front. Neurosci. 13 797

Lobier M, Siebenhühner F, Palva S and Palva J M 2014 Phase
transfer entropy: a novel phase-based measure for directed
connectivity in networks coupled by oscillatory interactions
NeuroImage 85 853–72

Marzetti L, Basti A, Chella F, D’Andrea A, Syrjälä J and Pizzella V
2019 Brain functional connectivity through phase coupling
of neuronal oscillations: a perspective from
magnetoencephalography Front. Neurosci. 13 964

Mosher J C, Leahy R M and Lewis P S 1999 EEG and MEG:
forward solutions for inverse methods IEEE Trans. Biomed.
Eng. 46 245–59

Nolte G, Ba O, Wheaton L, Mari Z, Vorbach S and Hallett M 2004
Identifying true brain interaction from EEG data using the
imaginary part of coherency Clin. Neurophysiol.
115 2292–307

Nolte G, Galindo-Leon E, Li Z, Liu X and Engel A K 2020
Mathematical relations between measures of brain
connectivity estimated from electrophysiological recordings
for Gaussian distributed data Front. Neurosci. 14 1127

Nolte G, Ziehe A, Nikulin V V, Schlögl A, Krämer N, Brismar T
and Müller K R 2008 Robustly estimating the flow direction
of information in complex physical systems Phys. Rev. Lett.
100 234101

O’Neill G C, Barratt E L, Hunt B A E, Tewarie P K and
Brookes M J 2015 Measuring electrophysiological
connectivity by power envelope correlation: a technical
review onMEG methods Phys. Med. Biol. 60 R271–95

Oostenveld R 2006 High-density EEG electrode placement
(available at: https://robertoostenveld.nl/electrode/)

Oostenveld R, Fries P, Maris E and Schoffelen J M 2011 FieldTrip:
open source software for advanced analysis of MEG, EEG,
and invasive electrophysiological data Comput. Intell.
Neurosci. 2011 156869

Oostenveld R and Praamstra P 2001 The five percent electrode
system for high-resolution EEG and ERP measurements
Clin. Neurophysiol. 112 713–9

Palva J M, Palva S and Kaila K 2005 Phase synchrony among
neuronal oscillations in the human cortex J. Neurosci.
25 3962–72

Palva S and Palva J M 2012 Discovering oscillatory interaction
networks with M/EEG: challenges and breakthroughs Trends
Cogn. Sci. 16 219–30

Pascual-Marqui R D 2007a Discrete, 3D distributed, linear
imaging methods of electric neuronal activity. Part 1: exact,
zero error localization (available at: https://arxiv.org/
abs/0710.3341v2)

14

https://doi.org/10.1016/j.compbiomed.2018.12.005
https://doi.org/10.1016/j.compbiomed.2018.12.005
https://doi.org/10.1371/journal.pone.0223660
https://doi.org/10.1371/journal.pone.0223660
https://doi.org/10.1016/j.neuroimage.2020.117179
https://doi.org/10.1016/j.neuroimage.2020.117179
https://doi.org/10.24874/jsscm.2017.11.02.05
https://doi.org/10.24874/jsscm.2017.11.02.05
https://doi.org/10.1016/j.tics.2010.04.004
https://doi.org/10.1016/j.tics.2010.04.004
https://doi.org/10.1016/j.neuroimage.2012.03.048
https://doi.org/10.1016/j.neuroimage.2012.03.048
https://doi.org/10.1016/j.neuroimage.2019.04.061
https://doi.org/10.1016/j.neuroimage.2019.04.061
https://doi.org/10.1103/PhysRevE.93.052420
https://doi.org/10.1103/PhysRevE.93.052420
https://doi.org/10.1109/10.256433
https://doi.org/10.1109/10.256433
https://doi.org/10.1073/pnas.0913863107
https://doi.org/10.1073/pnas.0913863107
https://doi.org/10.1016/j.neuron.2013.09.038
https://doi.org/10.1016/j.neuron.2013.09.038
https://doi.org/10.1016/j.brs.2021.02.007
https://doi.org/10.1016/j.brs.2021.02.007
https://doi.org/10.1016/j.patrec.2005.10.010
https://doi.org/10.1016/j.patrec.2005.10.010
https://doi.org/10.1016/S1053-8119(09)70884-5
https://doi.org/10.1016/S1053-8119(09)70884-5
https://doi.org/10.1016/j.neuroimage.2010.07.033
https://doi.org/10.1016/j.neuroimage.2010.07.033
https://doi.org/10.1088/1741-2560/13/3/036015
https://doi.org/10.1088/1741-2560/13/3/036015
https://doi.org/10.1016/j.tics.2005.08.011
https://doi.org/10.1016/j.tics.2005.08.011
https://doi.org/10.1016/j.neuroimage.2016.04.047
https://doi.org/10.1016/j.neuroimage.2016.04.047
https://doi.org/10.1016/j.neuroimage.2016.01.006
https://doi.org/10.1016/j.neuroimage.2016.01.006
https://doi.org/10.1109/78.492552
https://doi.org/10.1109/78.492552
https://doi.org/10.1016/S0079-6107(96)00009-0
https://doi.org/10.1016/S0079-6107(96)00009-0
https://doi.org/10.1109/10.16463
https://doi.org/10.1109/10.16463
https://doi.org/10.1148/radiology.143.1.7063747
https://doi.org/10.1148/radiology.143.1.7063747
https://doi.org/10.1109/PROC.1978.10837
https://doi.org/10.1109/PROC.1978.10837
https://doi.org/10.1146/annurev-bioeng-062117-120853
https://doi.org/10.1146/annurev-bioeng-062117-120853
https://doi.org/10.1016/j.neuroimage.2015.12.019
https://doi.org/10.1016/j.neuroimage.2015.12.019
https://doi.org/10.1002/(SICI)1097-0193(1999)8:4<194::AID-HBM4>3.0.CO;2-C
https://doi.org/10.1002/(SICI)1097-0193(1999)8:4<194::AID-HBM4>3.0.CO;2-C
https://doi.org/10.3389/fnins.2019.00797
https://doi.org/10.3389/fnins.2019.00797
https://doi.org/10.1016/j.neuroimage.2013.08.056
https://doi.org/10.1016/j.neuroimage.2013.08.056
https://doi.org/10.3389/fnins.2019.00964
https://doi.org/10.3389/fnins.2019.00964
https://doi.org/10.1109/10.748978
https://doi.org/10.1109/10.748978
https://doi.org/10.1016/j.clinph.2004.04.029
https://doi.org/10.1016/j.clinph.2004.04.029
https://doi.org/10.3389/fnins.2020.577574
https://doi.org/10.3389/fnins.2020.577574
https://doi.org/10.1103/PhysRevLett.100.234101
https://doi.org/10.1103/PhysRevLett.100.234101
https://doi.org/10.1088/0031-9155/60/21/R271
https://doi.org/10.1088/0031-9155/60/21/R271
https://robertoostenveld.nl/electrode/
https://doi.org/10.1155/2011/156869
https://doi.org/10.1155/2011/156869
https://doi.org/10.1016/S1388-2457(00)00527-7
https://doi.org/10.1016/S1388-2457(00)00527-7
https://doi.org/10.1523/JNEUROSCI.4250-04.2005
https://doi.org/10.1523/JNEUROSCI.4250-04.2005
https://doi.org/10.1016/j.tics.2012.02.004
https://doi.org/10.1016/j.tics.2012.02.004
https://arxiv.org/abs/0710.3341v2
https://arxiv.org/abs/0710.3341v2


J. Neural Eng. 19 (2022) 016039 A Basti et al

Pascual-Marqui R D 2007b Coherence and phase synchronization:
generalization to pairs of multivariate time series,
and removal of zero-lag contributions
(arXiv:0706.1776)

Rosenberg J R, Amjad A M, Breeze P, Brillinger D R and
Halliday D M 1989 The Fourier approach to the
identification of functional coupling between neuronal spike
trains Prog. Biophys. Mol. Biol. 53 1–31

Sitaram R et al 2017 Closed-loop brain training: the science of
neurofeedback Nat. Rev. Neurosci. 18 86–100

Sommariva S, Sorrentino A, Piana M, Pizzella V and Marzetti L
2019 A comparative study of the robustness of
frequency-domain connectivity measures to finite data
length Brain Topogr. 32 675–95

Stam C J, Nolte G and Daffertshofer A 2007 Phase lag index:
assessment of functional connectivity from multichannel
EEG and MEG with diminished bias from common sources
Hum. Brain Mapp. 28 1178–93

Stenroos M, Mäntynen V and Nenonen J 2007 A Matlab library
for solving quasi-static volume conduction problems using
the boundary element method Comput. Methods Programs
Biomed. 88 256–63

Stenroos M and Sarvas J 2012 Bioelectromagnetic forward
problem: isolated source approach revis(it)ed Phys. Med.
Biol. 57 3517–35

Swets J A 1988 Measuring the accuracy of diagnostic systems
Science 240 1285–93

Tass P, RosenblumM G, Weule J, Kurths J, Pikovsky A,
Volkmann J, Schnitzler A and Freund H-J 1998 Detection of

n: m Phase locking from noisy data: application to
magnetoencephalography Phys. Rev. Lett. 81 3291–4

Tervo A E et al 2022 Closed-loop optimization of transcranial
magnetic stimulation with electroencephalography
feedback Brain Stim. (https://doi.org/10.1101/2021.08.31.
458148)

Tewarie P, Liuzzi L, O’Neill G C, Quinn A J, Griffa A,
Woolrich MW, Stam C J, Hillebrand A and Brookes M J
2019 Tracking dynamic brain networks using high temporal
resolution MEG measures of functional connectivity
NeuroImage 200 38–50

Varela F, Lachaux J P, Rodriguez E and Martinerie J 2001 The
brainweb: phase synchronization and large-scale integration
Nat. Rev. Neurosci. 2 229–39

Vinck M, Oostenveld R, van Wingerden M, Battaglia F and
Pennartz C M A 2011 An improved index of
phase-synchronization for electrophysiological data in the
presence of volume-conduction, noise and sample-size bias
NeuroImage 55 1548–65

Wang H E, Bénar C G, Quilichini P P, Friston K J, Jirsa V K and
Bernard C 2014 A systematic framework for functional
connectivity measures Front. Neurosci. 8 405

Zrenner C, Belardinelli P, Müller-Dahlhaus F and Ziemann U
2016 Closed-loop neuroscience and non-invasive brain
stimulation: a tale of two loops Front. Cell Neurosci. 10 92

Zrenner C, Desideri D, Belardinelli P and Ziemann U 2018
Real-time EEG-defined excitability states determine efficacy
of TMS-induced plasticity in human motor cortex Brain
Stimul. 11 374–89

15

https://arxiv.org/abs/0706.1776
https://doi.org/10.1016/0079-6107(89)90004-7
https://doi.org/10.1016/0079-6107(89)90004-7
https://doi.org/10.1038/nrn.2016.164
https://doi.org/10.1038/nrn.2016.164
https://doi.org/10.1007/s10548-017-0609-4
https://doi.org/10.1007/s10548-017-0609-4
https://doi.org/10.1002/hbm.20346
https://doi.org/10.1002/hbm.20346
https://doi.org/10.1016/j.cmpb.2007.09.004
https://doi.org/10.1016/j.cmpb.2007.09.004
https://doi.org/10.1088/0031-9155/57/11/3517
https://doi.org/10.1088/0031-9155/57/11/3517
https://doi.org/10.1126/science.3287615
https://doi.org/10.1126/science.3287615
https://doi.org/10.1103/PhysRevLett.81.3291
https://doi.org/10.1103/PhysRevLett.81.3291
https://doi.org/10.1101/2021.08.31.458148
https://doi.org/10.1101/2021.08.31.458148
https://doi.org/10.1016/j.neuroimage.2019.06.006
https://doi.org/10.1016/j.neuroimage.2019.06.006
https://doi.org/10.1038/35067550
https://doi.org/10.1038/35067550
https://doi.org/10.1016/j.neuroimage.2011.01.055
https://doi.org/10.1016/j.neuroimage.2011.01.055
https://doi.org/10.3389/fnins.2014.00405
https://doi.org/10.3389/fnins.2014.00405
https://doi.org/10.3389/fncel.2016.00092
https://doi.org/10.3389/fncel.2016.00092
https://doi.org/10.1016/j.brs.2017.11.016
https://doi.org/10.1016/j.brs.2017.11.016

	Looking through the windows: a study about the dependency of phase-coupling estimates on the data length
	1. Introduction
	2. Material and methods
	2.1. Head and sensor models
	2.2. Simulated EEG data
	2.3. Source connectivity analysis
	2.4. Simulation repetitions
	2.4.1. Data length
	2.4.2. oSNR
	2.4.3. Spectral analysis approach
	2.4.4. Test fractional bandwidth

	2.5. Performance assessment
	2.6. Dependence on phase difference
	2.7. Edge response analysis

	3. Results
	4. Discussion
	Acknowledgments
	References


