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Fetal and neonatal brain connectivity development is highly complex. Studies have
shown that functional networks change dramatically during development. The purpose
of the current study was to determine how the mean phase lag index (mPLI), a measure
of functional connectivity (FC), assessed with electroencephalography (EEG), changes
with postmenstrual age (PMA) during the early stages of brain development after birth.
Neonates (N = 131) with PMA 27.6–45.3 weeks who underwent an EEG for a medical
reason were retrospectively studied. For each recording, global FC was assessed by
obtaining a whole-head average of all local PLI values (pairwise between sensor space
EEG signals). Global FC results were consequently correlated with PMA values in seven
frequency bands. Local results were obtained for the frequency band with the strongest
global association. There was a strong negative correlation between mPLI and PMA in
most frequency bands. The strongest association was found in the delta frequency band
(R = −0.616, p < 0.001) which was therefore topographically explored; the strongest
correlations were between pairs of electrodes with at least one electrode covering the
central sulcus. Even in this heterogeneous group of neonates, global FC strongly reflects
PMA. The decrease in PLI may reflect the process of segregation of specific brain
regions with increasing PMA. This was mainly found in the central brain regions, in
parallel with myelination of these areas during early development. In the future, there
may be a role for PLI in detecting atypical FC maturation. Moreover, PLI could be used
to develop biomarkers for brain maturation and expose segregation processes in the
neonatal brain.
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Abbreviations: FC, Functional connectivity; mPLI, mean Phase lag index; PMA, post-menstrual age; pwPLI, pair-wise PLI.
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INTRODUCTION

The development of the fetal and neonatal brain is highly
complex. The brain follows an elaborate developmental
trajectory, involving the formation of 10 billion cortical neurons,
which migrate from their origin in the ventricular and the later-
formed sub-ventricular zones to their final position and start
to grow their own synaptic connections (van den Heuvel et al.,
2015; Fernández et al., 2016). For example, at a postmenstrual
age (PMA) of 20 weeks, a major structural change begins; the
cortex expands greatly in surface area and becomes wrinkled
and folded (Keeling, 2003; Bendersky et al., 2006; Rajagopalan
et al., 2011). In addition, myelination is already seen in the
white matter by 28 weeks, and between 34 and 46 weeks it
becomes more prominently visible in the cortex bordering the
central sulcus, extending in the posterior limb of the internal
capsule (Sie et al., 1997; Counsell et al., 2002). These highly
plastic changes make it a challenge to study the active neonatal
brain, and to distinguish normal from abnormal development
patterns.

A frequently used tool to study neonatal brain function is
electroencephalography (EEG). EEG non-invasively records the
electrical activity of the brain from the scalp. The signals that
are recorded with the electrodes reflect synchronous neuronal
activity of the cortex, in particular excitatory and inhibitory
post-synaptic potentials of pyramidal cells in layer three and five
related to synaptic currents. An advantage of this technique in
neonates is that it can be applied at the bedside in the earliest
postnatal phases at the neonatal intensive care unit. Visual
assessment of the developing background pattern with increasing
postmenstrual age is used in clinical practice. However, little is
known about the development of functional brain networks in
these early stages.

In the past decade, EEG has been increasingly used for
‘‘functional connectivity (FC)’’ analysis (Stam and van Straaten,
2012). FC can be defined as the temporal correlation between
spatially distant neurophysiological events, and is a measure of
functional communication between distant brain regions. EEG
is a suitable tool for analyzing FC of the brain, because of the
high temporal resolution between signals recorded from different
brain areas.

Efficient functional communication between neuronal
regions due to a gradual optimal organization of structural
connections develops mostly after birth. Distant neural
populations need to be connected by associational and callosal
fibers, and the myelination of these fibers is only completed
after the second decade of life. Previous studies have provided
evidence that functional networks change more dramatically
during development than structural (physical) networks.
Especially during the first years of life, many studies point
toward an increase in segregation (the neuronal processing
carried out by separate groups of regions) and integration (the
efficiency of global communication) of functional networks in
the brain (see Cao et al., 2016 for a review). However, most
of these studies are conducted in subjects with PMAs above
46 weeks, and little is known about how functional brain
networks develop in the period between 24 and 46 weeks.

Although EEG is a very valuable clinical technique, it does
have several methodological pitfalls. A common methodological
problem with FC analysis is that time series recorded from
different electrodes can reflect activity from common sources,
yielding statistical interdependencies that are not representing
FC of the brain. This is referred to by the problem of ‘‘volume
conduction’’ (Guevara et al., 2005). The nonlinear FC measure
‘‘phase lag index’’ (PLI) diminishes the problem of volume
conduction (Stam et al., 2007). The PLI is a measure for the
asymmetry of the distribution of phase differences between two
EEG signals; it reflects the consistency with which one signal
is phase leading or lagging another signal. PLI discards phase
differences that center around 0 mod π, reducing the effects
of common sources by the principle that a non-zero phase
lag cannot be explained by volume conduction. A number of
studies have demonstrated that PLI can be successfully used as
a measure for detecting differences between functional network
organizations in a wide range of ages (Boersma et al., 2013; Engels
et al., 2015; Smit et al., 2016; Yu et al., 2016; Sunwoo et al., 2017;
van Lutterveld et al., 2017).

Recently, it has been shown that the PLI is sensitive to
differences in brains of premature and full-term neonates at a
PMA between 39 and 40 weeks in delta and beta frequency
bands (González et al., 2011). In addition, networks built on PLI
measures were strongly associated with gestational age (GA) in
full-term healthy neonates with PMAs between 36 and 41 weeks
(Tóth et al., 2017). Although these studies point towards a role for
PLI as a measure of brain condition in neonates, little is known
about PLI changes in the period before 36 weeks PMA, when
the first brain networks start to develop, and changes in brain
network organization are likely to occur on very short time scales.

The objective of this study is to investigate how the PLI
develops over time during the very early stages of brain
development in a diverse group of preterm and full-term born
neonates who underwent an EEG in clinical practice. The
relationship between PMA and PLI is retrospectively studied in
a group of neonates with a PMA < 46 weeks during recording.
We hypothesize that PLI reflects the strong plasticity of the
development of the neonatal brain during the first weeks of life
after birth.

MATERIALS AND METHODS

Subjects
The group consisted of 131 subjects with PMA between
27–46 weeks, in whom an EEG had been recorded for a
medical reason. Table 1 shows the patients characteristics.
The most prevalent medical condition was hypoxic-ischemic
encephalopathy due to perinatal asphyxia, and was defined as
one or more of the following criteria: Apgar score at 5 min after
birth ≤ 5; post-partum resuscitation; pH < 7.0 until 1 h post-
partum; base excess < −16 mmol/ml until 1 h post-partum,
lactate > 10.0 mmol/l until 1 h post partum and encephalopathy
defined as a Thompson score ≥ 7 or a continuous function
monitoring pattern showing flat-trace, burst-suppression or
continuous low voltage.
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TABLE 1 | Patient characteristics.

Subjects (n = 131)

Gender, male n (%) 72 (55)
Gestational age (weeks), median (range) 39.0 (24.0–42.4)
Birth weight∗, median (range) 3130 (585–5500)
PMA during recording (weeks), median (range) 40.1 (27.6–45.3)
Age during recording (days), median (range) 5 (1–127)
Diagnosis, n (%)
Asphyxia 42 (32.0)
Hemorrhage or infarction 19 (14.5)
Infection 8 (6.1)
Complication of prematurity 10 (7.6)
Cerebral malformation 8 (6.1)
Epileptic encephalopathy 4 (3.1)
Other 11 (8.4)
No diagnosis 29 (22.1)

∗n = 6 missing values, PMA = postmenstrual age.

The research has been approved by the medical ethical
committee of the VU University Medical Center (sub study of
project: ‘‘Brain network analysis in preterm infants using electro-
encephalography—a pilot study’’ Medical Ethical Committee
protocol number: 2015.460 and NL-number NL54151.029.15).
The medical ethical committee of the VUmc waived the necessity
of an official consent form, since the procedures were part of a
standard clinical practice.

EEG Recording and Post-processing
EEG recordings from neonates with PMA 24–46 weeks, made
between March 2012 and March 2017, were retrieved from
the database of the Department of Clinical Neurophysiology of
the VU University Medical Center, Amsterdam, using BrainRT
(OSG digital equipment BrainRT; OSG b.v., Rumst, Belgium).
In addition, to explore longitudinal PLI changes, subjects who
had more than five EEG recordings over time before a PMA of
46 weeks, were selected from the database.

EEGs were recorded at the Department of Clinical
Neurophysiology of the VU University Medical Center.
21 Ag/AgCl electrodes (Fp2, Fp1, F8, F7, F4, F3, A2, A1,
T4, T3, C4, C3, T6, T5, P4, P3, O2, O1, Fz, Cz, Pz) were
attached to the scalp at the positions of the International
10–20 system. Impedance was kept below 5 KOhm. Initial
filters settings were a time constant of 0.6 s, resulting
in a lower frequency cut-off of 1

2π∗time constant = 0.265
Hz.

Signals were low-pass filtered at 100 Hz. The sample
frequency was 500 Hz and EEG was digitized with 20 bit
resolution. The average reference included all electrodes.

The EEG recordings were converted into ASCII-format,
with the channels arranged according to the BrainWave
software (version 0.9.152.4.1, available from http://home.
kpn.nl/stam7883/brainwave.html) setting ‘‘Average’’ (see
Supplementary Table S1). For subjects with more than one EEG
recorded with PMA < 46 weeks, the first recording was used,
and no further selection of EEGs was performed.

EEGs were downsampled to 250 Hz in BrainWave and the
final epoch length consisted of 4096 samples (16.384 s). All
channels and the first 50 epochs of each EEG recording were

included for FC analysis and band-pass filtered into seven
frequency bands: broad band: 0.1–45 Hz; delta: 0.5–4 Hz; theta:
4–8 Hz; lower alpha: 8–10 Hz; upper alpha: 10–13 Hz; beta:
13–30 Hz; gamma: 30–45 Hz.

For later data exploration, EEG quality was globally assessed
by one of the authors (CvtW) based on epoch numbers; 1,
10, 20, 30, 40 and 50. During the visual assessment, EEG
recordings were not filtered in one of the frequency bands.
Unwanted non-brain signals such as electric fields generated
by muscles or nearby equipment were indicated as significant
artifacts when more than 30 percent of the epoch was affected
by it. Quality of EEGs was scored as ‘‘high’’ when none or
only one artifact was visually detected and ‘‘low’’ when two or
more artifacts were visually detected. For clinical practice, EEGs
were assessed by experienced clinical neurophysiologists and
visually evaluated as ‘‘normal’’ or ‘‘abnormal.’’ EEGs were not
categorized based on other criteria, such as sleep-states or pattern
of EEG.

EEG Data Analysis: The Phase Lag Index
(PLI)
The FC measure PLI was computed between all EEG channel
pairs. The PLI reflects how consistent the phase of one signal,
recorded in one channel, is leading or lagging the phase of
a signal recorded in another channel, and ranges between 0
(no consistent phase leading or lagging) and 1 (complete phase
leading or lagging; see Supplementary Figure S1; Stam et al.,
2007). The PLI is calculated using the following equation:

PLI =
∣∣〈sign [sin (1ϕ(tk))]〉∣∣ (1)

where 1ϕ(tk) is the phase difference, calculated for time point
tk with k = 1 . . .N, dependent on the sampling frequency. Sign
refers to the signum function, which translates a positive value
for the phase difference into 1, a negative value for the phase
difference into −1 and no phase difference into 0. 〈 〉 refers
to the mean value and | | denotes absolute values. FC analysis
was performed with BrainWave software (version 0.9.152.4.1,
available from http://home.kpn.nl/stam7883/brainwave.html;
see Supplementary Figure S1).

PLI values were further analyzed in two ways: (1) the
mean PLI of all pairs of channels was calculated for each
epoch, followed by calculation of the mean over the 50 epochs
per subject (the resulting value is referred to as ‘‘mPLI’’ in
this article), and (2) the PLI values for each separate pair
of channels were averaged over the 50 epochs per subject,
resulting in a matrix of 21 vs. 21 pair-wise PLI (pwPLI)
values per subject. The global analyses (including all channels)
were done separately for the seven frequency bands and the
local analyses (including two channels) were performed in the
frequency band with the strongest association between PMA
and mPLI.

Statistical Analysis
All statistical analyses were performed using Statistical Package
for the Social Sciences (SPSS)r version 19.0 for Windows.
The level of significance was set at p < 0.005 for the global
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analyses and p < 1 × 10−4 for the local analyses to adjust for
multiple comparisons. The relationship between PMA and mPLI
was assessed by calculating the Pearson’s correlation coefficient
for the frequency bands without outliers and by calculating
Spearman’s ρ for the frequency bands with one or more outliers.
Outliers were defined as those with z-scores > 3.29. In addition,
a linear regression model, using the Enter method (Field, 2014),
was constructed for the frequency band with the strongest
association between mPLI and PMA. Furthermore, the influence
of GA and birth weight was explored by calculating multiple
regression models in the frequency band with the strongest
correlation between mPLI and PMA. The influences of gender
and asphyxia were assessed by means of a Mann-Whitney
U test.

To evaluate the effect of EEG quality, Pearson’s correlation
was calculated for the relationship between PMA and mPLI after
selection of only high quality EEGs. Furthermore, to investigate
the relationship betweenmPLI and PMA for EEG recordings that
were clinically interpreted as normal, Pearson’s correlation was
calculated.

To investigate the contribution to the total (broad band)
power spectrum of the frequency band with the strongest
association, power spectrum analysis was conducted using the
Fast Fourier Transform option in Brainwave. The mean relative
contribution was calculated over the 50 epochs per subject for the
frequency band with the strongest association.

To extract information about the topography of the changes
in mPLI With PMA, Pearson’s correlations were used, since
topographical exploration was investigated in the frequency
band with the strong linear correlation. Pearson’s correlations
were calculated separately between all pwPLIs and PMA for the
frequency band with the strongest association between mPLI
and PMA. Scatterplots were checked for linearity and normally
distributed data across the regression line.

Longitudinal changes in mPLI in relation to PMA within
subjects were assessed by calculating Spearman’s ρ.

RESULTS

Subjects
The final group consisted of 131 subjects with a median
GA of 39.0 weeks (range: 24.00–42.43 weeks) and a median
PMA at the moment of EEG recording of 40.14 weeks (range:
27.57–45.29 weeks). Table 1 shows a detailed description of the
patient characteristics.

Relationship Between mPLI and PMA
There was a strong negative correlation between PMA and
mPLI in all frequency bands; correlations for all frequency
bands are summarized in Table 2. The strongest association
was found in the delta frequency band, with R = −0.616 and
p< 0.001.

A linear regression model was constructed for the delta
frequency band. PMA explains a significant proportion of the
variance in mPLI in the delta frequency band (F(1,129) = 47.570,
p < 0.001), with R = −0.616, R2 = 0.380. The regression

TABLE 2 | Summary of correlations between PMA during recording and PLI.

Correlation coefficient

Delta −0.616∗#

Theta −0.391∗

Lower alpha −0.273∗

Upper alpha −0.270∗

Beta −0.290∗

Gamma −0.322∗

Broadband −0.350∗#

PMA = postmenstrual age, PLI = phase lag index. n = 131. Values are Spearman’s
r, except for values marked with # for which Pearson’s R was reported. ∗Significant
at the p < 0.005 level.

FIGURE 1 | Relationship between PMA and mPLI in the delta frequency band.
The linear relationship between PMA and PLI is shown for the regression
model, with B0 = 0.344 and B1 = −0.005. Dots correspond to individual
subjects (N = 131). PMA = postmenstrual age, mPLI = mean phase lag index.

coefficients for the intercept value and the slope value are
significantly different from zero, with B0 = 0.344, t(129) = 13.436,
p < 0.001 and B1 = −0.005, t(129) = −6.897, p < 0.001,
respectively. The scatterplot is shown in Figure 1.

Multiple regression analysis was used to test if GA
significantly predicted variance in mPLI in addition to PMA in
the delta frequency band. The results of the regression indicated
that GA did not significantly predict more of the variance in
mPLI (R2change = 0.011, F(1,128) = 2.257, p = 0.135).

Adding birth weight to the model with PMA and to the model
with PMA and GA did not significantly predict more of the
variance in mPLI (R2change = 0.026, F(1,122) = 5.241, p = 0.024,
and R2change = 0.014, F(1,122) = 2.933, p = 0.089, respectively).

When comparing males vs. females, and asphyxia patients
vs. patients without asphyxia, no differences in mPLI values in
the delta frequency band were found (U = 2280.5, z = 0.724,
p = 0.724 and U = 3169.0, z = 0.096, p = 0.924, respectively).

When selecting only high-quality EEGs, the group consisted
of 63 subjects with a median PMA of 39.71 weeks (range:
32.0–44.0 weeks). There was a strong correlation between mPLI
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FIGURE 2 | Scatterplot of PMA and mPLI in the delta frequency band, in a
subgroup of subjects with EEGs assessed as high quality. Dots correspond to
individual subjects (N = 63). PMA = postmenstrual age, mPLI = mean phase
lag index.

FIGURE 3 | Scatterplot of PMA and mPLI in the delta frequency band in a
subgroup with EEG clinically interpreted as normal. Dots correspond to
individual subjects (N = 30). PMA = postmenstrual age, mPLI = mean phase
lag index.

and PMA, with R = −0.571, p < 0.001 in the delta frequency
band. The scatterplot is shown in Figure 2.

For EEGs clinically interpreted as normal (N = 30, mean
PMA: 39.4 weeks, range PMA: 27.0–46.0 weeks), a strong
relationship between mPLI and PMA with R = −0.757,
p< 0.001 was found. The scatterplot is shown in Figure 3.

A power spectrum analysis was conducted to assess the
percentage of delta in the power spectrum. One-hundred and
twenty-four subjects (95%) had more than 60 percent of delta

power in their EEG recording. Supplementary Figure S2 shows
the power spectra of the individuals and the average power
spectrum of the group.

The Topography of the Changes in PLI with
PMA
By calculating the Pearson’s correlation between the pwPLI
values and PMA, information on the topography of the changes
in FC was extracted for the delta frequency band. Supplementary
Table S2 shows all the Pearson’s correlations between PMA
and pwPLI values. Figure 4 shows the 10 highest negative
correlations on the scalp, with colors ranging from yellow (the
10th highest negative correlation) to red (the highest negative
correlation). The highest negative correlations (with PMA) were
the functional connectivity between electrodes T4 and F3, T4 and
C3 and Cz and C3 (R = −0.609, p < 0.001, R = −0.604,
p< 0.001 and R =−0.601, p< 0.001, respectively).

Longitudinal Assessment of mPLI
In two subjects more than five EEGs were recorded. The first
subject, with a diagnosis of a severe hemi-lissencephaly and
intractable epilepsy, had eight EEG recordings, made between
41.1 and 52.3 weeks PMA. A trend towards a positive correlation
between mPLI and PMA in the delta band was found, however
this was not significant (ρ = 0.667, p = 0.071).

The second subject, with a diagnosis of cortical dysplasia
causing epilepsy, had six EEG recordings, made between 33.1 and
48.9 weeks PMA. There was a significant negative correlation
(ρ = −0.943, p = 0.005). A linear regression model was
constructed; PMA explains a significant proportion of the
variance in mPLI in the delta frequency band (F(1,4) = 35.896,
p = 0.004), with R = −0.949, R2 = 0.900. The regression
coefficients for the intercept value and the slope value are
significantly different from zero, with B0 = 0.345, t(4) = 11.773,
p< 0.001 and B1 =−0.004, t(4) =−5.991, p = 0.004, respectively.
The scatterplot is given in Figure 5, including a reference line
from the linear regression model of the total group in the delta
frequency band.

DISCUSSION

To date, there are few studies that have used FC measures to
investigate how the neonatal brain develops. The purpose of the
current study was to determine how the mPLI changes with
age during the very early stages of brain development after
birth. Our main finding was the strong decrease in mPLI with
maturation from PMA 27–46 weeks in most frequency bands,
even in this diverse group of subjects. The strongest correlation
between mPLI and PMA was found in the delta frequency
band, which also had the highest power in 95% of the subjects.
Other functional connectivity studies in neonates have found
significant results in the delta frequency band as well (González
et al., 2011; Tokariev et al., 2016; Tóth et al., 2017), in line
with our findings that the delta frequency band is (one of)
the most interesting frequency bands to study in the neonatal
brain.
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FIGURE 4 | Top 10 correlations per couple of channels between pwPLI and PMA for the delta frequency band (N = 131). PMA = postmenstrual age, pwPLI = pair
wise phase lag index.

FIGURE 5 | Relationship between PMA and mPLI in the delta frequency band
in one subject at six different time points. The equation line of the resulting
linear regression model is shown in black. The equation line of the regression
model of the relation between PLI and PMA of the total group, based on the
cross-sectional data, is shown in red as a reference. PMA = postmenstrual
age, mPLI = mean phase lag index.

Several graphoelements that partly consist of delta activity
appear and disappear in the EEG during the period from
PMA 27–46 weeks. For example, central delta brushes are
usually seen from PMA 28–38 weeks, while anterior delta
runs are usually seen from PMA 31–44 weeks (Tsuchida
et al., 2013; Whitehead et al., 2017). This could influence
functional connectivity outcomes that are based on the PLI
measure. In addition, it is thought that various temporal

frequencies in the EEG, including delta frequencies, reflect
different neural sources (Pedley, 1997; Buzsaki and Draguhn,
2004). However, it remains unclear what neuronal mechanisms
underlie the significant contribution of delta activity to the
neonatal EEG, as well as in graphoelements as in functional
connectivity.

The decrease of the FC measure mPLI with age may reflect
an increase of segregation in the neonatal brain, with less
centralized connections. This was also found in an EEG based
network study by Meijer et al. (2014) demonstrating a decrease
in coherence between the hemispheres with maturation in
neonates. They speculated that this reflected the increasing
complexity of the neuronal network with maturation. In line
with this finding our study showed that six out of the ten
strongest correlations between PLI and PMA was between
interhemispherical pairs of electrodes indicating differentiation
between the hemispheres. Another study, in which correlations
between frequency-specific amplitudes were calculated, found
frontal modules (subgroups of cortical regions) in full-term
neonates (GA: 37.6–43.5 weeks), whereas these were not present
in preterm neonates (GA: 28.3–33.8 weeks), again supporting
the idea of segregation processes occurring in early stages
(Omidvarnia et al., 2014).

Further topographical exploration of the negative correlation
between mPLI and PMA in the delta frequency band revealed
that the strongest correlations were between pairs of electrodes
that were both on the central sulcus, or between pairs of
electrodes of which one was on the central sulcus and one was on
a frontal region. We speculate that this pattern might reflect the
current concept of myelination of the neonatal brain, with brain
maturation starting in the central area and proceeding towards
the parieto-occipital cortex and corticospinal tracts of the pre-
and postcentral gyri as the regions with the strongest increase in
myelination during this period (Sie et al., 1997; Ruoss et al., 2001;
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Counsell et al., 2002), as a substrate for the increasing segregation
of brain functions.

In contrast to our findings, Koolen et al. (2016) report
an increase in synchronization of early cortical activity across
the neocortex in premature infants with PMAs between
30 and 44 weeks. They used the activation synchrony index
(ASI) which statistically quantifies the temporal coincidence
of bursts in the cortical activity. A possible explanation for
this discrepancy is that results derived from the ASI cannot
be compared to results derived from the PLI, since the ASI
focuses on bursts only, and the PLI on the overall EEG.
Eiselt et al. (2001) have shown that burst periods provide
higher coherence values than interburst periods. In addition,
the lowest values of coherence were observed just before the
burst started and during the burst, maximal coherence was
reached at different times in different frequency bands. This
suggests that segmentation of continuous EEG would affect the
outcome of functional connectivity, since bursts could be cut
into half. However, since the cuts are arbitrary and 50 epochs
are used to calculate the mPLI in this study, this influence is
minimized.

Several questions remain unanswered at present. To develop
a full picture of the integration and segregation processes in
the neonatal brain, additional studies are needed that take into
account different FCmeasures, such as theNewman’smodularity
andmeasures derived fromminimum spanning trees for example
(Newman, 2006; Stam et al., 2014).

Several studies have shown that EEG can be used as a sensitive
and objective evaluation of the severity of brain injury related to
asphyxia (Mariani et al., 2008; Nash et al., 2011; Briatore et al.,
2013). Therefore, it was an unanticipated finding that asphyxia
had no significant effect on functional connectivity outcome in
our study. A possible explanation for this might be that the
changes in EEG patterns of neonates with asphyxia are related
to other aspects of the EEG, such as background amplitude,
and that functional connectivity in the delta frequency band
stays unaffected. Furthermore, it is difficult to draw general
conclusions from the results of the longitudinal analyses, since
only two subjects were investigated.

Studying FC in neonates with the use of EEG recordings
is technically challenging, due to highly plastic changes in
the brain during this period. Researchers use a variety of
selection criteria for analyzing FC, including selections based
on sleep-states and EEG quality (Grieve et al., 2008; González
et al., 2011; Omidvarnia et al., 2014; Koolen et al., 2016;
Tokariev et al., 2016; Tóth et al., 2017). Background patterns
change dramatically with PMA in the neonatal period from
discontinuous to more continuous patterns. EEG phenomena
recorded during the early periods of discontinuity are thought
to result from input generated spontaneously at the sensory
periphery rather than by cortico-cortical connections, which
makes it difficult to understand what changes in FC measures in
the neonatal period actually indicate (Colonnese and Khazipov,
2012). In our explorative study no selection based on sleep
states was made. Nevertheless, a strong correlation between
mPLI and PMA was found. It remains unclear to what
extent the age related changes in background pattern or sleep

stages have contributed to the observed decrease in mPLI
with age.

The influence of common sources on the ability of the
PLI to detect real changes in synchronization is studied in
different montages by Stam et al. (2007). They showed that
PLI values were hardly influenced by different montages during
pre-seizure epochs, and intermediately influenced by average
referencing during seizure epochs. The PLI was less influenced
by different montages (average, source, mastoids, Cz, bipolar)
than the phase coherence and the imaginary part of coherence
(Stam et al., 2007). Peraza et al. (2012) investigated the effects of
volume conduction on PLI networks. They concluded that PLI
networks based on independent sources in a volume conduction
environment were different from random networks, providing
evidence that volume conduction affects PLI inference in general.
However, they investigated the performance of PLI networks and
not PLI as a functional connectivity measure (Peraza et al., 2012).

In this study, we investigated the influence of artifacts by
comparing outcomes between the total group without any kind
of selection and the group with only high quality EEGs, which
did not influence our results. This observation could be used to
argue against arbitrary selection of EEG epochs when using the
PLI, as long as a sufficiently large number of epochs is included
in the analysis. However, there still is abundant room for further
progress in determining the best ways to analyze FC in neonatal
EEG recordings.

In addition to the strengths of our study (the large number
of neonates included in this study and the very young PMA at
the time of EEG recording) there are some drawbacks of this
study. This retrospective study was conducted in a heterogeneous
group of neonates, who had an indication for an EEG, with a wide
range of clinical characteristics and administered medication,
possibly influencing the EEG. On the other hand it is interesting
that even despite this heterogeneity such a strong negative
correlation between mPLI and PMA could be demonstrated.
Interestingly, the strength of the negative correlation between
mPLI and PMA increased when we repeated the analyses in a
subgroup with EEGs that were clinically interpreted as normal,
indicating that this relationmight even be stronger when assessed
in a healthy subgroup. Additionally, other possible influences,
such as changes in head circumference, on the FC analysis
were not completely unraveled in this study. A prospective EEG
study including healthy and preterm neonates with a relatively
uncomplicated clinical course is currently carried out to replicate
this data.

This study contributes to the fundamental understanding of
FC dynamics in the neonatal brain. We conclude that the PLI
could serve as an objective measure for cerebral maturation
that exposes segregation processes of neural circuits, resulting in
better understanding of how the brain matures. Because of the
high sensitivity of mPLI for PMA, PLI could possibly be used
for detecting atypical FC maturation of the brain, on group or
even subject-specific level. Moreover, the PLI may play a role
in developing markers for brain maturation for future treatment
strategies. Subjects at risk could be followed in time which may
contribute to earlier detection of pathology and adequate long
term prognosis of psychomotor development.

Frontiers in Human Neuroscience | www.frontiersin.org 7 July 2018 | Volume 12 | Article 286

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


van de Pol et al. PLI Reflects Neonatal Brain Maturation

AUTHOR CONTRIBUTIONS

LAP: concept and design of the project, execution, analysis
and interpretation of data, drafting and writing of the research
report. CW: execution, analysis and interpretation of data,
drafting and writing of the research report. IZ: concept and
design of the project, revising of the research report. EK
and IR: data analysis, revising of the research report. WH:
interpretation of data, revising of the research report. MS
and ECS: revising of the research report. CJS: concept and

design of the project, interpretation of data, drafting and
revising the research report. All authors approved the final
article.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2018.00286/full#supplementary-material

REFERENCES

Bendersky, M., Musolino, P. L., Rugilo, C., Schuster, G., and Sica, R. E. (2006).
Normal anatomy of the developing fetal brain. Ex vivo anatomical-magnetic
resonance imaging correlation. J. Neurol. Sci. 250, 20–26. doi: 10.1016/j.jns.
2006.06.020

Boersma, M., Kemner, C., de Reus, M. A., Collin, G., Snijders, T. M., Hofman, D.,
et al. (2013). Disrupted functional brain networks in autistic toddlers. Brain
Connect. 3, 41–49. doi: 10.1089/brain.2012.0127

Briatore, E., Ferrari, F., Pomero, G., Boghi, A., Gozzoli, L., Micciolo, R., et al.
(2013). EEG findings in cooled asphyxiated newborns and correlation with site
and severity of brain damage. Brain Dev. 35, 420–426. doi: 10.1016/j.braindev.
2012.07.002

Buzsaki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks.
Science 304, 1926–1929. doi: 10.1126/science.1099745

Cao, M., Huang, H., Peng, Y., Dong, Q., and He, Y. (2016). Toward developmental
connectomics of the human brain. Front. Neuroanat. 10:25. doi: 10.3389/fnana.
2016.00025

Colonnese, M., and Khazipov, R. (2012). Spontaneous activity in developing
sensory circuits: implications for resting state fMRI. Neuroimage 62,
2212–2221. doi: 10.1016/j.neuroimage.2012.02.046

Counsell, S. J., Maalouf, E. F., Fletcher, A. M., Duggan, P., Battin, M., Lewis, H. J.,
et al. (2002). MR imaging assessment of myelination in the very preterm brain.
AJNR Am. J. Neuroradiol. 23, 872–881.

Eiselt, M., Schindler, J., Arnold, M., Witte, H., Zwiener, U., and Frenzel, J.
(2001). Functional interactions within the newborn brain investigated by
adaptive coherence analysis of EEG. Neurophysiol. Clin. 31, 104–113.
doi: 10.1016/s0987-7053(01)00251-9

Engels, M. M., Stam, C. J., van der Flier, W. M., Scheltens, P., de Waal, H., and
van Straaten, E. C. (2015). Declining functional connectivity and changing
hub locations in Alzheimer’s disease: an EEG study. BMC Neurol. 15:145.
doi: 10.1186/s12883-015-0400-7

Fernández, V., Llinares-Benadero, C., and Borrell, V. (2016). Cerebral cortex
expansion and folding: what have we learned? EMBO J. 35, 1021–1044.
doi: 10.15252/embj.201593701

Field, A. P. (2014). Discovering Statistics Using IBM SPSS Statistics. 4th Edn.
London: Sage.

González, J. J., Mañas, S., De Vera, L., Méndez, L. D., López, S., Garrido, J. M., et al.
(2011). Assessment of electroencephalographic functional connectivity in term
and preterm neonates. Clin. Neurophysiol. 122, 696–702. doi: 10.1016/j.clinph.
2010.08.025

Grieve, P. G., Isler, J. R., Izraelit, A., Peterson, B. S., Fifer, W. P., Myers, M. M.,
et al. (2008). EEG functional connectivity in term age extremely low birth
weight infants. Clin. Neurophysiol. 119, 2712–2720. doi: 10.1016/j.clinph.2008.
09.020

Guevara, R., Velazquez, J. L., Nenadovic, V., Wennberg, R., Senjanovic, G.,
and Dominguez, L. G. (2005). Phase synchronization measurements using
electroencephalographic recordings: what can we really say about neuronal
synchrony? Neuroinformatics 3, 301–314. doi: 10.1385/ni:3:4:301

Keeling, J. (2003). Fetal and Neonatal Pathology. 2nd Edn. London: Springer-
Verlag.

Koolen, N., Dereymaeker, A., Räsänen, O., Jansen, K., Vervisch, J., Matic, V.,
et al. (2016). Early development of synchrony in cortical activations in
the human. Neuroscience 322, 298–307. doi: 10.1016/j.neuroscience.2016.
02.017

Mariani, E., Scelsa, B., Pogliani, L., Introvini, P., and Lista, G. (2008).
Prognostic value of electroencephalograms in asphyxiated newborns treated
with hypothermia. Pediatr. Neurol. 39, 317–324. doi: 10.1016/j.pediatrneurol.
2008.07.031

Meijer, E. J., Hermans, K. H., Zwanenburg, A., Jennekens, W., Niemarkt, H. J.,
Cluitmans, P. J., et al. (2014). Functional connectivity in preterm infants
derived from EEG coherence analysis. Eur. J. Paediatr. Neurol. 18, 780–789.
doi: 10.1016/j.ejpn.2014.08.003

Nash, K. B., Bonifacio, S. L., Glass, H. C., Sullivan, J. E., Barkovich, A. J.,
Ferriero, D. M., et al. (2011). Video-EEG monitoring in newborns with
hypoxic-ischemic encephalopathy treated with hypothermia. Neurology 76,
556–562. doi: 10.1212/WNL.0b013e31820af91a

Newman, M. E. (2006). Modularity and community structure in networks.
Proc. Natl. Acad. Sci. U S A 103, 8577–8582. doi: 10.1073/pnas.06016
02103

Omidvarnia, A., Fransson, P., Metsäranta, M., and Vanhatalo, S. (2014).
Functional bimodality in the brain networks of preterm and term human
newborns. Cereb. Cortex 24, 2657–2668. doi: 10.1093/cercor/bht120

Pedley, T. A. T. R. (1997). Physiological Basis of the EEG.New York, NY: Williams
&Wilkins.

Peraza, L. R., Asghar, A. U., Green, G., and Halliday, D. M. (2012). Volume
conduction effects in brain network inference from electroencephalographic
recordings using phase lag index. J. Neurosci. Methods 207, 189–199.
doi: 10.1016/j.jneumeth.2012.04.007

Rajagopalan, V., Scott, J., Habas, P. A., Kim, K., Corbett-Detig, J., Rousseau, F.,
et al. (2011). Local tissue growth patterns underlying normal fetal
human brain gyrification quantified in utero. J. Neurosci. 31, 2878–2887.
doi: 10.1523/JNEUROSCI.5458-10.2011

Ruoss, K., Lävblad, K., Schroth, G., Moessinger, A. C., and Fusch, C. (2001). Brain
development (sulci and gyri) as assessed by early postnatal MR imaging in
preterm and term newborn infants. Neuropediatrics 32, 69–74. doi: 10.1055/s-
2001-13871

Sie, L. T., van der Knaap, M. S., Van Wezel-Meijler, G., and Valk, J. (1997).
MRI assessment of myelination of motor and sensory pathways in the brain
of preterm and term-born infants. Neuropediatrics 28, 97–105. doi: 10.1055/s-
2007-973680

Smit, D. J., de Geus, E. J., Boersma,M., Boomsma, D. I., and Stam, C. J. (2016). Life-
span development of brain network integration assessed with phase lag index
connectivity and minimum spanning tree graphs. Brain Connect. 6, 312–325.
doi: 10.1089/brain.2015.0359

Stam, C. J., Nolte, G., and Daffertshofer, A. (2007). Phase lag index:
assessment of functional connectivity from multi channel EEG and MEG with
diminished bias from common sources. Hum. Brain Mapp. 28, 1178–1193.
doi: 10.1002/hbm.20346

Stam, C. J., Tewarie, P., Van Dellen, E., van Straaten, E. C., Hillebrand, A., and Van
Mieghem, P. (2014). The trees and the forest: characterization of complex brain
networks with minimum spanning trees. Int. J. Psychophysiol. 92, 129–138.
doi: 10.1016/j.ijpsycho.2014.04.001

Stam, C. J., and van Straaten, E. C. (2012). The organization of physiological
brain networks. Clin. Neurophysiol. 123, 1067–1087. doi: 10.1016/j.clinph.2012.
01.011

Sunwoo, J. S., Lee, S., Kim, J. H., Lim, J. A., Kim, T. J., Byun, J. I.,
et al. (2017). Altered functional connectivity in idiopathic rapid eye
movement sleep behavior disorder: a resting-state EEG study. Sleep 40:zsx058.
doi: 10.1093/sleep/zsx058

Frontiers in Human Neuroscience | www.frontiersin.org 8 July 2018 | Volume 12 | Article 286

https://www.frontiersin.org/articles/10.3389/fnhum.2018.00286/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2018.00286/full#supplementary-material
https://doi.org/10.1016/j.jns.2006.06.020
https://doi.org/10.1016/j.jns.2006.06.020
https://doi.org/10.1089/brain.2012.0127
https://doi.org/10.1016/j.braindev.2012.07.002
https://doi.org/10.1016/j.braindev.2012.07.002
https://doi.org/10.1126/science.1099745
https://doi.org/10.3389/fnana.2016.00025
https://doi.org/10.3389/fnana.2016.00025
https://doi.org/10.1016/j.neuroimage.2012.02.046
https://doi.org/10.1016/s0987-7053(01)00251-9
https://doi.org/10.1186/s12883-015-0400-7
https://doi.org/10.15252/embj.201593701
https://doi.org/10.1016/j.clinph.2010.08.025
https://doi.org/10.1016/j.clinph.2010.08.025
https://doi.org/10.1016/j.clinph.2008.09.020
https://doi.org/10.1016/j.clinph.2008.09.020
https://doi.org/10.1385/ni:3:4:301
https://doi.org/10.1016/j.neuroscience.2016.02.017
https://doi.org/10.1016/j.neuroscience.2016.02.017
https://doi.org/10.1016/j.pediatrneurol.2008.07.031
https://doi.org/10.1016/j.pediatrneurol.2008.07.031
https://doi.org/10.1016/j.ejpn.2014.08.003
https://doi.org/10.1212/WNL.0b013e31820af91a
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1073/pnas.0601602103
https://doi.org/10.1093/cercor/bht120
https://doi.org/10.1016/j.jneumeth.2012.04.007
https://doi.org/10.1523/JNEUROSCI.5458-10.2011
https://doi.org/10.1055/s-2001-13871
https://doi.org/10.1055/s-2001-13871
https://doi.org/10.1055/s-2007-973680
https://doi.org/10.1055/s-2007-973680
https://doi.org/10.1089/brain.2015.0359
https://doi.org/10.1002/hbm.20346
https://doi.org/10.1016/j.ijpsycho.2014.04.001
https://doi.org/10.1016/j.clinph.2012.01.011
https://doi.org/10.1016/j.clinph.2012.01.011
https://doi.org/10.1093/sleep/zsx058
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


van de Pol et al. PLI Reflects Neonatal Brain Maturation

Tokariev, A., Videman, M., Palva, J. M., and Vanhatalo, S. (2016). Functional
brain connectivity develops rapidly around term age and changes between
vigilance states in the human newborn. Cereb. Cortex 26, 4540–4550.
doi: 10.1093/cercor/bhv219

Tóth, B., Urbán, G., Háden, G. P., Márk, M., Török, M., Stam, C. J., et al. (2017).
Large-scale network organization of EEG functional connectivity in newborn
infants. Hum. Brain Mapp. 38, 4019–4033. doi: 10.1002/hbm.23645

Tsuchida, T. N., Wusthoff, C. J., Shellhaas, R. A., Abend, N. S., Hahn, C. D.,
Sullivan, J. E., et al. (2013). American clinical neurophysiology society
standardized EEG terminology and categorization for the description
of continuous EEG monitoring in neonates: report of the American
Clinical Neurophysiology Society critical care monitoring committee. J. Clin.
Neurophysiol. 30, 161–173. doi: 10.1097/WNP.0b013e3182872b24

van den Heuvel, M. P., Kersbergen, K. J., de Reus, M. A., Keunen, K.,
Kahn, R. S., Groenendaal, F., et al. (2015). The neonatal connectome during
preterm brain development. Cereb. Cortex 25, 3000–3013. doi: 10.1093/cercor/
bhu095

van Lutterveld, R., van Dellen, E., Pal, P., Yang, H., Stam, C. J., and Brewer, J.
(2017). Meditation is associated with increased brain network integration.
Neuroimage 158, 18–25. doi: 10.1016/j.neuroimage.2017.06.071

Whitehead, K., Pressler, R., and Fabrizi, L. (2017). Characteristics and clinical
significance of delta brushes in the EEG of premature infants. Clin.
Neurophysiol. Pract. 2, 12–18. doi: 10.1016/j.cnp.2016.11.002

Yu, M., Gouw, A. A., Hillebrand, A., Tijms, B. M., Stam, C. J., van Straaten, E. C.,
et al. (2016). Different functional connectivity and network topology in
behavioral variant of frontotemporal dementia and Alzheimer’s disease: an
EEG study. Neurobiol. Aging 42, 150–162. doi: 10.1016/j.neurobiolaging.2016.
03.018

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 van de Pol, van ’t Westende, Zonnenberg, Koedam, van Rossum,
de Haan, Steenweg, van Straaten and Stam. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 9 July 2018 | Volume 12 | Article 286

https://doi.org/10.1093/cercor/bhv219
https://doi.org/10.1002/hbm.23645
https://doi.org/10.1097/WNP.0b013e3182872b24
https://doi.org/10.1093/cercor/bhu095
https://doi.org/10.1093/cercor/bhu095
https://doi.org/10.1016/j.neuroimage.2017.06.071
https://doi.org/10.1016/j.cnp.2016.11.002
https://doi.org/10.1016/j.neurobiolaging.2016.03.018
https://doi.org/10.1016/j.neurobiolaging.2016.03.018
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Strong Relation Between an EEG Functional Connectivity Measure and Postmenstrual Age: A New Potential Tool for Measuring Neonatal Brain Maturation
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	EEG Recording and Post-processing
	EEG Data Analysis: The Phase Lag Index (PLI)
	Statistical Analysis

	RESULTS
	Subjects
	Relationship Between mPLI and PMA
	The Topography of the Changes in PLI with PMA
	Longitudinal Assessment of mPLI

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	SUPPLEMENTARY MATERIAL
	REFERENCES


