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Infant brain damage is a serious condition 
that affects millions of babies each year. The 
period from late gestation to the first year of 
life is the most critical one for the development 
of central and autonomous nervous systems. 
Medical conditions such as preterm birth may 
compromise brain function and the end result 
usually is that the baby may experience long-
term neurological problems related to a wide 
range of psychological, physical and functional 
complications, with consequent life-long bur-
dens for the individuals and their families, and 
a high socio-economic impact for the health 
care system and the whole of society. 

During the last years, several techniques have 
been employed to monitor the brain functional 
development in utero and after birth. As well, 
various analytical methods have been used to 
understand the functional maturation of the 
brain and the autonomous nervous system. 
However, in spite of the rapid improvement 
of diagnostic methods and procedures, there 
is still a widely recognized, severe shortage of 
clinically viable means for the high quality 
monitoring of the brain function in early life 
with a direct relevance to acute neurological 
illness and future neurocognitive outcomes. 

The studies collected in this e-book document the most recent advancements in monitoring 
systems, analytical methods and clinical diagnostic procedures that contribute to increase our 
knowledge of the functional development of the human brain and autonomous nervous sys-
tem during pregnancy and after birth, with the ultimate goal of reducing fetal impairment and 
improving healthcare in the neonatal and infant period.
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Early human development from late gestation to the neonatal period is a critical time in the
individual’s life span. Preterm birth or medical issues affecting the brain function during late
gestation or the first months of life may lead to an avalanche of neurodevelopmental problems,
including cognitive deficits and motor disability, with lifelong consequences for the individuals,
their families, the health care system and the society (de Kieviet et al., 2012; March of Dimes,
PMNCH, Save the Children, WHO, 2012). Despite the need for the alleviation of perinatal
adversities, effective monitoring methods and clinical diagnostic procedures able to reduce fetal
impairment and advance neonatal and infant healthcare are still missing.

The focus of this E-Book is on the most recent developments and findings in the field of non-
invasive monitoring of the central and autonomous nervous systems in fetuses and infants. The
contributed opinion, review and original research articles included in this E-Book cover different
methodological, clinical, functional, and structural topics, with the purpose to disseminate the
knowledge on novel perinatal diagnostic tools and procedures, and to share the findings of high
quality functional assessment of the developing human brain, and of clinical studies on pathological
neurodevelopment.

The fundamental requirement for a healthy functional development of the brain is the
maintenance of an adequate blood flow and oxygenation. Inadequate brain perfusion is the
main cause of preterm brain damage, which can be diagnosed by high-frequency ultrasound.
Camfferman et al. (2015) performed an in vitro experiment using a microvessel flow phantom
designed to mimic preterm cerebral perfusion and assess blood flow velocity. Their flow phantom
allowed the visualization of the vessels, but flow velocity and vessel diameter were overestimated.
Therefore, the authors solicited the development of a sonographic tool for clinical practice to study
regional perfusion in preterm babies.

Conversely, fetal magnetocardiography (fMCG) is a well-established diagnostic tool for fetal
surveillance. Two original research papers describe the findings of studies performed with fMCG
to estimate the development of the autonomic nervous system. It is known that, around 32
weeks of gestation, four fetal behavioral states (quiet and active sleep and awakeness) can be
identified by combining fetal heart rate variability (fHRV) and fetal movements. Brändle et al.
(2015) confirmed these results in 55 fetuses and also showed that only quiescence and active
awakeness can be found in fetuses younger than 32 weeks, respectively in the 58.5 and 41.5% of
cases. Therefore, fHRV parameters can differentiate fetal behavioral states at different ages and can
show the neurovegetative modulation of each state, thus offering new insights into the vegetative
development in utero. On the other hand, Hoyer et al. (2014) proved that the use of the fMCG
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based fetal Autonomic Brain Age Score (fABAS) may help
estimating the fetal autonomic brain age, suggesting that the
establishment of a fABAS score normogram is needed.

To understand the normal functional development of the
fetal brain, periods of developmental vulnerability should be
identified to assess the function of the fetal nervous system and
open a window on novel prenatal diagnostics and prognostics.
MRI has become increasingly feasible and clinically important
in fetal brain studies due to its higher tissue resolution and
better visualization of normal and pathological development
of macroscopic anatomy or white matter microstructure and
connections. Jakab et al. (2014) employed resting-state MRI
(rsMRI) in 32 fetuses with no detectable morphological
abnormalities to investigate the developmental changes in the
functional connectivity architecture. They demonstrated that
the short-range and interhemispheric connections show a
sigmoid development peaking at around 26–29 gestational weeks,
whereas long-range connections do not show any peak. They also
observed an increasing region-specific functional connectivity
from 24 to 28 gestational weeks, starting with the occipital and
ending with the parietal cortex. Schöpf et al. (2014) used the same
method to investigate the relationship between eye movements
and brain functional activity in seven fetuses. The emergence
of the visuomotor system involves the relationship of intrinsic
and extrinsic components supposed to shape the subsequent
development of perception. Schöpf and colleagues showed that
spontaneous fetal eye movements are linked to the simultaneous
networks in visual and frontal brain regions, demonstrating that
the preparation of the human visuomotor system links visual and
motor areas already in utero.

Despite the advancements in monitoring techniques and
perinatal care, clinicians still have limited means to predict
neurodevelopmental outcomes and plan early intervention. In
their opinion article, Giampietri et al. (2015) offer a succinct
and clear overview of the non-invasive techniques actually
employed. The authors focused on the neonatal application
of magnetic resonance imaging (MRI), claiming that, although
its low predictive power, advanced MRI techniques such as
diffusion tensor imaging (DTI) or spectrography could be useful
in anticipating the diagnosis of brain damage and should
become part of standard clinical care. The recent advances in
diffusion MRI (dMRI) have also a great potential for a better
understanding of neuronal connectivity impairments in preterm
babies, as brilliantly exposed by Dudink et al. (2015) in their
review article, or in revealing structural connectivity changes in

infants and toddlers with autism spectrum disorder (ASD), as
discussed by Conti et al. (2015) in their review article, suggesting
a shift from hyper- to hypo-connectivity at around 3 years
of age.

The development of functional connectivity patterns from
infancy to childhood were studied also by Berchicci et al.
(2015), who investigated the intrahemispheric properties of
the sensorimotor system from 3 to 60 months of life using
a prototypal magnetoencephalographic (MEG) system. In line
with prior findings on the development of the adult fronto-
parietal network for adaptive online task control, which involves
both segregation and integration, the authors showed that

this network, which provides a neurophysiological basis for
the action-perception coupling, evolved with age from a more
random to an adult small-world organization, more efficient for
both local and global information processing. Another study
regarding the development of the infant motor and motivation
systems was conducted by Moon et al. (2015), who designed a
contingent sucking preference study to test neonatal motivation
to the mother or an unfamiliar female. Although difficult to
demonstrate, electrophysiological studies showed that newborns
use prenatal experiences and the motivational system to produce
responses to familiar sounds. The authors demonstrated a weak
neonate’s contingent sucking response to the maternal voice,
which was ascribed to insufficient neonates’ motivation to alter
their behavior, therefore pointing to the complementary value
of electrophysiological and behavioral studies for very early
development.

Finally, electroencephalography (EEG) is the most commonly
used technique to non-invasively assess neonatal brain
activity, but the main challenge in interpreting EEG signals
is the quantitative characterization of the spontaneous
“background activity” in sick neonates. Matic et al. (2015)
applied multifactorial detrended fluctuation analysis (MF-DFA)
to long-term EEG from 34 asphyxiated neonates to distinguish
different grades of abnormality in EEG background activity,
which could help monitoring the brain state changes occurring
during long periods of time. The EEG from a normal developing
neonate also presents specific characteristics. Koolen et al. (2014)
used the interhemispheric synchrony (HIS) and the activation
synchrony index (ASI) to analyze EEG traces from normal and
abnormal neonates, and found these measures promising for
diagnostic and clinical purposes. In particular, the ASI was able
to correctly distinguish between normal and abnormal neonates
in the 97% of cases.
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Introduction: Preterm infants are born during critical stages of brain development, in which
the adaptive capacity of the fetus to extra-uterine environment is limited. Inadequate brain
perfusion has been directly linked to preterm brain damage. Advanced high-frequency
ultrasound probes and processing algorithms allow visualization of microvessels and depic-
tion of regional variation. To assess whether visualization and flow velocity estimates of
preterm cerebral perfusion using Doppler techniques are accurate, we conducted an in vitro
experiment using a microvessel flow phantom.

Materials and Methods: An in-house developed flow phantom containing two microves-
sels (inner diameter 200 and 700 µm) with attached syringe pumps, filled with blood-
mimicking fluid, was used to generate non-pulsatile perfusion of variable flow. Measure-
ments were performed using an Esaote MyLab70 scanner.

Results: Microvessel mimicking catheters with velocities as low as 1 cm/s were ade-
quately visualized with a linear ultrasound probe. With a convex probe, velocities <2 cm/s
could not be depicted. Within settings, velocity and diameter measurements were highly
reproducible [intra-class correlation 0.997 (95% CI 0.996–0.998) and 0.914 (0.864–0.946)].
Overall, mean velocity was overestimated up to threefold, especially in high velocity
ranges. Significant differences were seen in velocity measurements when using steer
angle correction and in vessel diameter estimation (p < 0.05).

Conclusion: Visualization of microvessel-size catheters mimicking small brain vessels is
feasible. Reproducible velocity and diameter results can be obtained, although important
overestimation of the values is observed. Before velocity estimates of microcirculation can
find its use in clinical practice, calibration of the ultrasound machine for any specific Doppler
purpose is essential. The ultimate goal is to develop a sonographic tool that can be used
for objective study of regional perfusion in routine practice.

Keywords: preterm brain, cerebral circulation, cerebral perfusion, microcirculation, flow phantom, calibration,
cerebral blood flow, Doppler

INTRODUCTION
Central to normal human brain development and function is
maintenance of adequate blood flow and oxygenation. This
requires complex regulatory mechanisms, which at the early stages
of human development exist in a vulnerable equilibrium and are
notoriously difficult to monitor. Severe neonatal conditions, such

Abbreviations: BMF, blood-mimicking fluid; CBF, cerebral blood flow; CD, color
Doppler; ICC, intra-class correlation; ICV, internal cerebral vein; NIRS, near-
infrared spectroscopy; PD, power Doppler; PI, pulsatility index; PRC, processing;
PRF, pulse repetition frequency; PRS, persistence; PW, pulsed wave; PWD, pulsed
wave Doppler; RI, resistance index.

as prematurity, birth trauma, infections, and congenital malfor-
mations, often compromise brain perfusion during this critical
period of brain development and will grow into an avalanche of
neurodevelopmental problems, including cognitive deficits, motor
disability, and psychiatric diseases (Sherlock et al., 2005; Volpe,
2009) with ensuing lifelong burdens for the growing individuals
and their families, and a major socio-economic impact for the
health care system and the whole of society (Petrou et al., 2001).

Brain injury as a complication of preterm birth is directly or
indirectly linked to low brain perfusion and oxygenation (Meek
et al., 1999; Kissack et al., 2004). Although little is known about
the ability of the preterm to regulate cerebral blood flow (CBF) in

Frontiers in Human Neuroscience www.frontiersin.org January 2015 | Volume 8 | Article 1068 | 8

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Journal/10.3389/fnhum.2014.01068/abstract
http://www.frontiersin.org/Journal/10.3389/fnhum.2014.01068/abstract
http://www.frontiersin.org/people/u/181639
http://community.frontiersin.org/people/u/201063
http://www.frontiersin.org/people/u/191676
http://www.frontiersin.org/people/u/188853
http://www.frontiersin.org/people/u/196656
http://community.frontiersin.org/people/u/201594
http://community.frontiersin.org/people/u/201654
http://community.frontiersin.org/people/u/194817
http://www.frontiersin.org/people/u/170835
mailto:j.dudink@erasmusmc.nl
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Camfferman et al. Calibrating Doppler of preterm microcirculation

response to changes in perfusion pressure, there is some evidence
that the autoregulatory range is limited compared with that of
adults and absent in sick infants (Greisen, 2005). Muscular walls
are even absent in fragile medullary channels of the preterm brain,
suggesting that some functional tools for autoregulation are not
present yet (Kuban and Gilles, 1985). Consequently, extremes of
systemic perfusion are transmitted unaltered to brain tissue. It is
still a challenge to study neonatal organ and brain–blood perfusion
systematically. A reliable, objective, repeatable, safe, and bedside
method to characterize neonatal blood perfusion is needed.

Alternative methods to approximate blood flow, like blood
pressure, diuresis, heart rate, and limb oxygen saturation are exten-
sively used, but are notoriously poor surrogates of neonatal brain
perfusion. Standard techniques for adult brain studies are unde-
sirable or very difficult to apply in the neonate. CBF measured
with radioactive Xenon or jugular occlusion plethysmography are
disruptive to the infant and cannot be repeated frequently. MRI
perfusion scans (such as arterial spin labeling) are not suited for
(repeated) monitoring and require transport of often critically
ill and clinically unstable infants to the radiology ward (Liem
and Greisen, 2010). Now, tissue oxygen delivery can be studied
using optical near-infrared spectroscopy (NIRS), a bedside and
safe technique, which allows continuous monitoring. However,
NIRS is not quantitative and only provides indirect information
about blood flow in regions that cannot be precisely pinpointed.
Although trends in CBF may be inferred from changes in cerebral
oxygenation and/or blood volume, NIRS does not allow a direct
measure of CBF (van Bel et al., 2008; Marin and Moore, 2011).

EEG monitoring, like NIRS, is a safe and bedside neuro mon-
itoring tool, which gained renewed interest of clinicians and
researchers because of improved hardware and software in recent
years. However, changes in EEG signal reflect large neuronal elec-
trophysiological changes in a late and often irreversible stage of
brain injury evolution (Hellström-Westas, 2006).

Brain ultrasound is a widely used non-invasive and bedside
tool for evaluation of neonatal brain anatomy and detection of
brain injury. Color Doppler (CD) has already found a limited
application in the analysis of patent ductus arteriosus and birth
asphyxia. Indices like pulsatility index and resistance index have
been developed and used as proxies for flow (Pezzati et al., 2002;
Basu et al., 2014). Recent advances in ultrasound technique have
made visualization of small diameter vessels (microcirculation)
possible (Macé et al., 2011). Yet, conventional pulsed wave Doppler
(PWD) is regularly used for absolute flow velocity measurements.
Triplex mode imaging is used in current daily practice, in which
flow information is overlaid to an anatomical B-mode image, and
absolute flow velocities are measured in the PW Doppler panel
(WHO, 2011). Flow information is visualized either in CD or
power Doppler (PD). In CD, the color indicates average veloc-
ity in the vessel, which is sensitive to the angle of the vessel. In
PD, the color indicates the total amount of Doppler energy in
the echo from the vessel, which is not sensitive to the angle. The
general effect is that PD should be able to detect lower flow veloc-
ities and smaller vessels, at the cost of loss of quantitative velocity
information. Moreover, the additional method of directional PD
gives the PD, but estimates the direction of the flow and colors it
subsequently.

Although there is no general consensus on the definition of
“microcirculation” in the preterm brain, it is often defined as arte-
riolar and venular flow. Extrapolating from descriptions of vessel
anatomy in fetuses, the diameter of microvessels visualized with
Doppler in cerebral white matter of a preterm infant between 24
and 30 weeks is expected to be between 50 and 100 µm (Kuban
and Gilles, 1985; Anstrom et al., 2004). The large arteries of the
circle of Willis of 24-week-old fetuses have diameters around 400–
500 µm (Vasovic et al., 2007). High-frequency linear probes permit
visualization of vessels with a diameter below 200 µm. Therefore,
visualization of the brain microcirculation of the preterm infant
is feasible, making this a potential tool for in vivo, safe, bedside,
repeatable measurement of CBF. Still, one of the challenges of
ultrasound is that the vessel caliber cannot be accurately measured,
so that flow cannot be estimated (Kehrer et al., 2003, 2005).

Models using a flow phantom and advanced (power) Doppler
technique may be of use to objectively quantify regional flow varia-
tion. To mimic preterm brain tissue, this model should depict very
small vessel sizes (about 200 µm) and very low flow (<2 cm/s).

As far as we know, no studies are reported to assess the accu-
racy of current PW, CD, and directional PD techniques in the
visualization of microperfusion. Our aim was to evaluate if veloc-
ity measurements of microvessels are reproducible and accurate
using sensitive modern ultrasound techniques. The second aim
was to determine which Doppler technique (color versus PD,
type of probe) is best used to visualize these small vessels. To
this purpose, we set up an in vitro experiment using a microves-
sel flow phantom designed to mimic preterm cerebral perfusion.
We hypothesized that current ultrasound technique is sufficiently
accurate to estimate flow in preterm brain microvessels.

MATERIALS AND METHODS
MICROVESSEL FLOW PHANTOM
The flow phantom (Figure 1) consisted of an acrylic container
filled with agar-based tissue-mimicking material, built according

FIGURE 1 |The test setting. Flow phantom with a fixed ultrasound probe.
BMF, blood-mimicking fluid.
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to Teirlinck et al. (1998). The tissue-mimicking material contained
two vessels made of polyethylene terephthalate glycol-modified
(Paradigm Optics, Vancouver, WA, USA) with an inner diame-
ter of 200 µm each, and three silicone vessels (ERIKS bv, Alk-
maar, the Netherlands) with an inner diameter of 700, 1000, and
2000 µm respectively. The blood-mimicking fluid (BMF) used to
run through the vessels was based on the recipe by Ramnarine
et al. (1998). However, our BMF contains half the amount of dex-
tran and glycerol compared to the original recipe. This reduces the
viscosity of the fluid, which is necessary to prevent blockage of the
small vessels used in this study.

We intended to simulate the internal cerebral veins (ICV) and
intracerebral medullary veins of very preterm infants using this
microvessel flow phantom. Based on measurements performed in
daily clinical practice, the distance from the anterior fontanel to
the ICV is 2.5–5 cm, and intracerebral medullary veins are located
at a depth of 2 cm. Blood flow velocity in the ICV is about 5 cm/s
and in medullary veins this lies around 1 cm/s (Pfannschmidt and
Jorch, 1989; Deeg and Lode, 2005). ICV diameter is estimated to
be 500 µm in these neonates, while the diameter of the intracere-
bral medullary veins is around 100 µm (Kuban and Gilles, 1985).
Since capillaries for the flow phantom with a diameter of 100 and
500 µm were not available, we used the 200 and 700 µm vessels
for this study.

TEST SETTING
To generate steady flow through the capillaries, we used a cali-
brated syringe pump (Harvard Apparatus Pump 11 Elite, Instech
Laboratories, Plymouth Meeting, USA) to infuse BMF at velocities
ranging from 1 to 10 cm/s. This pump can produce regular flows
as low as 1.28 pL/min. To calibrate the syringe pump, we calculated
expected BMF volume based on pump speed and duration of the
experiment and compared this with the volume of BMF collected
at the flow phantom outlet. Recording time was started at the first
drop.

For each vessel size, flow settings (microliter per second) were
calculated according to the following equation:

Q =
(
Vavg × πr2)

× 109 (1)

Q is flow in microliter per second, V avg is average velocity in meter
per second, and r is the radius of the vessel in meter.

Measurements were obtained using an Esaote system (Mylab
70, Genova, Italy) with a linear (Esaote LA 435 Linear Array Ultra-
sound Probe, 6.0–18.0 MHz) and convex probe (Esaote CA123

Convex Array Ultrasound Probe, 3.3–9.0 MHz). A standard ultra-
sound preset was used, identical to the preset used for imaging
in daily clinical practice. This standard preset was optimized for
neonatal preterm microvessel visualization prior to a large local
prospective cohort study. The aim of that study was to explore
the feasibility of CD for monitoring of cerebral perfusion in very
preterm infants at the level of microvessels (unpublished data of
Raets et al. – Preterm cerebral microcirculation assessed with color
Doppler: a pilot study). According to Ten Cate et al. (2013), the
Esaote Ultrasound machine, as used in this experiment, proved to
be more suitable for microcirculation imaging in comparison to
the other ultrasound brands. This is most probably mainly caused
by fundamental differences in processing the Doppler signal or
internal settings inaccessible to users. Settings used in this study
are summarized in Table 1. For the linear probe, settings included
a transmit frequency of 7.7 MHz in flow visualization and 5.9 MHz
in PW Doppler, a gain of 50%, and an imaging depth of 30 mm.
For the convex probe, settings included a transmit frequency of
5 MHz in flow visualization and 6.3 MHz in PW Doppler, a gain
of 54%, and imaging depth of 76 mm. Thermal and mechanical
indices were always kept below 1.0.

The syringe pump was set to generate non-pulsatile perfu-
sion of predefined volumes for each of the vessels (see above).
Using the convex and linear probes, peak flow velocity and diam-
eter of the capillaries were measured at 2 cm depth. Detection
and diameter sizing measurements were performed using CD
and directional PD. To obtain diameter measurements, a Doppler
image was frozen, and diameter was estimated using a manual cal-
iber measurement. Velocity measurements were performed in the
PW Doppler panel by manually putting a marker at the extreme
bound of the PW profile. Since the flow was non-pulsatile, this
extreme bound was persistent over the entire measurement period
(1 or more seconds) and easily identifiable. When enabled, the
steering angle was aligned parallel to the capillary. The veloc-
ity measurements were repeated three times at each predefined
velocity. In order to minimize bias, a single observer obtained the
measurements in the presence of a second observer.

In order to prevent motion artifacts, the probes were fixed
using a tripod. With set flow velocities of 5 cm/s and above, a
pulsatile flow pattern was witnessed. This disturbance vanished
when using a 10 mL low friction glass syringe (GASTIGHT #1010,
Hamilton Company, Bonaduz, Switzerland) or a 60 mL plastic
syringe instead of a 10 mL plastic syringe. Therefore, for all set
flow velocities of 5 cm/s and more we used the glass syringe.

Table 1 | Ultrasound settings used in this study.

Doppler mode Probe Frequency (MHz) Gain (%) PRF (kHz) PRS PRC Wall filter

PWD Linear 5.9 53–60 0.5–10 – 6 100 Hz

Convex 6.3 50–56 0.75–2 – 6 65 Hz

CD Linear 7.7 50 0.37 16 M/2 1

Convex 5 64 1.5 16 H/2 2

Directional PD Linear 7.7 50 1–2.5 3, 4 M/2, H/2 2, 3

Convex 5 64 1–2 3, 4, 6 L/2, M/2 2, 4

PWD, pulsed wave Doppler; CD, color Doppler mode; PD, power Doppler; PRF, pulse repetition frequency; PRS, persistence; PRC, processing.
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Camfferman et al. Calibrating Doppler of preterm microcirculation

FIGURE 2 | Ultrasound image of phantom microvessel. Ultrasound image showing a 200 µm flow phantom catheter as depicted by a linear probe in color
Doppler mode.

STATISTICAL ANALYSIS
To assess the reproducibility of the velocity measurements and
whether velocity measured with the ultrasound corresponded with
the actual set velocity, one-way random intra-class correlation
(ICC) coefficient was computed with single measures. Based on
bootstrap sampling, the 95% confidence interval for ICC coef-
ficient was calculated. To compare the measured diameter with
the actual diameter of the capillaries, we used the Student’s one
sample t -test. Statistically significant was assumed if two-sided
p value was <0.05. All statistical analyses were performed in R
(version 3.1.1; R Foundation for Statistical Computing, Vienna,
Austria – http://www.R-project.org).

RESULTS
VELOCITY MEASUREMENTS
Microvessels mimicking catheters with a size of 200 and 700 µm
with BMF velocities as low as 1 cm/s were adequately visualized
using a linear probe (Figure 2). With a convex probe, however,
velocities below 2 cm/s in the 700 µm vessel and below 3 cm/s in
the 200 µm vessel could not be depicted.

Measurements of velocity and diameter proved to be highly
reproducible, with an overall ICC coefficient of 0.997 (95% CI
0.996–0.998) and 0.914 (0.864–0.946), respectively.

As shown in Table 2, in all different settings, ICC coefficient of
three consecutive velocity measurements stayed above 0.9 with a
variation coefficient below 1.0, except for velocities measured in
the 200 µm vessel with the convex probe.

Differences between true (pump) velocity and the peak mea-
sured Doppler velocity are shown in Figure 3. Overall, PWD

Table 2 | Reproducibility of velocity measurements.

Vessel

diameter

(µm)

Doppler

mode

Probe Steer angle

correction

ICC (95% CI)

200 Color Linear – 0.998 (0.991–1.000)

+ 0.999 (0.996–0.999)

Convex – 0.985 (0.643–0.989) a

+ 0.991 (0.673–0.995) a

Power Linear – 0.997 (0.991–00.998)

+ 0.997 (0.988–0.999)

Convex – 0.915 (0.357–0.945) a

+ 0.992 (0.702–0.998) a

700 Color Linear – 0.999 (0.996–1.000)

+ 0.999 (0.976–1.000)

Convex – 0.986 (0.964–0.998) b

+ 0.999 (0.992–1.000) b

Power Linear – 0.995 (0.933–0.997)

+ 0.999 (0.996–0.999)

Convex – 0.997 (0.991–0.999) b

+ 0.999 (0.993–0.999) b

Reproducibility of consecutive velocity measurements as showed by ICC (intra-

class correlation) coefficients. Color, color Doppler; power, power Doppler; v,

velocity.
aNo visualization if v≤2 cm/s.
bNo visualization if v=1 cm/s.
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FIGURE 3 | Pump velocity versus measured Doppler velocity. Relation
between true velocity (centimeter per second) and velocity measured
(centimeter per second) in different settings: (A) with or without steer angle
correction, (B) color Doppler versus power Doppler, (C) convex versus linear

probe, (D) vessel size. Since applying steer angle correction leads to
significant (p < 0.001) overestimation of velocity, velocities in (B–D) are
without applying steer angle correction. The dotted line represents the line of
equality.

overestimated velocity with a 1.1- to 3.5-fold overestimation. This
is independent of the flow visualization method in the triplex
mode, as expected (Figure 3B). If velocity increased, spreading
of the velocities measured in the different settings seemed to
be more pronounced. However, this appeared to depend almost
uniquely on the highly significant differences that were seen in
velocity measurements with versus without steer angle correc-
tion (p < 0.001). When leaving out the steer angle velocity esti-
mates, correlation between true velocities and measured velocity
ameliorated.

Overall, ICC coefficient between average velocity measured by
Doppler and the true velocity was 0.352 (0.269–0.442). As shown
in a Bland–Altman plot (Figure 4), overall agreement between
true velocity (Velocity pump) and velocity estimated by Doppler
was poor. However, results suggest consistent overestimation.

DIAMETER MEASUREMENTS
Student’s t -test for vessel size showed significant differences in
diameter estimation (p-values <0.001 and 0.005, respectively).
As shown in Figure 5, vessel size was mostly overestimated by
ultrasound.

FIGURE 4 | Agreement between true velocity and Doppler velocity.
Bland–Altman plot of agreement between true velocity (V true) and velocity
estimated by Doppler measurements (V measured). The mean difference is
4.12 cm/s (95% CI 3.10–5.15 cm/s), dotted lines represent±2 SD borders.
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Camfferman et al. Calibrating Doppler of preterm microcirculation

FIGURE 5 | Vessel diameter. Vessel diameter measured (±SD) for the
200 µm vessel and the 700 µm vessel. Note the significant overestimation.

DISCUSSION
In this flow phantom study, we found that Doppler ultrasound
imaging is able to visualize microvessel-size catheters with low
flow, mimicking cerebral microcirculation. Within the differ-
ent settings, reproducible velocity and diameter results can be
obtained. Our overall results showed that vessel diameter and
velocity are overestimated when measured by Doppler ultrasound.
This corresponds with results of previous phantom studies (Goertz
et al., 2000; Raine-Fenning et al., 2008a; Schulten-Wijman et al.,
2008; Xu et al., 2008). However, these studies were designed mainly
to determine optimal machine settings and minimal detectable
flow. To our best knowledge, this is the first in vitro experiment to
calibrate for neonatal brain microcirculation.

Overestimation of flow velocity was observed in our study with
convex as well as linear ultrasound probes. Previous publications
(Guo et al., 1995; Teirlinck et al., 1998; Schulten-Wijman et al.,
2008) described a similar phenomenon. Several aspects of Doppler
technique and processing of the signals may contribute to this
overshooting, as detailed below.

First, it might be explained by sampling inaccuracy. The flow
can be assumed parabolic in the low-Reynolds number regime
asserted in our measurements. In such a flow, the peak velocity
is two times higher than the average flow as predicted by Eq. 1.
Moreover, we manually picked the maximum Doppler velocity in
the PW panel, as in current clinical practice, not the average veloc-
ity. The effect of the flow profile on such Doppler-based velocity
estimation is complex, but tends to overestimate the mean velocity
(Ricci et al., 2014).

A second explanation might be the way that raw ultrasound
data are filtered and processed within the ultrasound machine to
produce an image. Most ultrasound machines consider the mean
propagation speed c in tissue to be 1540 cm/s and use this value
to calculate many values, of which velocity is 1 (Zagzebski, 1996;
Gill, 2012). If the true propagation speed is higher than 1540 cm/s,
this may lead to overestimation of predicted velocity. Exact propa-
gation speed of preterm brain tissue is unknown and additionally

depends on several other factors, like temperature and hydration
status (Kremkau et al., 1981). Also, in the process of filtering back-
ground scatter, some information might be lost or adapted, all
according to the software used. At present, we are not familiar with
the manufacturer’s confidential post-processing algorithms to cre-
ate an image from raw data. Especially, when desiring to depict
smaller vessels and lower flow velocities, insight in these methods
and cooperation with the manufacturer in the development of new
software might be of importance.

Third, overshooting might be explained by insonation angle.
Since both velocity and direction of blood flow determine
Doppler shift, which is the main principle of Doppler ultrasound,
insonation angle is an important determinant in calculating veloc-
ity. To make velocity quantification error as small as possible,
the Doppler angle must be kept as small as possible (Zagzebski,
1996). Current study was performed in a flow phantom with an
insonation angle of about 60°, which is considered the maximal
insonation angle in clinical practice but still gives an important
velocity estimation error. Additionally, increasing insonation angle
worsens several Doppler artifacts, such as an intrinsic spectral
broadening, which leads to a systematic overestimation in velocity
measurements (Gill, 2012).

Pulsed wave Doppler and CD ultrasound depend on the time
shift of pulsed wave echoes to calculate velocity and direction. In
PD, on the other hand, the color displayed is determined by the
Doppler signal power rather than the effective time shift. In the-
ory, this makes PD more sensitive for visualization of low flow
velocity (Murphy and Rubin, 1997; Martinoli et al., 1998). Yet,
our study shows that both directional PD and CD are able to
detect flow velocities down to 1 cm/s with the linear array, which
would indicate applicability of both methods in the current frame-
work of preterm intracerebral circulation imaging. The measured
velocities with PD were independent of the CD or PD visualiza-
tion method, which is expected because of the independent nature
of data acquisition and processing between PW Doppler and the
visualization method.

As expected, applying the steer angle artificially corrects for
the angle between flow direction and ultrasound beam. Since the
measured Doppler value is divided by the cosine of the angle that
the sonographer sets, it should always result in larger apparent
velocities in the image (Szabo, 2013). This is consistent with our
findings.

Considering the specific characteristics of the linear and convex
ultrasound probes and their use in clinical practice, we expected
the linear probe to be more suitable for microcirculation imag-
ing. Indeed, lower flow velocities were visualized using the linear
probe in the 200 µm vessel compared to the convex probe. As seen
in Figure 3, velocities were mainly overestimated by the linear
probe while the convex probe underestimated them. Apart from
that, results show no obvious superiority for this probe and its
specific settings, with reference to the diameter and blood flow
velocity of the microvessels.

Since B-mode ultrasound is insufficiently accurate in esti-
mating the diameter of microvessels, we tried to approach true
diameter using CD and PD. Reproducible results were obtained;
however, overestimation was equally observed as in the velocity
measurements. This inaccuracy in measuring diameter is a known
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problem of Doppler technique. Due to the relatively long transmit
pulses in Doppler, axial accuracy of CD systems is rather low,
resulting in the encoding of the color sometimes beyond the true
flow field (Guo et al., 1995).

Additionally, when adjusting instrument parameters, for
instance, increasing the gain, overestimation of vessel diameter
is more likely (Browne et al., 2004; Raine-Fenning et al., 2008b).
Mitchell (1990) stated that a jet area depicted by color imaging
is likely to be more dependent on instrument parameters than
on vascular anatomy or physiological characteristics. However,
current understanding of ultrasound technique and new in vitro
models like this microcirculation flow model might give the oppor-
tunity to calibrate machine settings for measurement of diameter
and true blood flow in near future. In a small spinoff pilot study,
ultrasound settings were adjusted according to flow phantom mea-
surements allowing accurate caliber visualization during Doppler
imaging, showing the feasibility of this technique.

In conclusion, Doppler ultrasound might be an additional
diagnostic tool for quantification of neonatal brain blood flow.
This study shows that, before starting to use velocity estimates in
patients, calibration of the ultrasound machine for that purpose is
needed. The ultimate goal of this type of research is to develop a
sonographic tool that can be used for objectively studying regional
(3D) perfusion in routine practice.
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Heart rate variability parameters and
fetal movement complement fetal
behavioral states detection via
magnetography to monitor
neurovegetative development
Johanna Brändle1,2,3, Hubert Preissl2, Rossitza Draganova2, Erick Ortiz2, Karl O. Kagan3,
Harald Abele3, Sara Y. Brucker1,3† and Isabelle Kiefer-Schmidt1,2,3*†

1 University Women’s Hospital and Research Institute for Women’s Health, University of Tuebingen, Tuebingen, Germany,
2 fMEG Center, University of Tuebingen, Tuebingen, Germany, 3 Department of Obstetrics and Gynecology, University of
Tuebingen, Tuebingen, Germany

Fetal behavioral states are defined by fetal movement and heart rate variability (HRV).
At 32 weeks of gestational age (GA) the distinction of four fetal behavioral states
represented by combinations of quiet or active sleep or awakeness is possible. Prior to
32 weeks, only periods of fetal activity and quiesence can be distinguished. The increasing
synchronization of fetal movement and HRV reflects the development of the autonomic
nervous system (ANS) control. Fetal magnetocardiography (fMCG) detects fetal heart
activity at high temporal resolution, enabling the calculation of HRV parameters. This
study combined the criteria of fetal movement with the HRV analysis to complete the
criteria for fetal state detection. HRV parameters were calculated including the standard
deviation of the normal-to-normal R–R interval (SDNN), the mean square of successive
differences of the R–R intervals (RMSSD, SDNN/RMSSD ratio, and permutation entropy
(PE) to gain information about the developing influence of the ANS within each fetal
state. In this study, 55 magnetocardiograms from healthy fetuses of 24–41 weeks’
GA were recorded for up to 45 min using a fetal biomagnetometer. Fetal states were
classified based on HRV and movement detection. HRV parameters were calculated
for each state. Before GA 32 weeks, 58.4% quiescence and 41.6% activity cycles were
observed. Later, 24% quiet sleep state (1F), 65.4% active sleep state (2F), and 10.6%
active awake state (4F) were observed. SDNN increased over gestation. Changes of
HRV parameters between the fetal behavioral states, especially between 1F and 4F,
were statistically significant. Increasing fetal activity was confirmed by a decrease in PE
complexity measures. The fHRV parameters support the differentiation between states
and indicate the development of autonomous nervous control of heart rate function.

Keywords: fetal behavioral states, heart rate variability (HRV), fetal magnetocardiography (fMCG), fetal matura-
tion, autonomic nervous system (ANS)

Abbreviations: ANS, autonomic nervous system; Bpm, beats per minute; CTG, cardiotocogram, cardiotocography, fECG,
fetal Electrocardiography; fHRV, fetal heart rate variability; fHRP, fetal heart rate pattern; fMCG, fetal magnetocardiography;
GA, gestational age; HRV, heart rate variability; IUGR, intrauterine growth restriction; mHR, mean heart rate; PE, permu-
tation entropy; RMSSD, root mean square of successive differences of the R–R intervals; SDNN, standard deviation of the
normal-to-normal R–R intervals; SQUID, superconducting quantum interference device.
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Introduction

Nijhuis et al. (1982) classified fetal behavior after 32 weeks of
gestation into four states (quiet sleep 1F, active sleep 2F, quiet
awake 3F, active awake 4F, seeTable 1), based on fHRV, eye move-
ment and body movement measured by CTG, and ultrasound
(Prechtl, 1985; Drogtrop et al., 1990; Nijhuis et al., 1999). Prior
to 32 weeks of GA, it is possible to distinguish activity and resting
cycles (Pillai and James, 1990b). Fetal heart rate and movement
is a common obstetrical marker of fetal well-being and health.
Starting in the 1980s, fetal behavioral states were introduced as a
concept based on fetal heart rate andmovement classification and
information was discovered about the development of the ANS
during pregnancy.

Fetal magnetocardiography uses SQUID biomagnetometry to
non-invasively record fetal heart function through the maternal
abdomen. This method detects the fetal cardio electrophysiol-
ogy with high temporal resolution (1 ms) superior to CTG and is
less susceptible to artifacts than fECG (Peters et al., 2001). Thus,
an exact detection of the fetal HRV is possible. Several research
groups have confirmed the usefulness of fMCG as a new and
safe technique for prenatal evaluation of fetal well-being and neu-
rovegetative development by fHRV analysis (Van Leeuwen, 2004;
Schneider et al., 2008). Most of the prior fMCG studies were con-
ducted with small-array biomagnetometer systems, using visual
classification of the data to identify fetal behavioral states. In
2008, a fetal magnetography system was installed at the MEG
Center Tuebingen, dedicated for fetal monitoring. The system
succeeds an earlier fetal system and provides improved signal
acquisition for fetal assessment with enhanced detection of fetal
signals (Lowery et al., 2006), making it possible to record fetal
heart signals fMCG with high temporal resolution and fetal brain
activity fMEG with high detection rates (Preissl et al., 2004). The
characterization of normal fetal behavior is fundamental to neu-
rodevelopmental research and clinical fetal evaluation. Fetal heart
rate is influenced by the ANS, which matures during pregnancy.
In addition several HRV parameters express the maturing influ-
ence of both ANS branches (sympathetic and parasympathetic).
The SDNN measures the overall variability of the neurovege-
tative system. The RMSSD represents the short-term variability
associated with vagal function. The SDNN/RMSSD ratio reflects
sympathovagal balance (Schneider et al., 2008), and PE represents

the complexity of heart beat intervals (Frank et al., 2006). Due
to the high temporal resolution of the MCG, these parame-
ters can be reliably estimated and could improve HRV analysis
to enable the monitoring of the current fetal neurovegetative
state, as shown in an earlier fMCG study (Schneider et al.,
2008).

The focus of this study was the inclusion of fetal movement
data according to the original Nijhuis criteria for fetal state clas-
sification. Additionally, HRV parameters (SDNN, RMSSD, ratio
SDNN/RMSSD, PE) were simultaneously studied to gain infor-
mation about the developing influence of the ANS within each
fetal state. This was done by adapting the design of an earlier
fMCG study (Schneider et al., 2008). An algorithm was used
for an automatic fetal behavioral state detection – in order to
provide a reproducible and objective approach, visual state detec-
tion was used to control and verify the results. Further interest
should focus on the combination of the neurodevelopmental
information obtained by both fMCG and fMEG, measuring fetal
brain activity in utero, for the future, clinical applications of fetal
magnetography.

Materials and Methods

Subjects
The study was performed with the fetal biomagnetometer
installed at the fMEG Center in Tuebingen, Germany (Kiefer-
Schmidt et al., 2013; Sonanini et al., 2014). The Ethics Committee
of the Medical Faculty of the University of Tuebingen, Germany,
approved the study. Written informed consent was obtained
from all subjects. Fifty-five fetal magnetography recordings
were obtained between 24 and 41 weeks of GA from women
with uncomplicated, healthy singleton pregnancies. Subjects
were divided into three GA groups: group 1 (GA 24+0
to 32+0 weeks), group 2 (GA 32+1 to 35+0 weeks), and
group 3 (GA 35+1 to –41 weeks). Chromosomal abnormali-
ties, fetal infections, and maternal diseases with negative effects
on the unborn child were excluded. Only fetuses with esti-
mated weights between the 10th and 90th percentiles for GA
as determined by ultrasound were included in this study.
Neonatal outcome was obtained after delivery to confirm a health
child.

TABLE 1 | Criteria of the automatic state classification based on the original Nijhuis criteria.

State/fHRP 1F/fHRP1 quiet sleep 2F/fHRP2 active sleep 4F/fHRP4 active awake

Original criteria • Quiescence which can be regularly
interrupted by brief body movements
(startles)

• Stable heart rate, small oscillation
• Isolated accelerations occur strictly

related to movement

• Frequent gross body movement
Heart rate with wider bandwidth than 1F

• Frequent accelerations during movement

• Vigorous activity with many trunk rotations
• Unstable heart rate
• Large and long lasting accelerations

fused into sustained tachycardia

Criteria for automatic state detection

Baseline <160 bpm <160 bpm >160 bpm possible

Oscillation bandwith <±7.5 bpm ±7.5–±15 bpm >±15 bpm

Accelerations No >15 bpm/>15 s >30 bpm/>30 s

Movement No Yes Yes
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A CTG was routinely performed before every fMCG record-
ing to confirm fetal heart rate and activity as normal for GA.
Furthermore, the fetal position in relation to the sensor array
was checked by ultrasound (Logiq 500 MD, GE Healthcare,
Little Chalfont, Buckinghamshire, UK) prior to the record-
ing. The study was performed in a magnetically shielded room
(Vakuumschmelze, Hanau, Germany). The sensor array con-
sisted of 156 SQUIDs (first order gradiometers) and 29 ref-
erence channels for noise detection (CTF MEGTM System,
VSM Med. Tech, Coquitlam, BC, Canada). Subjects were seated
comfortably in an upright position and asked to lean for-
ward against the concave sensor array, modeled especially for
the pregnant abdomen. Four coils fixed on elastic belts were
positioned around the maternal abdomen to mark fetal head
position with respect to the sensor array and to detect mater-
nal movement during the measurement. The mothers were
asked to relax during the recording and to move as little as
possible. A choice of relaxing music was offered and trans-
ferred via air-conducting lines from a music player outside the
room to a headphone. The duration of the recording depended
on maternal comfort and was set to a maximum of 45 min.
Subsequently, the ultrasound examination was repeated to check
fetal position.

Data Acquisition
The recordings were performed at a sampling rate of 1220.7 Hz.
Datasets with low signal-to-noise ratios for fetal heart signals
and data with more than 3% artifacts or missed heartbeats were
excluded from the analysis. All data were filtered with a bandpass
of 1–80 Hz using the 8th order Butterworth filter with zero-phase
distortion. Maternal heart signals were attenuated using a signal
space projection technique and the fetal R-waves were identi-
fied using the Hilbert transform technique. The time between
two R-waves was defined as a beat-to-beat interval and used to
calculate fetal mHR. Classical parameters of fHRV representing
the time domain (SDNN, RMSSD, SDNN/RMSSD ratio) and a
non-linear fHRV measure (PE) were calculated for each state,
1F through 4F, and each gestational group in a moving win-
dow of 256 bpm. As a preprocessing step, a shifting window
with a fixed size of 256 heartbeats was standardized in accor-
dance with recommended standards (Malik, 1996; Grimm et al.,
2003). The HRV parameters calculated were: SDNN – the stan-
dard deviation of normal-to-normal beats – representing the
overall variability of sympathetic and vagal oscillations in the

short data windows; RMSSD – the root mean square of suc-
cessive differences, reflecting vagal control; the SDNN/RMSSD
ratio – relating overall variability to its short-term variability
shared in the time domain as a measure of sympathovagal bal-
ance (Schneider et al., 2008); and PE, representing the complexity
of heart rate series (Frank et al., 2006). Fetal heart rate over
time was plotted in bpm as a cardiogram in a CTG-like fash-
ion. The fMCG signal measures fetal movement as changes in
the orientation of fetal heart vectors with respect to the sensor
array. This detection of fetal movement is orientated solely on
the fetal heart vector and therefore only gross fetal movements
such as trunk rotations are discernible. The resulting variation in
signal amplitude was plotted as an actogram showing the fluc-
tuation of the baseline over time. Any deviation >25% from
baseline was considered to represent fetal movement. The car-
diogram and the actogram were recorded simultaneously and
plotted together as an actocardiogram, plotted in Figure 1. We
developed an algorithm for automatic state classification based on
the Nijhuis criteria (Table 1), taking into account the occurrence
of fetal movement and the fHRP. All datasets were addition-
ally classified by visual inspection of the actocardiograms by an
observer with experience in the analysis of CTG and actocardio-
grams. A second observer with experience further independently
analyzed the actocardiograms. If disagreement occurred, consen-
sus was achieved by revision. Due to the low occurrence of the 3F
state (Schneider et al., 2008), only the 1F, 2F, and 4F states were
included in the present analysis. Prior to GA 32 weeks (group
1), only active and quiet states were distinguished, corresponding
to the algorithm criteria of 1F for quiescence and 2F for activity
(Pillai and James, 1990b).

Statistics
Statistics were performed with SPSS 18.0 for Windows (IBM,
Armonk, NY, USA). A one-way ANOVA was used for the sta-
tistical analysis of fetal behavioral states (independent variable)
and parameters of HRV (dependent variable; Figures 3 and 4). To
improve the design of Figures 3 and 4, all data were plotted on a
logarithmic axis. A value of p < 0.05 was considered statistically
significant. Post hoc analysis of the difference between the indi-
vidual states and three age groups employed the Mann–Whitney
U test. After correction for multiple comparisons (Bonferroni),
p < 0.0167 was considered significant for the post hoc analysis.
The correlation of fHRV parameters with GA was analyzed by
Spearman’s rank correlation.

FIGURE 1 | Example of an actocardiogram in 38 weeks of GA measured over 45 min (first line: cardiogram in bpm; second line: actogram).
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FIGURE 2 | Distribution of the fetal behavioral states in percent of total recording time per GA group. Group 1: GA 24+0 to 32+0 weeks), Group 2: GA
32+1 to 35+0 weeks, and Group 3: GA 35+1 to 41 weeks.

FIGURE 3 | (A–E) Box-and-whiskers plots of the HRV parameters by fetal behavioral state (1F, 2F, 4F) and GA group (group 1–3).
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FIGURE 4 | (A–E) Box-and-whiskers plots of the distribution of the individual HRV parameter per fetal behavioral state (1F, 2F, 4F).

Results

Starting at 24 weeks of GA, we performed measurements in 55
pregnant women (mean age 33 years) with a mean recording time
of 32.5 min (range 10–45 min) divided into three groups by GA
(group 1, n = 18; group 2, n= 15; and group 3, n = 22) as seen in
Figure 2. State detection was possible in all 55 datastets (auto-
matic state classification: n = 49; visual classification: n = 6).
In 89% of all cases automatic state classification was used suc-
cessfully. Only in 11% (n = 6) the algorithm failed and visual
inspection was needed for classification. In this visual classifi-
cation the two observers disagreed in two cases an a consensus
was achieved by revision. In group 1 (GA < 32 weeks), fetuses
were in the resting state and in activity cycles during 58.4 and
41.6% of the recording time, respectively. Group 2 (GA 32–
35 weeks), exhibited 1F, 2F, and 4F during 16.2, 72, and 11.8% of
the recording time. In the late gestation group 3, the occurrence
of 1F increased to 31.8%, 2F decreased to 58.8% and 4F remained
almost unchanged at 9.4% (Figure 2).

Parameters of fHRV and GA
Mean heart rate was stable between group 1 (144 bpm) and
group 2 (145 bpm), but decreased to 141 bpm in group 3 (corr:
−0.363, p < 0.001), as demonstrated in Figure 3A. This shift was
significant (χ2 = 12.48; p < 0.005) between the GA groups in
general and between group 1 and 3 in the post hoc analysis.

The SDNN showed an increasing trend with GA for state
2F and 4F, as seen in Figure 3B, but did not attain statistical
significance between the age groups in general (χ2 = 5.43,
p = 0.066). The increase was significant from group 1 to group

2, but not between the other age groups. There was no signifi-
cant correlation between GA and SDNN in general (corr: 0.181;
p = 0.081).

The RMSSD showed no clear decrease or increase across the
GA groups, nor was the correlation between RMSSD and GA
statistically significant (corr: 0.103; p = 0.323; Figure 3C).

The SDNN/RMSSD ratio (Figure 3D) showed a decreasing
trend between group 1 and 2, group 2 and 3, and group 1 and
3 (corr: 0.026; p = 0.805).

PE did not show any significant changes between the GA
groups (corr: 0.179; p = 0.059; Figure 3E). The decrease did not
attain statistical significance as an overall main effect between all
three groups (χsup2 = 3.52, p = 0.172).

Table 2 indicates the results of the post hoc analysis for each
fHRV parameter between the age groups. Figures 3A–E shows
the distribution of the HRV parameters by GA group. Table 3

indicates the distribution of the fHRP parameter in the age
groups.

Parameters of fHRV and Fetal Behavioral
States
Classical fHRV parameters were calculated for each recording
in relation to the different fetal behavioral states. Figures 4A–E
shows the distribution of the HRV parameters by fetal behavioral
state. As shown inTable 4, mHR increased from 1F to 2F, from 1F
to 4F, and from 2F to 4F in each GA group. This main effect was
statistically significant between the states for all fetuses in gen-
eral (χ2 = 31.87, p < 0.001) and for the changes in behavioral
state from 1F to 4F and from 2F to 4F. The SDNN increased sig-
nificantly with the fetal behavioral state (χ2 = 95.42, p < 0.001).

Frontiers in Human Neuroscience | www.frontiersin.org April 2015 | Volume 9 | Article 147 20|

http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Brändle et al. Neurovegetative monitoring via magnetography

TABLE 2 | Post hoc analysis (U = Mann–Whitney test) of the HRV parameters and the age groups.

Group mHR SDNN RMSSD SDNN/RMSSD ratio PE

1–2
1–3
2–3

0.032 (U = 199.0)
0.001(U = 350.0)
0.400(U = 373.0)

0.009 (U = 174.0)
0.101 (U = 517.0)
0.941 (U = 425.0)

0.217 (U = 246.0)
0.306 (U = 573.0)
0.931 (U = 415.0)

0.041 (U = 0.707)
0.330 (U = 0.902)
0.990 (U = 1.5)

0.165 (U = 225.0)
0.080 (U = 506.5)
0.831 (U = 394.5)

Statistically significant p-values are in bold type.

TABLE 3 | Distribution of the measured parameters of fHRP divided in
groups regarding GA [Mean (STD)].

Group 1 Rest: Active:

Mean HR 142.76 (5.10) 148.72 (7.36)

SDNN 7.48 (0.82) 18.77 (4.38)

RMSSD 3.23 (1.13) 13.15 (9.78)

Ratio SDNN/RMSSD 2.55 (0.82) 1.99 (1.26)

Perm. entropy 0.93 (0.03) 0.92 (0.03)

Group 2 1F: 2F: 4F:

Mean HR 136.34 (6.80) 141.02 (6.77) 156.92 (10.63)

SDNN 8.84 (1.22) 22.59 (3.93) 26.99 (10.39)

RMSSD 4.57 (1.44) 7.82 (3.57) 6.99 (2.04)

Ratio SDNN/RMSSD 2.10 (0.58) 3.33 (1.04) 4.06 (1.17)

Perm. Entropy 0.95 (0.02) 0.94 (0.02) 0.93 (0.03)

Group 3 1F: 2F: 4F:

Mean HR 134.21 (7.45) 137.83 (6.03) 150.82 (4.97)

SDNN 7.43 (1.57) 25.43 (4.87) 34.04 (10.83)

RMSSD 4.29 (1.14) 8.83 (3.46) 7.29 (4.55)

Ratio SDNN/RMSSD 1.84 (0.59) 3.28 (1.28) 5.41 (2.21)

PE 0.95 (0.02) 0.94 (0.02) 0.90 (0.03)

From 1F to 2F and from 1 F to 4F the increase attained statistical
significance (Figure 4B). The RMSSD increased significantly with
the behavioral state in general (χ2 = 54.19, p < 0.001) and from
1F to 2F and 1F to 4F, as seen in Figure 4C. The SDNN/RMSSD
ratio increased significantly in general as a main effect (χ2 = 1.76,
p < 0.001) and from 1F to 2F and 1F to 4F (Figure 4D). PE
decreased significantly from 1F to 4F and 2F to 4F, but not from
1F to 2F (Figure 4E).

Discussion

Fetal Behavioral States
Behavioral states in mature normal fetuses were primarily inves-
tigated by ultrasound relating to the original Nijhuis criteria,
namely fHRPs, eye movement, and general body movement
(Nijhuis et al., 1982). Between 36 and 42 weeks of GA, fetal behav-
ioral states 1F, 2F, and 4F were reported as occurring 30.2, 57.5,
and 9.5% of the time (Pillai and James, 1990a), respectively. This
is in good agreement with our findings for the corresponding
GA group 3 with 31.8% 1F, 58.8% 2F, and 9.4% 4F. Relating to
the same gestational period, a fMCG study (Lange et al., 2009)
visually classified fHRPs and found respective relative durations

of 27.5, 42.5, and 20% for 1F, 2F, and 4F. The remaining 10%
for 3F and the fact that the study used only fetal heart rate to
classify fetal behavioral states without taking fetal movement into
account might explain the differences in findings compared with
our current study. Another fMCG study (Schneider et al., 2008)
investigated fHRPs in the same GA groups as we did in our
study and detected more 1F and 4F, but less 2F compared to our
results in fetuses over 32 weeks of GA. Nevertheless, that study
reported changes in fetal behavioral states with increasing GA
from group 2 to group 3 that were similar to those observed
in our present study, i.e., an increase in 1F (28–43.9% vs. 16.2–
31.8% in our study) and decreases in 2F (50–42.1% vs. 72–58.8%
in our study) and 4F (22.4–14% vs. 11.8–9.4% in our study).
We aimed to describe fetal behavioral states more accurately by
additionally taking into account fetal movement as one of the
original Nijhuis criteria defining these states. The strong concor-
dance between the behavioral state frequencies in mature fetuses
beyond 36 weeks of GA and traditional studies of fetal behav-
ioral state based on all Nijhuis criteria support our approach
(Pillai and James, 1990a; Nijhuis, 1993). This indicates that this
is a valid approach for fetal state detection. The advantage of
an automatic state detection is to be objective and reproducible.
As this algorithm was newly applied but not established yet, we
double-checked the data visually and preferred in case of dis-
crepancy the visual detected state. More data of a comparison
between both methods is necessary to validate the automatic state
detection.

During early gestation, only quiet vs. active states were dis-
tinguishable, representing the premature fetus. With progressing
gestation, heart rate patterns became more defined, and matched
fetal movement. The frequencies of fetal behavioral states devel-
oped as expected (Pillai and James, 1990a; Schneider et al., 2008).
These results confirm that, as the ANS matures, the fetus devel-
ops the ability to synchronize HRV and body movement and to
develop fetal behavioral states.

Heart Rate Variability
Our further goal was to assess neurovegetative modulation by
comparing established parameters of fetal HRV, namely SDNN,
RMSSD, SDNN/RMSSD ratio, and PE, with the fetal behav-
ioral states 1F, 2F, and 4F across three GA groups. The total
values of the HRV parameters were in accordance with an
MCG study based on visual classification of fHRPs to identify
behavioral states (Schneider et al., 2008), although the individ-
ual values were spread out over a wide range and clustered
more clearly within the three GA groups as demonstrated in
Figure 3. In our study, the SDNN showed an increasing trend
with GA, indicating the increasing modulation of autonomous
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TABLE 4 | Post hoc analysis (U = Mann–Whitney test) of the HRV parameter and the fetal behavioral states.

State changes mHR SDNN RMSSD SDNN/RMSSD ratio PE

1F–2F 0.057 (U = 1444.0) 0.000 (U = 1.00) 0.000 (U = 406.0) 0.000 (U = 0.002) 0.721 (U = 1717.0)

1F–4F 0.000 (U = 37.0) 0.000 (U = 13.0) 0.000 (U = 128.0) 0.000 (U = 0.101) 0.016 (U = 206.0)

2F–4F 0.000 (U = 67.0) 0.030 (U = 314.0) 0.713 (U = 466.0) 0.042 (U = 0.674) 0.009 (U = 273.5)

Statistically significant p-values are shown in bold type.

nervous control. Schneider et al. (2008) confirmed a slight
increase based on higher values for 2F and 4F in fetuses over
32 weeks of GA. Moreover, as previously reported (Zhuravlev
et al., 2002; Schneider et al., 2008), the SDNN/RMSSD ratio
showed a decreasing trend with GA, indicating that the level
of vegetative control increased toward term. However, both
RMSSD and PE showed no clear changes with progressing ges-
tation either in our data or in previous studies (Schneider et al.,
2008). However, there were changes in parameters between the
behavioral states. We observed increases in SDNN and RMSSD
between the quiet sleep state (1F) to the two active states (2F
and 4F; Figures 4B–C). Whereas the SDNN reflects the overall
increase in variability in vegetative function with fetal activity,
the RMSSD represents the progressive vagal influence on short-
term-variability. Maturation of the ANS more strongly empha-
sized the sympathetic branches, as indicated by the increase in
SDNN/RMSSD ratio with fetal state. The changes in RMSSD
from 2F to 4F were inverse to the changes in SDNN; a slight
decrease was visible but not statistically significant. This find-
ing was confirmed by prior studies showing the same shift in
fetuses over 35 weeks of GA (Schneider et al., 2008; Lange
et al., 2009). Moreover, earlier studies also reported an inverse
change in SDNN/RMSSD ratio and PE, with the lowest ratio in
the 1F state being observed for the linear parameters and the
highest for PE. Notably, our data revealed differences in SDNN
and RMSSD between the 1F and 2F states and in PE between
the 2F and 4F states. All parameters showed significant shifts
between 1F and 4F. These changes are in agreement with earlier
reports of high linear fHRV parameters and low complexity
measures in high fetal activity (Frank et al., 2006; Schneider et al.,
2008).

The fHRV parameters may help to differentiate between fetal
behavioral states and indicate the neurovegetative modulation
within each state, thus offering greater insight into the vegeta-
tive development in utero. This confirms other studies pointing
to the SDNN as a distinguishing parameter (Frank et al., 2006;
Lange et al., 2009), including a more recent study indicating
large state-dependent changes in SDNN (Wallwitz et al., 2012).
mHR declined from the youngest to the oldest GA group, which
reflects the known decrease in baseline heart rate toward term.
MHR clearly increased with fetal activity as seen toward 4F, the
behavioral state characterized by long lasting heart rate accelera-
tions and possibly sustained tachycardia (Nijhuis et al., 1982). We
conclude that developmental changes in HRV indicate how the
autonomous nervous systemmatures the fetus’s ability to develop
behavioral states. These findings were evident for fetal age itself
from the clear findings between the states but not with GA in our

study. The findings from our data are in agreement with earlier
studies in this field (Schneider et al., 2008; Lange et al., 2009). In
contrast, studies investigating parameters over the course of preg-
nancy (Van Leeuwen et al., 1999; Lange et al., 2005) revealed an
increase in linear parameters and complexity measures with GA,
but it remains unclear whether the underlying state development
is a bias influencing this change in parameters. However, in our
study there was no subdivision into age groups for the analy-
sis of the parameter changes between the behavioral states nor
did we perform a subanalysis of the behavioral states across age
groups due to the limited number of cases. Schneider et al. (2008)
showed changes for SDNN, RMSSD, and PE that were similar to
those in our study in general, but they were able to further elu-
cidate that the shifts in the parameters from 1F to 2F concerned
all fetal age groups, whereas the changes from 2F to 4F or from
1F to 2F became evident only during the later stages of gesta-
tion, mostly after 35 weeks. According to the standard criteria
for fetal behavioral states, the increasing maturation of the fetal
ANS causes fetal heart rate and movement to become increas-
ingly synchronized. This synchronization is a known marker of
fetal well-being and is used in the clinical monitoring of preg-
nant women. It is well known that fetal HRV can be affected by a
number of factors, including GA, maternal medication, or fetal
pathology (Van Leeuwen et al., 1999; Lange et al., 2005, 2009;
Lowery et al., 2008). Cases of high-risk pregnancy, e.g., IUGR or
preeclampsia, showed lower levels of fetal movement, absence of
fetal heart rate synchronization, and movement, or decelerations
in fetal heart rate (Schneider et al., 2006, 2009). Therefore, the
combination of fetal actocardiogram and HRV parameters could
be helpful in indicating fetal distress with the aid of fetal magne-
tography. The use of fHRV parameters enhances the possibilities
to monitor fetal autonomous nervous development making the
combination of fMCG and fMEG expedient in future neurode-
velopmental studies. This could serve as a starting point for the
implementation of fetal magnetography as a multimodal tool for
fetal assessment.
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Disturbances of fetal autonomic brain development can be evaluated from fetal heart
rate patterns (HRP) reflecting the activity of the autonomic nervous system. Although
HRP analysis from cardiotocographic (CTG) recordings is established for fetal surveillance,
temporal resolution is low. Fetal magnetocardiography (MCG), however, provides stable
continuous recordings at a higher temporal resolution combined with a more precise heart
rate variability (HRV) analysis. A direct comparison of CTG and MCG based HRV analysis
is pending. The aims of the present study are: (i) to compare the fetal maturation age
predicting value of the MCG based fetal Autonomic Brain Age Score (fABAS) approach with
that of CTG based Dawes-Redman methodology; and (ii) to elaborate fABAS methodology
by segmentation according to fetal behavioral states and HRP. We investigated MCG
recordings from 418 normal fetuses, aged between 21 and 40 weeks of gestation. In linear
regression models we obtained an age predicting value of CTG compatible short term
variability (STV) of R2 = 0.200 (coefficient of determination) in contrast to MCG/fABAS
related multivariate models with R2 = 0.648 in 30 min recordings, R2 = 0.610 in active
sleep segments of 10 min, and R2 = 0.626 in quiet sleep segments of 10 min. Additionally
segmented analysis under particular exclusion of accelerations (AC) and decelerations
(DC) in quiet sleep resulted in a novel multivariate model with R2 = 0.706. According
to our results, fMCG based fABAS may provide a promising tool for the estimation of
fetal autonomic brain age. Beside other traditional and novel HRV indices as possible
indicators of developmental disturbances, the establishment of a fABAS score normogram
may represent a specific reference. The present results are intended to contribute to
further exploration and validation using independent data sets and multicenter research
structures.

Keywords: prenatal diagnosis, fetal autonomic brain age, magnetocardiography, cardiotocography

INTRODUCTION
Prenatal risk factors can permanently change the fetal brain
development and are associated with diseases in later age. Adverse
influences during fetal development that became permanently
programmed can increase the postnatal risk for cardiovascular,
metabolic, hyperkinetic, cognitive, learning and behavioral disor-
ders (e.g., Barker, 1998, 2002; Barker et al., 2002; O’Keeffe et al.,
2003; Van den Bergh et al., 2005).

Prenatal functional diagnosis is limited and requires
innovative concepts. In that context, the fetal autonomic
(neuro-vegetative) control plays a key role since it provides
valuable information about several control systems that are
mediated by the autonomic nervous system. The associated
heart rate patterns (HRP) are one of the few signals that can be
obtained non-invasively from the fetus, and hence, heart rate

variability (HRV) analysis is uniquely suited to assess the fetal
functional autonomic brain development. Fetal HRP provide
quantitative information about sympathetic and vagal activation,
fetal behavioral states, and fetal movements (Nijhuis et al., 1982;
Van Leeuwen et al., 1999; David et al., 2007; Hoyer et al., 2009;
Schmidt et al., 2014).

In order to obtain normal values of maturation indices in
healthy fetuses and deviations due to risk factors, a sophisticated
analysis of fetal HRP is required. Finally, the association between
prenatal and postnatal autonomic control and disturbances needs
to be investigated in that context.

Antepartum cardiotocography (CTG) is a predominant
established method that contributes to fetal surveillance and
risk assessment both antenatal and during labor based on
the analysis of fetal HRP age (Nijhuis et al., 2000; Pardey
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et al., 2002; Serra et al., 2008, 2009). FIGO (International
Federation of Gynaecology and Obstetrics) risk score as well
as the fluctuation indices short term variability (STV) and
long term variability (LTV) are realized in Dawes-Redman
methodology (Pardey et al., 2002). The fetal HRP displayed
in CTG depends on gestational age, fetal activity and a
variety of other factors, but classification of recordings pri-
marily aimed on distinguishing the healthy from the dis-
tressed fetus rather than precisely assessing maturation. Hence,
the resulting question to be followed in this study is, to
which extent CTG methodology allows a fetal autonomic brain
age assessment in comparison to the higher quality MCG
methodology.

Universal characteristics of evolution and development in
non-living and living nature are increasing fluctuation amplitude,
increasing complexity and pattern formation. Those character-
istics similarly apply in the phylogenetic and the ontogenetic
development. The fetal HRP reflect corresponding character-
istics of the maturating fetal autonomic brain activity. All of
those characteristics can be interpreted as reflecting autonomous
influences of the sympathetic and parasympathetic nervous sys-
tems, influenced by the superordinate medullary centers. In a
previous study, using continuous magnetocardiographic (MCG)
recordings at 1 ms temporal resolution, we designed a result-
ing “fetal autonomic brain age score” (fABAS; Hoyer et al.,
2013b).

However, a certain part of variance could not be explained
by the score and the question arises how and to which extent a
more sophisticated model may improve the performance. In that
context, segmentation of the measured HRP under consideration
of behavioral states as well as of the particular exclusion of
acceleration (AC) and deceleration (DC) patterns may provide
information about different aspects of autonomic modulations in
more detail.

The aims of the present study are: (i) to compare the fetal mat-
uration age predicting value of the MCG based fABAS approach
with that of Dawes-Redman methodology; and (ii) to elaborate
fABAS methodology by segmentation of the recordings according
to behavioral states and HRP.

MATERIALS AND METHODS
SUBJECTS AND DATA AQUISITION
From the study database of the Biomagnetic Center, Department
of Neurology, and Department of Obstetrics, both Jena Uni-
versity Hospital, recordings of 418 normal singleton fetuses,
aged between 21 and 40 weeks of gestation (WGA), healthy
according to standard obstetric observation methods, single
recording in a non-stress situation were included. The study
was approved by the Local Ethics Committee of the Friedrich
Schiller University. All women signed a written, informed consent
form.

All measurements were taken in a magnetically shielded room
at the Biomagnetic Center, Department of Neurology, Jena Uni-
versity Hospital using the vector-magnetograph ARGOS 200
(ATB, Chieti, Italy). Pregnant women were positioned supine or
with a slight twist to either side to prevent compression of the
inferior vena cava. The dewar was positioned as close as possible

above the fetal heart determined by sonographic localization,
but without contact to the maternal abdominal wall. The MCG
signal was recorded over a period of 30 min with a sampling
rate of 1024 Hz. The fetal heart beats were detected using a
newly developed independent component analysis based strategy
(Schmidt et al., 2014). The fetal body movements were recon-
structed from the fMCG signal (for details see Schmidt et al.,
2014).

CTG COMPATIBLE ANALYSIS ACCORDING TO DAWES-REDMAN
In the present work the heart beat intervals (MCG sampling
period ≈1 ms) were integrated over 3.75 s epochs in order
to obtain a CTG compatible signal of the identical recording.
Analyzable 1 min sections were considered as those that contain
neither large decelerations nor more than 50% artifacts (not
detected beats/beat intervals; Pardey et al., 2002).

• STV is calculated as mean difference between consecutive heart
beat interval epochs in all analyzable 1 min sections. The results
of all analyzed 1 min sections are averaged.

• LTV is calculated as fluctuation range of heart beat interval
epochs in analyzable 1 min sections. The fluctuation range is
calculated as a sum between maximal deviation above baseline
and maximal deviation below baseline. The fluctuation ranges
of all analyzed 1 min sections are averaged.

Furthermore, the Dawes-Redman criteria for normality from
26 WGA upwards, that require up to 60 min recordings, were
formally applied to the 30 min recordings of the fetuses aged at
least 26 WGA (n = 313). The following criteria have to be met
(adapted from Pardey et al., 2002):

• The recording must contain at least one episode of high varia-
tion.

• STV >3.0 ms, but if it is <4.5 ms LTV averaged across all
episodes of high variation must be >3rd percentile for WGA.

• No evidence of a high-frequency sinusoidal rhythm.
• At least one AC, or a fetal movement rate of ≥20 per hour

and a LTV averaged across all episodes of high variation >10th
percentile for WGA.

• At least one fetal movement or three AC.
• No DC of >20 lost beats if the recording is <30 min, no more

than one DC of 21–100 lost beats if it is >30 min, and no DC
at all >100 lost beats.

• The basal fetal heart rate must be 116–160 beats/min if the
recording is <30 min.

• LTV within 3 SD of its estimated value or (a) STV >5.0 ms;
(b) an episode of high variation with ≥0.5 fetal movements per
minute; (c) the basal fHR ≥120 beats/min; and (d) the signal
loss <30%.

• The final epoch of the recording must not be part of a DC.
• No suspected artifacts at the end of the recording if the record-

ing is <60 min.

In that context, an AC is defined as an increase in heart rate
for more than 15 s with a minimum deviation from baseline
exceeding 10 bpm. A DC is defined as a decrease below the
baseline for more than 30 s and a deviation >20 bpm or 60 s and
>10 bpm, respectively (Pardey et al., 2002).
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Table 1 | Heart rate variability indices.

Parameter Meaning, Interpretation Calculation

Dawes-Redman
STV Short Term Variability

Integrative sympatho-vagal modulations,
fluctuation periods of seconds

Mean difference between consecutive
heart beat interval epochs of 3.75 s, w/o DC
and artifacts <50%

LTV Long Term Variability
Fluctuation periods of minutes

Mean fluctuation range of heart beat inter-
val epochs in 1 min sections, w/o DC and
artifacts <50%

fABAS
AMP Fluctuation range of heart beat intervals,

overall sympatho-vagal modulations
20–95 inter-quantile distance of detrended
NN interval series

gMSE3 Complexity of sympatho-vagal rhythms Generalized Mutual Information at coarse
graining level 3 of beat interval series, see
Hoyer et al. (2013a)

skewness Asymmetry, contribution of vagal and sym-
pathetic activity with their different time
constants, decline of DC and formation of
AC

skewness of instantaneous heart rate
series

pNN5 Fast, vagal
Mainly vagally modulated rhythms

Percentage of differences between adja-
cent NN intervals that are >5 ms.

lnVLF/LF Baseline fluctuation in relation to
sympatho-vagal modulations

Ratio between very low (0.02–0.08 Hz) and
low (0.08–0.2 Hz) frequency band power

Pattern segmented
gMSE3 w/o DC
gMSE3 basic w/o DC - parameters under exclusion of DC Mean of parameter of subsegments

without DC
skewness w/o DC
skewness basic
pNN5 w/o DC basic - parameters of basic rhythm Mean of parameter of subsegments w/o

DC and w/o ACpNN5 basic

lnVLF/LF w/o DC
lnVLF/LF basic

* Segmented analysis of fluctuation range (AMP) was not performed due to lacking significance in quiet sleep. Partly adapted from Hoyer et al. (2013b), further

details in TaskForce (1996), Pardey et al. (2002), Hoyer et al. (2013a).

MCG BASED HEART RATE VARIABILITY ANALYSIS—FETAL
AUTONOMIC BRAIN AGE SCORE
The fABAS was previously proposed by the authors using a cal-
culation precision of ≈1 ms according to the MCG sampling rate
(Hoyer et al., 2013b). Fetal autonomic brain age score based on
particular HRV parameters that were selected according to univer-
sal developmental characteristics, namely increasing fluctuation
amplitude (assessed by AMP), increasing complexity (assessed by
gMSE3), and pattern formation (assessed by skewness, pNN5,
lnVLF/LF, see Table 1). In that previous work, the fetal age was
predicted by multivariate linear regression models (forward pro-
cedure: stepwise inclusion of variables while P(F) < 0.05; back-
ward procedure: stepwise exclusion of variables while P(F) > 0.1)
for each sleep state independently. The resulting models for quiet
and active sleep were considered fABAS. While [gMSE3, skewness,
VLF/LF, pNN5] contributed in the quiet sleep model, [AMP,
skewness, gMSE3, pNN5, VLF/LF] contributed in the active sleep
model. Here, an additional model was built for the entire 30
min recordings that can include only one or several behavioral
states. The resulting additional model constitutes a third branch
of fABAS. Furthermore, the linear regression models were sup-
plemented with quadratic term regression models that were built
using the same HRV parameters.

SLEEP STATE SEGMENTATION
From the entire 30 min recordings 10 min segments according
to quiet and active sleep related HRP I, HRP II were selected
following a consensus decision by three independent obstetricians
according to an advanced version of standard criteria (Nijhuis
et al., 1982; Schneider et al., 2009; Hoyer et al., 2013b).

• HRP I (quiet state, correlated to quiet sleep 1F): stable fetal
heart rate (fHR) (variation of visually determined floating
baseline <10 bpm/3 min) with a small oscillation bandwidth
(< ±5 bpm from floating baseline fHR), isolated (maximum
2 per 10 min) AC (>15 bpm over >15 s) and a floating baseline
fHR that does not exceed 160 bpm.

• HRP II (active state, correlated to active sleep 2F): fluctuating
fHR with an oscillation bandwidth exceeding +/− 5 bpm from
floating baseline, frequent (at least 3 per 10 min) AC (>15 bpm,
>15 s), and the fHR exceeding 160 bpm only during AC.

• HRP III (active state, correlated to active awakeness 4F): fHR
patterns with long-lasting AC exceeding 160 bpm, frequently
fused into a sustained tachycardia.

Based on the classification results we selected 10 min sections of
quiet sleep (n = 137) and active sleep (n = 344). Consequently,
in 63 of the 418 recordings, sections of both, HRP I and HRP
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FIGURE 1 | Tachograms of 30 min recordings of four different fetuses.
Upper part: changes between sections of active (marked by red horizontal
bar) and quiet sleep related heart rate patterns in a younger (28 WGA) and an

older (37 WGA) fetus. Lower part: quiet sleep related heart rate patterns at 22
and 33 WGA. DC and AC (>10 bpm deviation from floating baseline, marked
by blue *) are identified in the quiet sleep sections only.

II, were classified. Active awakeness classified recordings were not
analyzed because of their small sample size (n = 29).

PATTERN SEGMENTATION–PARTIAL EXCLUSION OF HEART RATE
ACCELERATIONS AND DECELERATIONS
In addition, periods without DC and segments of basic activity
(with neither DC nor AC), respectively, were analyzed in the
HRP I segments. The methodology of the here proposed MCG
based segmented HRV analysis is different from the CTG—
Dawes-Redman methodology used above. In the present context,
the definitions of AC and DC were modified according to the
following rules:

• Sections without DC were identified in moving 3 min windows
(shifted by 1 min over 10 min segment) if there were no devia-
tions below the baseline (estimated for each 3 min window) >

10 bpm;
• Sections of basic activity were identified in moving 3 min

windows (shifted by 1 min over 10 min segment) if there were
no deviations below or above the baseline (estimated for each 3
min window) > 10 bpm.

The baseline was estimated according to original Dawes-Redman
methodology (Pardey et al., 2002). From all identified windows
the HRV parameters were calculated and averaged.

This kind of pattern segmentation was performed for all sig-
nificantly age predicting HRV parameters of fABAS (see Table 1).

The example recordings shown in Figure 1 demonstrate the
diversity of the recorded pattern. In the upper part a change
between active and quiet state in a premature age of 28 WGA
is compared with a clear change from quiet to active state in

the mature age of 37 WGA. In the part underneath, recordings
classified as quiet sleep at 22 and 33 WGA are shown. Please
notice partly unstable baseline, AC and DC are marked in the
quiet sleep section. There are neither periods of incorrect heart
beat detections (beat intervals) nor periods of dropouts.

STATISTICAL ANALYSIS
The predictive value of the HRV parameters was assessed by
univariate and multivariate, linear and quadratic term regression
models over the entire investigated maturation period (corrected
coefficient of determination R2). The cases were weighted to
approximate equal distribution over gestational age. P < 0.05
was considered significant. Since most of the predictors were
significant, only non-significant results are marked by “n.s.”. For
better reading, predictors with R2 > 0.3 were marked by bold
letters. All statistical analyses were carried out using IBM SPSS
Statistics 21.

RESULTS
30 MIN RECORDINGS
Traditional STV and LTV were calculated from analyzable periods
according to CTG methodology like outlined above. Short term
variability predicted the maturation age with a low coefficients
of determination (R2 = 0.200, 206, linear and quadratic model,
Table 2). The Dawes-Redman criteria were met with increasing
frequency between 26 and 32 WGA and were consistently met
from 32 WGA onwards (Figure 2).

From the fABAS related HRV parameters, AMP, skewness,
and pNN5 and provided strong univariate linear age predictors
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Table 2 | Analyses of 30 min recordings: univariate and multivariate,
linear and quadratic term regression models, coefficients of
determination R2, parameters selected according to CTG
(Dawes-Redman related (Pardey et al., 2002)) and MCG based fABAS
related (Hoyer et al., 2013b), R2 > 0.3 in bold, all cases significant.

Parameter 30 min recording

Linear Quadratic

CTG compatible
STV (ms) 0.200 0.206
LTV (ms) 0.085 0.116
fMCG based, fABAS related
Time domain
AMP 0.312 0.321
skewness 0.458 0.502
pNN5 0.347 0.367
Power spectra
lnVLF/LF 0.034 0.060
Complexity
gMSE3 0.226 0.231

Multivariate model, fABAS
[AMP, skewness, pNN5, lnVLF/LF, gMSE3] 0.648 0.656

Multivariate model, fABAS + STV
[AMP, skewness, pNN5, lnVLF/LF, gMSE3, STV] 0.649 0.657

FIGURE 2 | Relative frequency of recordings that meet the
Dawes-Redman criteria (1 = 100%) vs. chronological age (in weeks GA)
of 30 min recordings. In absolute values, 134 of 167 cases met the criteria
in the subset of ≤32 WGA and 130 of 146 in the subset of >32 WGA,
respectively.

(R2 = 0.312, 0.458, 0.347). They were partly improved by includ-
ing a quadratic term (R2 = 0.321, 0.502, 0.367). In the multi-
variate models all parameters significantly contributed leading to
R2 = 0.648 and R2 = 0.656, respectively (Table 2, Figure 3). In
contrast, STV and LTV did not provide additional predictive value
to the multivariate models.

SEGMENTED RECORDINGS
Active sleep 10 min segments
In the active sleep data, AMP (R2 = 0.392 and 0.430, linear
and quadratic), skewness (R2 = 0.352 and 0.431) and pNN5

FIGURE 3 | Fetal autonomic brain age score [AMP, skewness, pNN5,
lnVLF/LF, gMSE3] vs. chronological age (in WGA) of 30 min recordings,
mean ± standard deviation.

Table 3 | Analyses of 10 min segments in active sleep: linear and
quadratic regression models, coefficients of determination R2,
parameters selected according to fABAS (Hoyer et al., 2013b),
R2 > 0.3 in bold.

Predictor R2

Linear Quadratic

Time domain
AMP 0.392 0.430
Skewness 0.352 0.431
pNN5 0.350 0.376
Power spectra
lnVLF/LF 0.098 0.103
Complexity
gMSE3 0.128 0.130
Multivariate model - -
[AMP, Skewness, gMSE3, pNN5, lnVLF/LF] 0.610 0.636

(R2 = 0.350 and 0.376) clearly predicted the fetal maturation age.
In the multivariate models, additionally gMSE3 and lnVLF/LF
contributed leading to R2 = 0.610 and 0.636 in the linear and
quadratic, respectively, models (Table 3).

Quiet sleep 10 min segments
In the quiet sleep data, gMSE3 (R2 = 0.542 and 0.565), but
also pNN5 (R2 = 0.320 and 0.338) and skewness (R2 = 0.316
and 0.320) were stronger predictors than lnVLF/LF (R2 = 0.147
and 0.159). AMP did not provide predictive value. The stepwise
built multivariate model included [skewness, gMSE3, pNN5]
(R2 = 0.626 and 0.641; Table 4).

Further pattern segmentation in quiet sleep
Further pattern segmentation, namely the exclusion of DC and
AC removed the predictive value of skewness. This result is consis-
tent with the fact that skewness mainly reflects asymmetries due
to DC and AC which are important maturation characteristics.
Other aspects of behavior are basic activity, i.e., the basic rhythm
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Table 4 | Analyses of 10 min segments in quiet sleep: additional
pattern segmentation (without decelerations: w/o DC; basic activity,
neither DC nor AC: basic), linear and quadratic regression models,
coefficients of determination R2, parameters according to Table 2,
R2 > 0.3 in bold.

Predictor R2

Linear Quadratic

Time domain
AMP n.s. n.s.
Skewness 0.316 0.320

skewness w/o DC 0.123 0.127
skewness basic 0.032 0.038

pNN5 0.320 0.338
pNN5 w/o DC 0.396 0.451
pNN5 basic 0.374 0.428

Power spectra
lnVLF/LF 0.147 0.159
lnVLF/LF w/o DC 0.192 0.201
lnVLF/LF basic 0.195 0.206

Complexity
gMSE3 0.542 0.565

gMSE3 w/o DC 0.609 0.627
gMSE3 basic 0.632 0.657

Multivariate model, fABAS indices
[Skewness, gMSE3, pNN5] 0.626 0.641
Multivariate model, pattern segmented
[Skewness, gMSE3, gMSE3w/oDC, gMSE3basic] 0.706 0.714

containing neither AC nor DC, and activity under exclusion of
DC. Concerning those aspects, the predictive value of pNN5,
gMSE3 and lnVLF/LF was increased. The gMSE3 related indices
were the strongest univariate predictors (gMSE, gMSEw/oDC,
gMSE3basic: R2 = 0.542, 0.609. 0.632 in the linear models, and
R2 = 0.565, 0.627. 0.657 in the quadratic models, see Table 4).

The stepwise built multivariate model resulted on the inclu-
sion of [skewness, gMSE3, gMSEw/oDC, gMSE3basic] with
R2 = 0.706 in the linear and R2 = 0.714 quadratic model. This
result indicates a relevant advantage compared to the consider-
ation of data that are classified as quiet sleep as a total without
further pattern segmentation.

DISCUSSION
Traditional HRV indices reflect: (i) vagal activity during quiet
sleep; (ii) sympathetic activity during active sleep; and (iii) inte-
grative control in longer recordings with changing states. In a
recent study, we have demonstrated a strong relationship between
those HRV indices and fetal maturation age (Hoyer et al., 2009).
Compared to those traditional HRV indices, we newly devel-
oped a fABAS based on universal developmental characteristics
assessing maturation age with a high precision in active and
quiet sleep (Hoyer et al., 2013b). In this study we show that
fABAS based methodology significantly improves fetal matura-
tion age assessment compared to established CTG. Those results
are based on our comprehensive database obtained from MCG
measurements.

The particular aims of the present study were: (i) to compare
the fetal maturation age predicting value of the MCG based
fABAS approach with that of CTG (Dawes-Redman) compatible

STV; and (ii) to elaborate fABAS methodology by segmentation
according to behavioral states (overall recording, active and quiet
sleep segments) and HRP.

30 MIN RECORDINGS
The maturation age predicting value of STV (R2 = 0.200, linear
model) was significantly lower in comparison to fABAS.

Interestingly, using the indices of fABAS applied to the entire
30 min recordings, the maturation age was clearly predictable
(R2 = 0.648, linear model), although the signals were very hetero-
geneous due to the occurrence of only one or several behavioral
states. The increased R2 in the quadratic models, moreover, may
reflect the saturating maturation after 32 WGA mainly expressed
in skewness (see Figure 3). This characteristic curve is in line with
previous results of power spectral analysis (Van Leeuwen et al.,
2003).

ACTIVE AND QUIET SLEEP 10 MIN SEGMENTS
The predictive value of the fABAS related models in active and
quiet sleep (R2 = 0.610, 0.626, linear models) was slightly lower
in comparison to the 30 min recordings. However, it should
be noticed that state dependent aspects of autonomic control,
such as vagal and sympathetic dominance, provided an almost
similar predictive value. Saturating maturation after 32 WGA
considered in quadratic models of vagal HRV (pNN5) in quiet
sleep and mainly sympathetic/overall HRV (AMP, skewness) in
active sleep may have also contributed to increased R2 in the
quadratic models.

FURTHER PATTERN SEGMENTATION IN QUIET SLEEP
Further segmentation in quiet sleep focused on the differential
contribution of basic activity and AC as well as DC of at least 10
bpm deviation from baseline. The resulting independent factors
of the novel model, namely skewness, gMSE3, gMSE3w/oDC,
gMSE3basic, may highlight the role of complex adjustments
between sympatho-vagally mediated fluctuations in connection
with AC and DC patterns. The predictive value (R2 = 0.706, linear
model) was clearly higher than that of fABAS. This result indicates
that the essential universal developmental characteristics, namely
increasing complexity and pattern formation which go hand
in hand with fetal development, also apply for the particular
pattern during quiet sleep. Furthermore, the result implies that
a consideration of the respective physiological pattern in detail,
might even improve the maturation assessment. Therefore, fABAS
may serve as classification tool for the general condition, whereas
further pattern segmentation provides a more detailed focus on
an observed abnormality.

Fetal autonomic brain age score indices in combination with
the novel pattern segmentation based on our comprehensive
MCG database can serve as a representative norm-sample of the
normal fetal autonomic maturation age (see Figures 3, 4). With
that it will be easy to detect even minor deviations from the
normal fetal development.

METHODOLOGICAL ISSUES
In principle, the application of the Dawes-Redman criteria and
LTV as a traditional CTG methodology to MCG based HRV
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FIGURE 4 | Fetal autonomic brain age score [Skewness, gMSE3, pNN5]
for quiet sleep segments ◦ and [AMP, Skewness, gMSE3, pNN5,
lnVLF/LF] for active sleep segments ∆ vs. chronological age (in WGA),
mean ± standard deviation, notice that 21–24 WGA and 37–40 WGA,
respectively, are merged due to the small number of samples.

analysis was possible. During a period of 60 min, which is rec-
ommended for the application of the Dawes-Redman criteria, at
least one active pattern is statistically expected to occur. However,
since only 30 min recordings were analyzed, a number of subjects
did not meet the criteria. Recordings of 60 min length would
allow direct consideration of FIGO Dawes-Redman criteria. Even
longer observations would furthermore lead to a better evaluation
of sleep state dynamics. However, due to patient compliance and
the possibly increasing number of artifacts in longer measure-
ments, the performance in shorter recordings is of particular
interest.

The segmentation according to behavioral state classification
is the result of a consensus decision of three experts based on HRP
that furthermore slightly change with maturation age between
21–40 WGA. This classification is not always unequivocal, but it
reflects the heterogeneity of recordings and the state of the art.

The present results are mainly representative for the
investigated 30 min recordings and 10 min segments. A next
necessary step would be the validation and improvement of the
presented methodology in recordings from different measure-
ment sites.

For a fair evaluation of the here proposed methodology and
search for the optimum, other HRV indices should also be taken
into consideration. The here presented methodology allows the
inclusion of further precise MCG HRV indices as well of FIGO
recommended CTG compatible indices.

In the subsequent steps, multifactorial models are required to
consider both, maturation age and developmental disorders.

CONCLUSION
Heart rate variability indices selected according to fABAS using
30 min fMCG recordings and segmented HRV analysis provide
a promising tool for the estimation of the fetal autonomic brain

age that is superior to CTG based indices. Resulting normograms
of normal autonomic brain maturation may constitute significant
references for the identification of developmental disturbances.
The presented methodology is intended to contribute to further
exploration and validation with regard to the early identification
of developmental disorders using independent data sets in multi-
center studies.
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The functional connectivity architecture of the adult human brain enables complex cognitive
processes, and exhibits a remarkably complex structure shared across individuals. We
are only beginning to understand its heterogeneous structure, ranging from a strongly
hierarchical organization in sensorimotor areas to widely distributed networks in areas
such as the parieto-frontal cortex. Our study relied on the functional magnetic resonance
imaging (fMRI) data of 32 fetuses with no detectable morphological abnormalities. After
adapting functional magnetic resonance acquisition, motion correction, and nuisance signal
reduction procedures of resting-state functional data analysis to fetuses, we extracted
neural activity information for major cortical and subcortical structures. Resting fMRI
networks were observed for increasing regional functional connectivity from 21st to 38th
gestational weeks (GWs) with a network-based statistical inference approach. The overall
connectivity network, short range, and interhemispheric connections showed sigmoid
expansion curve peaking at the 26–29 GW. In contrast, long-range connections exhibited
linear increase with no periods of peaking development. Region-specific increase of
functional signal synchrony followed a sequence of occipital (peak: 24.8 GW), temporal
(peak: 26 GW), frontal (peak: 26.4 GW), and parietal expansion (peak: 27.5 GW). We
successfully adapted functional neuroimaging and image post-processing approaches to
correlate macroscopical scale activations in the fetal brain with gestational age.This in vivo
study reflects the fact that the mid-fetal period hosts events that cause the architecture of
the brain circuitry to mature, which presumably manifests in increasing strength of intra-
and interhemispheric functional macro connectivity.

Keywords: fetal functional MRI, fetal brain connectivity, prenatal development, connectome, fetal brain

development

INTRODUCTION
Human brain development is a finely orchestrated process that
relies on the sequential execution of genetic programs, com-
plex cellular interactions, and the formation and resolution of
transient organs (Price et al., 2006; Kostovic and Judas, 2010).
The protracted telencephalon maturation and the evolutionary
expansion of the neocortex are prerequisites for our intellectual
capacity (Clancy et al., 2001; Preuss, 2009), and many highly devel-
oped cognitive abilities are linked to features that are unique
to humans (Bystron et al., 2008; Fjell et al., 2013). Early brain
development encompasses the rapid growth of the size of the
cerebral cortex and the increase in its cellular variability, associ-
ated with the expansion of transient fetal structures, including

Abbreviations: BOLD, blood oxygen level dependent contrast; CSF, cerebrospinal
fluid; fMRI, functional magnetic resonance imaging; FOV, field of view; FWHM,
full width at half maximum; GW, gestational week; ICA, independent component
analysis; MRI, magnetic resonance imaging; NBS, network-based statistics; ROI,
region of interest; SSE, sum of squares for error; TE, echo time; TR, repetition time.

the subventricular zone and the subplate (Molnár et al., 2006;
Rakic, 2009). When compared to the developmental trajectories
of great apes, the growth rate of the human brain diverges during
mid-gestation, and further expansion of white matter volume
is observed in early postnatal life (Rilling, 2014). Specific areas,
such as the association areas of the neocortex and areas related
to language processing, exhibit exceptionally large subplate zones
in humans (Rakic, 2009), and these differences are also mir-
rored in the cortical expansion during childhood and protracted
myelination, which is completed in adulthood (Geschwind, 1964;
Hill et al., 2010).

In contrast to our knowledge on brain circuit formation and
histogenesis from post mortem studies and functional examina-
tions in early childhood (Johnson, 2001; Price et al., 2006; Huang
et al., 2009; Judas et al., 2013), to date, we have only a limited
understanding of emerging neural activity during human fetal
development. The complex connectional architecture of neural
ensembles is a fundamental characteristic of the adult brain, and
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we are beginning to understand how its variability across indi-
viduals is linked to cognitive ability (van den Heuvel et al., 2009),
or neuropsychiatric disorders (Greicius, 2008). Some functional
networks in the fronto-parietal and ventrolateral frontal cortex
seem to be specific to humans (Mantini et al., 2013; Neubert
et al., 2014), and the functional variability across the adult cortex
correlates with cortical expansion from the primate to human
brain (Mueller et al., 2013). To understand normal fetal func-
tional brain development, it is of vital importance to identify
critical periods of developmental vulnerability in which harmful
environmental agents can manifest as a deterioration of mental
capability or cause psychiatric diseases (Rice and Barone, 2000).
In these phases of interest, functional assessment of the fetal ner-
vous system would open a novel window on prenatal diagnostics
and prognostics (Jakob and Beckmann, 1986; Paul et al., 2007;
Schlotz and Phillips, 2009).

Studying fetal behavior with ultrasound has been adopted as
a marker for neural development in clinical practice, offering
an indirect view of the underlying functional processes (Pugash
et al., 2008; Morokuma et al., 2013). MRI in the fetal brain has
become increasingly feasible and clinically important due to its
higher tissue resolution and better visualization of normal and
pathological development of macroscopic anatomy or white mat-
ter microstructure and connections (Glenn and Barkovich, 2006;
Kasprian et al., 2008; Jokhi and Whitby, 2011). Advanced imaging
techniques, such as spectroscopy, serve as indicators of naturally
changing metabolite levels during gestation (Kok et al., 2001), and
characterize impaired development caused by primary brain mal-
formation, hypoxic-ischemic injury, infection, or a combination
of those factors (Mailath-Pokorny et al., 2012). BOLD fMRI has
probed macroscopic-scale intrinsic neural activations across the
entire life span (Buckner et al., 2013), and has an unsurpassed role
in recent population-wide neuroimaging endeavors (Nooner et al.,
2012; Uğurbil et al., 2013; Yan et al., 2013). Initial fetal investigation
of spontaneous, intrinsic functional activity and functional brain
connectivity has established intra-lobar activations (Schöpf et al.,
2012) and cross-hemispheric connections in normally developing
fetuses (Thomason et al., 2013).

In this paper, we provide a comprehensive view of the
developing functional networks in the fetal brain. We capture
this process by examining changes in the whole-brain func-
tional connectivity architecture (Achard et al., 2006; Rubinov and
Sporns, 2010; Zalesky et al., 2010) during gestation. We measured
thalamo-cortical, cortico-cortical, intra-hemispheric, and inter-
hemispheric functional connections, and organized them into a
whole-brain graph (Fransson, 2005; Bullmore and Sporns, 2009).
The graph-based method (Rubinov and Sporns, 2010) detected
regional and temporal heterogeneity of functional connectivity
development across the cortex before birth, reflecting the possible
sequence of maturation in cortical areas.

MATERIALS AND METHODS
ETHICS AND SAFETY OF FETAL MRI ACQUISITIONS
Based on the follow-up studies of infants or children who had
been exposed to MR imaging in utero, no gross abnormality,
disease, or disability likely to be related to MR exposure could
be demonstrated (Kok et al., 2004). The study protocol was

approved by the local ethics committee, the mothers gave writ-
ten, informed consent prior to the examination, and research was
conducted according to the principles expressed in the Declaration
of Helsinki.

STUDY POPULATION
This cross-sectional study included thirty-two singleton fetuses
(16 female, 16 male) between GWs 21–37 (mean: 29.2; SD: 4.9)
with normal brain development. The distribution of the gesta-
tional ages was the following. Second trimester (<26th GW): eight
fetuses, early third trimester (26–29th GW): eight fetuses, 29–37th
GW: 16 fetuses. Between May 2010 and August 2012, fMRI was
performed for 200 fetuses. From of this cohort 141 scans were
excluded due to image artifacts, uncontrollable fetal or mater-
nal motion. After retaining the technically successful scans, the
next exclusion criterion was the presence of brain abnormalities.
Brain abnormalities were confirmed with the use of structural
MRI in 27 of the cases. Therefore, 32 scans were retained for fur-
ther analysis, which had no confirmed brain abnormalities. In
the remaining study cohort, the indication for the mothers to
undergo fetal MRI included: gastrointestinal pathology (two sub-
jects); maternal clinical conditions (nine subjects); micrognathia
or clefts (three subjects); renal and urogenital pathology (six sub-
jects); thoracic pathology (one subject); asymmetry of the lateral
ventricles (LVs; six subjects); and pathologies of the diaphragm
(five subjects). Our final investigations were restricted to the 32
subjects who were proven negative for these suspected anomalies.

IMAGE ACQUISITION
Functional magnetic resonance imaging was carried out on a 1.5
T clinical scanner (Philips Medical Systems, Best, Netherlands)
using a sensitivity encoding (SENSE) cardiac coil with five ele-
ments, utilizing single-shot gradient-recalled echo-planar imaging
(EPI). The pregnant women were examined in the supine or left
decubitus position (feet first), and no contrast agents or sedatives
were administered. The MRI scans were acquired between May
2010 and August 2012. All investigations were scheduled between
7 and 9 am. Image matrix size was 144 × 144, with an FOV of
250 mm × 250 mm, a TE/TR of 50/1000 ms, and a flip angle
of 90◦. The resting-state scan comprised 50 image volumes with
slices obtained perpendicular to the fetal brainstem, 10–30 slices
were acquired and scan time was 1 min. The fMRI examinations
followed the diagnostic (e.g., T2-weighted anatomical) scans, uti-
lizing institutional protocols similar to those of previous reports
(Schöpf et al., 2012).

IMAGE PROCESSING
The next paragraphs introduce an optimized work-flow for
processing fetal functional images, which required effort in
the direction of adapting conventional toolboxes and further
extending them by fetal-specific developments. An overview of
post-processing steps is given in Figure 1.

SPATIAL NORMALIZATION OF FUNCTIONAL MR IMAGES TO
GESTATIONAL WEEK-SPECIFIC BRAIN TEMPLATES
A practical way to interrogate the developing fetal neuroanatomy
is to pool image datasets of the study cohort according to GW and
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FIGURE 1 | Work diagram of the fMRI processing steps. The names of
the respective image processing toolboxes are given in bold. BET, brain
extraction tool; FLIRT, FSL linear registration tool; FNIRT, FSL non-linear
registration tool; CompCor, component based noise correction method;
AFNI, analysis of functional neuroimages.

use templates that depict the mean anatomical configuration of
each GW. During the spatial normalization, we used the reference
template images provided by Rueckert (2012) which are high-
resolution representations of the changing fetal brain from the

23rd to the 37th GW. Template creation procedure described in:
(Serag et al., 2012), while the fetal templates were accessed from
Rueckert (2012).

Temporally averaged images of the fMRI data guided the reg-
istrations to achieve overlap with the T2-weighted templates.
Each fMRI image was anatomically aligned to the respective
GW-specific template image using the following procedure. We
ensured proper orientation and coarse initial alignment by a
landmark-based registration procedure using 12 manually anno-
tated corresponding anatomical locations in the source and target
images (Figure 2). We then relied on a two-step, intensity-
based image registration in the FSL software (version 5.0, Linux
64-bit platform; Jenkinson et al., 2012): a linear, affine reg-
istration (FLIRT tool) followed by the non-linear matching
of images (FNIRT algorithm), thereby coping effectively with
the inter-individual anatomical differences. All further image
processing steps, such as motion correction, noise reduction,
band-pass filtering, and time-course extraction, were performed
in the native space of the fMRI images, and the transfor-
mations were only used to propagate anatomically defined
regions of interest into the subject’s space or propagate results
through up-sampling to a reference space to aid visualization.
Therefore, the possible confounding factor of image interpo-
lation only affected the ROI system, and not the actual fMRI
data.

FIGURE 2 | Registration of fetal fMRI data to anatomical standard

images and ROI propagation across developmental phases.

(A) Landmark-based initial registration was used to match the averaged
BOLD fMRI images of fetuses and GW specific fetal template brains.
FP, fontal pole; LV, lateral ventricles, frontal horn; TP, temporal pole; TA,
thalamic adhesion (midline); IP, midline point of the interpeduncular
cleft in the midbrain; CX, topmost point of the convexities; OP,
occipital pole. (B) Second step of the fetal to standard image

registration, carried out with intensity-based algorithms: linear (FLIRT)
and non-linear (FNIRT) registrations in the FSL software.
(C) Establishing GW-specific regions with a longitudinal label
propagation approach. First row: for each GW from the 23rd to the
37th, a high-resolution anatomical template was used, between which
pair-wise non-linear transformations were calculated (second row). These
transformations were used to transform the ROI system into any GW
(third and fourth rows).
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REGION OF INTEREST DEFINITION, FINDING CORRESPONDENCES
ACROSS DEVELOPMENTAL STAGES
A ROI definition is critical when analyzing whole-brain structural
or functional connectivity by node-based approaches, as it has a
profound influence on network topology (Kelly et al., 2012). Con-
ventionally, it is possible to obtain data-driven parcellations of
a given territory or use anatomical priors to define gross land-
marks. In the current study, we chose to use the latter. The 37th
GW’s high-resolution template image was visualized to facilitate
the localization of crucial areas that are commonly depicted in
adult neuroimaging atlases, such as in the Harvard-Oxford Cor-
tical atlas (Desikan et al., 2006). The labels either matched large
surface structures (precentral, postcentral gyrus), or subdivisions
of areas with known and assumed diverging connectivity profiles
(anterior, lateral, posterior thalamus), or structures that corre-
sponded to functionally defined regions (e.g., the calcarine cortex
of the visual system).

As the formation of cortico-cortical and cortico-subcortical
circuits is not complete by the mid-fetal period, we placed anatom-
ical regions onto the border of the subplate and the hypothesized
future cortical plate position to capture presumably valuable sig-
nal from this region as well. In the reference ROI system, the ROI
shape was spherical, mainly because little information is available
about the volumetric extent of fetal cortical domains in the ref-
erence space. In 34.4% of the cases, the field of MR acquisitions
did not cover the entire supratentorial area and the fetal cortex,
and had limited cranio-caudal brain coverage. Examples for the
ROI system, the ROI system matched to individual fetuses and
the anatomical reference nomenclature is described in detail in
Figure 3.

Our assumption was that the ROI system can be propa-
gated into a developmental ensemble of brain reference images.
Thus, ROI definition is only performed for the image hav-
ing the best overall quality (i.e., in the 37th GW reference
images, the secondary and tertiary sulci can guide the observer).
Pair-wise registrations between the high-resolution templates
were created in order to generate a collection of non-linear
deformation fields that would feasibly match each GW’s space
with the 37th GW’s template image. The non-linear registra-
tion was performed using “FNIRT” algorithm in FSL, with the
registration parameters optimized to tackle the small scale of
fetal brains. We illustrated this procedure in Figure 2. The
correspondence between anatomical locations after the defor-
mation in each GW template was checked by an observer
with experience in neuroanatomy (András Jakab). The robust-
ness of the ROI propagation method was visually checked
by comparing the locations of ROIs with identifiable sulcal
structures, such as the lateral, central, or parieto-occipital
sulcus.

CORRECTING THE CONFOUNDING EFFECTS OF FETAL HEAD MOTION
AND NON-NEURONAL MRI SIGNAL
Significant head rotations and translations can occur during fMRI
experiments due to the frequent, spontaneous fetal movements
and maternal breathing. Excessive motion in terms of ampli-
tude and duration served as exclusion criteria for fetuses. This
decision relied on the subjective observer-driven selection in

addition to other imaging artifacts, similar to the approach in
previous works (Schöpf et al., 2012). After removing subjects,
minor head motion was detectable in almost every case and
displacements were estimated and corrected with the MCFLIRT
algorithm in FSL (Oakes et al., 2005). This processing step
comprised the rigid-body registration of images to the mid-
scan frame and removal of those frames that showed excessive
motion estimates (“scrubbing” frames with root mean square
displacement larger than 2 mm; Power et al., 2012). As dis-
placement induces spurious effects in signal intensity tempo-
ral characteristics, we used the motion parameters (translation
and rotation) as first-level explanatory variables in signal fil-
tering, as recommended in the literature (Weissenbacher et al.,
2009).

Furthermore, the variability of motion patterns can be influ-
enced by gestational age. Hence we included per-subject motion
as a covariate in higher-level analysis. This explanatory variable in
the general linear model (GLM) putatively diminishes the effect of
variable fetal motion among subjects at different developmental
stages. We provide an example for typical fetal motion patterns, the
effect of motion correction and the relationship to head motion
to gestational age in Figure 4.

The observed signal during fMRI experiments is known to be
coupled with the underlying neural activity due to the BOLD
phenomenon (Logothetis and Wandell, 2004). In contrast to the
intuitive notion of structural or axonal connection in neuroimaging
studies, a functional connection or co-activation between remote
brain areas is assumed when the MR signal fluctuations in the
low frequency range are correlated in the temporal domain (Lowe
et al., 1998; Greicius et al., 2003). Functional connectivity is thus
a purely statistical approach inherently prone to confounding fac-
tors, i.e., rhythmic variations in the MR signal not explained
by the large-scale activation of neurons. The majority of stud-
ies employ a model in which confounding factors are attributed
to image noise caused by circulation (Shmueli et al., 2007), res-
piration (Birn et al., 2008), head motion (Power et al., 2012), or
MR equipment-related noise. During nuisance signal reduction,
the neural signal is the residual after first-level regression analyses
in which we use the time-courses of known non-neural origin
and other nuisance variables. Here we adapted the CompCor
approach to reduce noise (Behzadi et al., 2007). According to the
CompCor noise reduction model, principal MRI signal compo-
nents from the white matter, CSF, or other “noise” image voxels
are used. Time-courses of nuisance signals were derived using
anatomical priors, while voxels having the largest SD of signal
intensity were segmented as noise voxels. The first five principal
components (PCs) of these signals were entered into the con-
found regression procedure. We illustrate the nuisance confound
regression procedure in Figure 5. A detailed description of the
utilized fetal noise signal model is provided in the Supplementary
Material.

PORTRAYING THE DEVELOPING FETAL BRAIN CONNECTOME AS A
COMPLEX GRAPH
We built undirected, weighted graphs representing intrinsic func-
tional connectivity, with the set of longitudinally propagated brain
regions as nodes. Connectivity value for a network edge was
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FIGURE 3 | Fetal brain atlas used for fMRI time-course calculation: ROI

system and anatomical nomenclature. (A) Illustration of the region
propagation procedure. Using high-resolution anatomical templates, we
marked 90 anatomically relevant regions on the fetal cortical surface, which
was then propagated through the investigated gestational period.

Three-dimensional renderings and cross-sectional anatomical images with
ROIs are shown. (B) Anatomical nomenclature of the ROI system.
Correspondence to major lobes or systems is marked with different colors:
red = frontal lobe; blue = parietal lobe; purple = occipital lobe;
yellow = temporal lobe; green = subcortical; pink = limbic/cingulate gyrus.

defined using the Z-transformed Pearson product-moment cor-
relation coefficient between brain regions. No thresholding or
binning of the network was performed. We used the adaptation of
graph theoretical measures to weighted nets, as implemented by
the Brain Connectivity Toolbox for Matlab (BCT, version: 2012.
12. 04) and described in (Rubinov and Sporns, 2010).

TESTING HYPOTHESES ON COMPLEX NETWORKS: APPLICATION TO
FETAL NEURODEVELOPMENT
To test our hypothesis about the developing brain, we modeled the
temporal changes of brain connections as the effect of gestational
time (gestational days) on the variance of individual connections,
Si,j. Prior to this model, all connections were evaluated against
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FIGURE 4 | Illustration of typical fetal in-scanner head motion patterns,

correlation with gestational age. (A) Fetal head motion during MR scanning
is estimated by frame-to-frame linear registrations. We illustrate a fetus with
excessive head movements, as indicated by the large peaks in the translation
and rotational components. Total displacement was used to censor periods of
the scan with large motion (middle panel, red markings). (B) The motion
correction procedure reduces the temporal variance of peripheral brain

voxels, as shown in the cross-sectional panels. Such regions of high, spurious
temporal variance give rise to nuisance signals in the functional connectivity
patterns. (C) Depiction of gestational age-dependent changes of head motion.
Top: median, 25th percentile, 75th percentile and maximum displacements of
the fetal head vs. GWs. Bottom: the ratio of censored data vs. GWs. In our
study cohort, fetal in-scanner head motion does not show correlation with
gestational age.

simulated random brain graphs where the intrinsic functional
connectivity were assumed to be explained by the spatial close-
ness of network edges and the consequent sharing of possible
nuisance sources. This procedure is detailed in the Supplementary
Material.

The application of univariate GLMs to each putative neuronal
link (i.e., graph edge) raises the problem of mass multiple com-
parisons: in general, we cannot simply assume that such links are
independent observations. Furthermore, correcting for the family-
wise error rate (FWER) with the false discovery rate procedure
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FIGURE 5 | Estimating physiological noise components for the

correction of fetal fMRI signal using an adaptation of the CompCor

approach.Top row: white matter and CSF components are segmented
from the GW-specific anatomical templates. Segmentations are
transformed to individual subjects (bottom row) while the voxels with
highest temporal variation, and other, extra-axial structures, are calculated
from the data. These voxels are used to perform the component-based
filtering of the nuisance signal, according to the CompCor method
described by Behzadi et al. (2007). PCs, principal components.

would inherently result in a loss of statistical power due to the
large number of univariate measurements, which, in our case,
would mean 2415 individual connections (ni,j = 70, therefore the

number of total connections is 702−70
2 ).

The network-based statistics (NBS) method was utilized to
tackle the multiple comparisons problem, as described by Zalesky
et al. (2010) and implemented in the NBS Toolbox for Matlab
R2012. This approach has the advantage of exploiting the inter-
nal connectional structure of brain graphs during the correction
step for multiple comparisons, and potentially offers a substantial
gain in statistical power. For the GLMs in our study, we provide
the test statistics (F-test) for each connection in the graph and
also for nodes where the test results were averaged over each edge
connected with the node.

DETERMINING LOCAL AND GLOBAL GROWTH CHARACTERISTICS
We aimed to determine the trend of overall functional network
development (statistical threshold: F > 5, NBS-adjusted value) as
well as for regional sub-networks. Thus, regional growth char-
acteristics including, but not restricted to the connections in
the frontal, parietal, temporal, and occipital lobes, short- and
long-range connections, and thalamus connections were evalu-
ated separately. The sub-network of a brain lobe was defined as all
the connections that involve regions from that lobe.

Short- and long-range connections were defined by taking
the Euclidean distance measures from the ROI-to-ROI distance
matrix. For sampling short-range connections, the lowest 25th
percentile of the distance matrix was used, while, for long-range

connections, we used the highest 75 percentile. This categorization
of short- versus long-range connections remained fixed during the
gestation, and it was based on the Euclidean distances measured at
the 37th week of gestation. We further evaluated the distribution
of connectivity lengths across the gestation period.

We fitted two models on the observed network strength val-
ues over time: linear (first degree polynomial), and non-linear,
sigmoid functions:

f (x)sub = 1

1 + e− x+a
b

c + d

where f (x)sub was the predicted value for the mean connectiv-
ity strength of the sub-network using the sigma model, x was
the predictor variable (gestational age), and a, b, c, and d were
the estimated coefficients. Using least squares fitting with robust
estimation of outliers in the Curve Fitting Toolbox in Matlab
R2012, we determined the goodness of fit for each selected sub-
network and the global network. The least absolute residuals
(LARs) approach was employed to estimate the statistical out-
liers during the regression procedure. The two models, i.e., linear
and non-linear, were compared by their adjusted R-squared and
SSE values. For sigmoid functions, it is possible to determine an
inflation point, which is the x value (or the gestational age) that
corresponds to the maximum point of its first derivative. Growth
characteristics were further evaluated for global brain volumet-
ric changes, head motion, signal intensity, and signal temporal
variation.

A bootstrap sampling approach was utilized to test the statis-
tical robustness of curve-fitting for each analyzed brain region.
During bootstrapping, 50% of the observations were randomly
selected, and the fitting of the linear and sigmoid functions was
repeated over 1000 iterations. Two-sample t-tests were performed
to compare the goodness of fit between linear and sigmoid fitting.

RESULTS
FETAL FUNCTIONAL MRI: DATA QUALITY AND AGE-RELATED CHANGES
Fetal fMRI is a challenging imaging modality, hindered by poten-
tial imaging artifacts. We give examples for fetal fMRI from our
study database in Figure 6. After removing fMRI time frames
with excessive fetal head motion, 46.4 ± 7.8 frames per subject
were retained for analysis, while zero to nine frames were removed
per case. The ratio of removed (censored) fMRI frames is illus-
trated in Figure 4. Motion correction reduced the image variance
in the peripheral brain regions, which is commonly associated
by movement artifacts (an example is provided in Figure 4B.).
Head movement during the examinations (root mean squared
displacement of brain voxels by translations and rotations) was
not correlated with gestational age [mm, average: 0.643 ± 0.459
(range: 0.158–2.01); linear fit, R2 = 0.139, p = 0.448; Illustration:
Figure 4C].

Next, we describe the potential age-dependent characteristics
in our measurement, which may serve as confounding factors.
The following quantitative parameters of fetuses changed over the
course of gestation. Segmented fetal brain volumes showed signifi-
cant linear growth [cm3, average: 266.7 ± 108.5 (range: 77–469.1);
linear fit, R2 = 0.86, p < 0.001], and this correlation was similar to
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FIGURE 6 | Examples for fetal fMRI and the most common imaging

artifacts. (A) Fetal fMRI with full FOV. Bottom panels: standardized
functional image, ROI system warped to the standardized image and the
fetal atlas systems illustrated. We provide 1–1 examples from the GWs

24, 27, and 33. (B) Fetal fMRI is a challenging imaging modality with
many artifacts to expect. We illustrate this by excluded subjects’
cross-sectional images. Examples for fold-over artifact, ghost artifact and
susceptibility artifacts are shown.

the increase in the total size of brain ROI over time [cm3, average:
6.954 ± 2.859 (range: 2.2–11.3); linear fit, R2 = 0.856, p < 0.001].
BOLD signal intensities decreased from the 21st to the 37th GW
[signal intensity, average: 236.6 ± 66.4 (range: 127.7–387.9); linear
fit, R2 = −0.207, p = 0.256]. This characteristic change in BOLD
signal intensity can be attributed to the slight decrease in water
content in fetal brain tissues during gestation and the consequent
change of spin relaxivity (Chung et al., 2000). The temporal varia-
tion of the filtered and nuisance-corrected BOLD signal decreased
over time [signal intensity variation, 6.378 ± 4.532 (1.02–19.06);
linear fit, R2 = −0.3057, p = 0.088], although this decrease was
not significant.

EMERGING INTRINSIC FUNCTIONAL NETWORKS
Network-based statistical inference analysis was performed for
2415 different functional connections (i.e., upper triangle of the
brain connectivity matrix; Zalesky et al., 2010). Permutation test-
ing revealed that 850 were different from a random graph, and
the intrinsic functional connectivity values of 114 region pairs
significantly correlated with gestational age after correcting for
multiple comparisons. A linear and a non-linear growth model

were tested for the relationship between gestational age and func-
tional connectivity. The variation of each statistical parameter
was quantified in terms of the uncertainty calculated during a
bootstrapping sampling procedure.

The mean intrinsic functional connectivity of the entire brain
network showed a significant increase over gestation (linear model,
R2-adjusted: 0.623 ± 0.0467; SSE: 0.93 ± 0.16; sigmoid model,
R2-adjusted: 0.66 ± 0.063; SSE: 0.875 ± 0.167), and the sigmoid
function described the relationship between GW and connec-
tivity more powerfully (difference of SSEs, p < 0.001). Until
the 25th GW, the mean network connectivity remained close to
zero (average connectivity strength range from the 21st–26th GW:
−0.163–0.0525). The inflation point of the non-linear strength-
ening of functional connections was estimated at 26.59 ± 1.19
weeks. The period of connection development in which the con-
nection strengthening rate is larger than 90% of the mean inflation
rate was defined as the“expansion period.” This interval was calcu-
lated from the first derivative of the fitting function. The expansion
period of the total functional connectivity network was observed
between GWs 25.58–28.69. We illustrate the increase of functional
connectivity in Figure 7B.
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FIGURE 7 | Results of the functional connectivity analysis: spectral

coherence of time-courses, developmental trajectory of developing fetal

intrinsic functional connectivity. (A) Spectral coherence analysis of fetal
fMRI time-courses. The mean coherence plot (black line) was derived for all
pairs of fetal functional time-courses at all GWs. Gray line depicts the
interquartile range of observation across subjects. The plot is dominated by
two peaks, representing low-frequency synchronicity at 0.0377 Hz and
possible noise correlation at 0.445 Hz. Bold line: mean coherence, dotted
lines: SD. (B) Development of the fetal functional brain connectome,
gestational age-dependent distribution of functional connections. We illustrate
the sigmoid curve-fitting on individual average network connectivity strength
measurements. Each point in the graph refers to the mean intrinsic functional
connectivity of a fetus, which calculation was restricted to the values that
were found to be significantly associated with gestational age. Half-inflation

point of the curve is found at the 27th GW and it depicts the gestational age
in which the maximum increase of intrinsic functional connectivity is found.
(C) Developmental expansion of the fetal functional brain connectome,
visualization as matrices and 3D graphs. Two stages of the development are
depicted: prior to the presumed expansion of functional connectivities
(21st–26th GWs) and after this period. This dichotomy was defined using the
average intrinsic functional connectivity values (B). The transparence of each
edge in the 3D visualization (left images) refers to the population mean of the
intrinsic functional connectivity (Z -score). The size of nodes in the network
depiction is proportional to the sum of connectivity values over all edges that
are connected to them. Group-mean network edges were visualized using a
threshold of Z = 0.45. Graphs were overlaid on anatomical templates from
the 23rd and 37th GWs. The mean connectivity networks are also visualized
as connectivity matrices, Fs, frontal regions, Os, occipital regions.

Using this concept of expansion, we provide visualizations of
the mean fetal functional network structure for pre- and post-
expansion periods, and calculated the connectivity values for
each of these states of functional connectivity development in
Figure 7C.

The average intrinsic functional connectivity values in the fetal
brain graphs during the expansion period (GW 26–29) were
significantly higher than before the 26th GW (pre-expansion:
−0.0696 ± 0.0834; expansion: 0.234 ± 0.148; p = 0.000173).
This difference was also significant for values before and after
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the expansion state (pre-expansion: −0.0696 ± 0.0834; post-
expansion: 0.385 ± 0.159; p = 0.036). Our results are summarized
in Table 1. Between the 21st and 26th GWs, the mean functional
network architecture is dominated by occipital and temporal con-
nections, while frontal, parietal, or interhemispheric connections
are sparser. After the expansion period (29–37th GW),we observed
the increase of functional connectivity strength in the parietal and
frontal lobes and long-range correlations between the frontal and
temporal lobes.

HETEROGENEOUS AND REGION-SPECIFIC DEVELOPMENTAL
CHARACTERISTICS
After separating the entire connectivity network into regions
according to brain lobes, we evaluated the developmental tra-
jectories of within-lobe, interhemispheric, and thalamo-cortical
connections. Here we use the term “connectivity strength”
for the average intrinsic functional connectivity values of a
given group of network edges. The estimation of expansion
periods revealed a sequential order for how regional func-
tional connectivity becomes increasingly strong. The non-linear
sigmoid expansion better described the regional increase of
intrinsic network connectivity strength (Table 2). The cor-
relation between the gestational time and the connectivity
observations was high, with adjusted R-squared values rang-
ing from 0.45 (thalamus connections) to 0.64 (interhemispheric
connections).

The inflation time shows a heterogeneous pattern across the
fetal cortex. The inflation time of the occipital connections was
the earliest (R2-adjusted: 0.47 ± 0.08, inflation point: 24.83 ± 1.59
GW), while the inflation time for the parietal connections was the
latest in the sequence (R2-adjusted: 0.55 ± 0.07, inflation point:
27.48 ± 0.79 GW). The occipital expansion of functional connec-
tivity was followed by the temporal, frontal, and parietal lobes.
Thalamus-cortex interconnections displayed trends of develop-
ment similar to that of the overall network (expansion of overall
network: 26.59 ± 1.19 GW; expansion of thalamic connections:
26.31 ± 1.75 GW).

COMPARING SHORT- AND LONG-RANGE CONNECTIVITY
A further distinction was made according to the region-to-region
physical (Euclidean) distances: short- and long-range connections

were analyzed separately. Maximum strengthening of all short-
range connections occurred at the 27.69 ± 0.94 GW, although
we were unable to determine the same for long-range functional
coherence where linear strengthening was discovered (SSE of lin-
ear model: 0.53 ± 0.1; SSE of non-linear model: 1.47 ± 0.3,
p < 0.0001). Numeric data of the revealed order of develop-
ment are summarized in Table 2. We provide a visualization
of the core regional networks, the developmental curves and
the estimated sequence of functional connectivity inflation in
Figure 8.

After the 26th GW, the proportion of long-range connections
becomes significantly higher, as reflected by the larger Euclidean
region-to-region distances within the reference network (Table 1).

The sigmoid strengthening described the functional connec-
tivity of short-range connections significantly better than the
linear, but this observation did not hold for long-range connec-
tions. Instead, it appears that long-range connectivities gradually
increase from the beginning of the observed gestational period.

SPECTRAL COHERENCE ANALYSIS OF FETAL FUNCTIONAL MRI
SIGNALS FROM THE CORTICAL PLATE
Magnitude-squared spectral coherence of BOLD recordings char-
acterized low frequency synchrony of intrinsic signal fluctuations
in the fetal brain. Prominent frequency peaks of signal synchronic-
ity were found at 0.0377 ± 0.0599 Hz and 0.427 ± 0.068 Hz, and
peak heights were 0.255 ± 0.096 and 0.219 ± 0.047, respectively.
This pattern remained consistent at all observed gestational ages.
Similar to adult fMRI measurements, it can be assumed that the
lower frequency peak corresponds to the neural component, while
the higher frequency component is likely to be explained by car-
diac effects on the signal (calculated frequency, beats per minute:
144 ± 28, range: 120–216). We illustrated the average spectrum of
time-courses and the spectral coherence in Figure 7A.

DISCUSSION
CHARACTERISTICS OF THE DEVELOPING FETAL FUNCTIONAL
CONNECTOME
In this work, we have employed fMRI to portray the development
of the fetal functional brain connectome. The rate of signal syn-
chronicity increase is highest at the transition from the second
to the third trimester, with the peak around the 26th GW. MRI

Table 1 | Prenatal development of intrinsic functional connectivity and changes in the region-to-region Euclidean distances.

Average network connectivity,

region-to-region distances (mm)

Average functional connectivity

strength of network

Pre-expansion (GW 21–26; n = 8) 24.726 ± 1.922 (21.232–27.186) −0.0696 ± 0.0834 (−0.163–0.0525)

Expansion (GW 26–29; n = 8) 27.28 ± 1.608 (25.344–30.526) 0.234 ± 0.148 (−0.0669–0.38)

Post-expansion (GW 29–37; n = 16) 26.612 ± 1.459 (23.106–28.626) 0.385 ± 0.159 (0.147–0.6094)

Difference: pre-expansion vs. expansion Increase: 2.554; p = 0.0121 Increase: 0.304; p = 1.7296e-4

Difference: post-expansion vs. expansion Increase: 1.885; p = 0.0135 Increase: 0.151; p = 0.036

Functional connectivity refers to the Pearson product moment correlation coefficient of the signal time-courses of two brain regions.The average functional connectivity
strength is the average correlation coefficient of the network edges that were found to be significantly correlated with gestational age. For optimal comparison, the
reported Euclidean distances were fixed for each network edge and these values reflect the distances found at the 37th week of gestation.
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FIGURE 8 | Region-specific development of functional connectivity in

the fetal brain. (A) In these visualizations, a regional sub-network was
defined to include all connections within a brain lobe, and these were
restricted for the edges which connectivity values showed significant
correlation with gestational age. Plots depict significant age effects on
functional connectivity within each sub-network. Components of
sub-networks are depicted as graphs, overlaid onto a 25th-GW brain
template model. In this form of visualization, graph edges refer to a
functional connection (Z -score) between two areas, while the brain areas
are represented as nodes. Node size refers to the sum of its
connections, weighted by the functional connectivity. (B) Regional timing

of functional brain connectivity expansion during the late second and third
trimester, variability of the observed inflation times during the
bootstrapping procedure. According to the hypothesis that functional
connectivities exhibit non-linear growth characteristics rather than a linear
trend during the mid-fetal period, it is possible to determine the
gestational age of inflation by sampling. 50% of the measurement points
were sampled randomly during this procedure, and the relative probability
estimates of the inflation points of the fitted functions are depicted
against the gestational age. The distribution of sampled connections
indicates a sequence of occipital, temporal, frontal, and parietal
development of intrinsic functional connectivity values.

signal fluctuations were first synchronized in the occipital lobe
(e.g., primary visual cortex), followed by the temporal, frontal
(including the motor cortex), and parietal lobes. When look-
ing for the optimal characteristics to describe the increase of

intrinsic functional connectivity, observations followed a non-
linearly increasing trend, the only exception to which were the
long-range connections. The proportion of short- and long-range
connections was not homogeneous in the evaluated course of
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gestation: after the expansion period (26th to 29th week), more
long-range connections could be observed.

PRENATAL DEVELOPMENT OF FUNCTIONAL BRAIN CONNECTIVITY
FOLLOWS POSTERO-ANTERIOR TIMING
The heterogeneous timing of network development across the cor-
tex relates to findings regarding the network variability across adult
subjects. Mueller and co-authors found that parietal regions—in
particular the association cortex—exhibit high variability com-
pared to primary regions, such as the sensorimotor system
(Mueller et al., 2013). The timing suggests that the regions with
high inter-individual variability are those regions whose con-
nectivity structure is developed relatively late during gestation.
Similarly, these late-developing regions are phylogenetically young
cortical areas that exhibit the strongest cortical expansion during
late evolution, when comparing the macaque and human cortex
(Hill et al., 2010). Buckner and Krienen (2013) discuss the tim-
ing of primary cortical areas and subsequent areas, such as the
association cortex, relating the complex long-range networks with
relatively weak organizational coherence across individuals to the
rapid expansion of the corresponding cortical areas during evolu-
tion. Although we do not answer the question of whether this is
mirrored during early individual brain development, the results
suggest that the fetal brain appears to exhibit timing patterns
similar to those of cortical evolution.

EMERGENCE OF FETAL NEURAL ACTIVITY: BIOLOGICAL BACKGROUND
The second and third trimester of gestation is critical for the
healthy development of cerebral pathways and for the normal
functioning of the newborn brain. Here, we interpret findings in
the context of major events of telencephalon development within
this time frame. Cortical neurons begin to receive their first affer-
ent inputs from the thalamus through a multiple-step process
that involves the establishment and resolution of transient con-
nections through the subplate (Price et al., 2006; Kostovic and
Judas, 2010). The subplate constitutes a distinct layer of the fetal
cortex (Kostovic and Molliver, 1974) and contains a heteroge-
neous set of early post-migratory neurons, which show the most
advanced and mature electrophysiological characteristics com-
pared to other neurons of the fetal brain (Moore et al., 2009).
Experimental data indicate an essential role of GABAergic sub-
plate neurons in the generation of early synchronized network
activity, and thus, in the establishment of normal neuronal circuits
and a regular columnar architecture of the developing cortical
plate (Zhang and Poo, 2001; Lopez-Bendito and Molnar, 2003;
Kanold, 2009; Luhmann et al., 2009; Judas et al., 2013). Electri-
cal discharges in the human cortex can be demonstrated in vitro
(Penn and Shatz, 1999; Moore et al., 2009). Moreover, correlates
of spontaneous network activity can be identified by early human
preterm electrophysiology.

The maturation of thalamocortical afferentation is accompa-
nied by the evolution of a more complex electroencephalography
pattern (Vanhatalo and Kaila, 2006), including delta brushes from
the 28–30th GWs onward (Khazipov and Luhmann, 2006). Thus,
early cortical maturation occurs mainly independent of sensory
input, and is driven by spontaneous activity, amplified through
subplate neurons (Luhmann et al., 2009). Due to the high water

content in the extracellular matrix and the low number of neurons,
the subplate displays distinct MRI features, as described in vitro
and in vivo (Maas et al.,2004; Prayer et al.,2006). A spatial and tem-
poral regional morphological variation during development has
been described. In the dorsolateral cortical areas, receiving massive
cortico-cortical and thalamocortical input, the subplate shows the
thickest dimensions, whereas it is diminished in size in the meso-
cortical regions (Kostovic et al., 2002). There is a developmental
peak between 27 and 30 GWs, followed by a stage of dissolution
after 30 GWs. Thus, the morphologic dimensions of the fetal sub-
plate mirror the dynamics and grade of the regional connectivity
of somatosensory and association cortices. This spatiotemporal
anatomic trajectory is in accordance with the results of our func-
tional imaging-based global effects analysis (Figure 4). The rapid
and significant increase in connectivity between 24 and 31 GWs,
with a half-inflation point at 27 GWs correlates with the period
of maximum growth of the human fetal subplate and increasing
synaptogenesis in the cortical plate. We were able to describe a stage
of stabilization of the connectome after 31 GWs, which parallels
the process of subplate dissolution and the consolidation of exist-
ing networks. The general hierarchy of myelination starts with
sensory pathway myelination before the motor and association
pathways (Flechsig, 1920). Although myelination mainly occurs
postnatally, we were able to demonstrate that functional connec-
tions develop first in the occipital and temporal areas at around
the 25th GW, whereas the frontal lobe connectivity evolves later.
This is consistent with recent neuroimaging and neuropathology
data showing an earlier maturation of the optic and acoustic radia-
tions, compared to the frontal lobe pathways traveling through the
anterior limb of the internal capsule (Yakovlev and Lecours, 1967;
Kinney et al., 1988; Dubois et al., 2008). Trivedi et al. (2009) used
diffusion tensor magnetic resonance imaging to demonstrate the
region-specific maturation of the fetal brain, concluding that dif-
fusion anisotropy quantifies the microstructural orderedness that
reflects the peaking activity of neuronal migration. Coherent with
the functional developmental timing in our study, they revealed an
initial occipital and temporal increase and peaking of anisotropy.

Moreover, we reported that long-range and interhemispheric
connectivity shows a linear increase during development, as
opposed to the rapid dynamics of short-range connectivity within
certain brain lobes. As long-range association pathways as well
as commissural pathways follow a steady and linear develop-
mental trajectory, the dynamics of our functional imaging-based
connectome seems to reflect the divergent properties of these
processes.

RELATIONSHIP TO PREVIOUS FINDINGS
In utero fMRI came to the forefront only in the last decade to
assess stimulation-related activity (Gowland and Fulford, 2004;
Jardri et al., 2008) or activation in resting conditions (Schöpf et al.,
2012). To date, only a small number of studies have employed this
method for the portrayal of functional ontogenesis in normal or
pathological circumstances.

A possible way to extend our knowledge in this field is to adapt
imaging techniques that are widely used in humans after birth.
In this regard, in vivo neuroimaging techniques, such as diffu-
sion tensor MR imaging (DTI, Johansen-Berg and Rushworth,
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2009; Dennis et al., 2013; Yoshida et al., 2013) or BOLD fMRI have
already contributed to significant findings in human developmen-
tal neuroscience. The analysis of fetal functional neuroimaging
data as an emerging network can be viewed as an extension of pre-
vious single-subject or group-based analytical approaches (Schöpf
et al., 2012; Thomason et al., 2013).

Observations of fetal behavior in utero (Joseph, 2000;
Morokuma et al., 2013) outline a fine-tuned arrangement of how
functioning neural ensembles emerge that serve basic capacities,
like somatomotor functioning, auditory responses, plasticity, or
regulatory mechanisms (D’Elia et al., 2001; Partanen et al., 2013a).
Evidence for the emergence of fetal auditory processing and simple
learning capacities mostly comes from electrophysiological mea-
surements (Holst et al., 2005; Partanen et al., 2013b) or task-related
functional imaging (Jardri et al., 2012).

Similarly, fMRI of the immature neonatal brain is restrictive
for the characterization of typical development: observations are
mostly limited to the 26–40th weeks of gestation when the prereq-
uisites for sensory-driven processing are assumed to be already in
place (Doria et al., 2010).

Our findings of increasing interhemispheric intrinsic func-
tional connectivity are in line with previously performed studies
utilizing prenatal MR imaging, with a notable difference that
previous works reported qualitative findings on the emerging
activity, or used linear growth models for selected connections
(Schöpf et al., 2012; Thomason et al., 2013). The sequence of
functional connectivity increase was recently reported to fol-
low a medial–lateral and posterior–anterior trajectory, which is
partially supported by our observation of an occipital-temporal-
frontal course of network emergence. Using ICA to map the
temporo-spatial components of prenatal brain activity, Schöpf
et al. (2012) revealed consistent bilateral occipital networks as
early as the 22nd GW. Further reproducible components were
observed bilaterally in the frontal lobe and unilaterally in the tem-
poral lobe, and, notably, parietal networks were absent. In our
developmental model, the pre-expansion period before the 26th
week was characterized by bilateral occipital, unilateral temporal
connections, and the presence of inter-hemispheric long-range
synchrony between non-homotopic areas. The low-frequency
MRI signal fluctuations were found to be the most coherent in
the 0.01–0.1 Hz range, which matches the commonly assigned
filter intervals in adult studies and other prenatal fMRI analy-
ses. In this work, we relied on a more intricate representation
of the developing brain activity, compared to previous works
on prenatal data: a graph model and network-based inference
approach was chosen to capture the overall network proper-
ties in a statistically sound framework. In addition, a careful
preprocessing pipeline was used to lessen physiological noise
and confound the effects of fetal head motion (Power et al.,
2012).

The analysis of the developing functional connectome and
macroscopic-scale network architecture was previously elucidated
using imaging data from immature neonates. According to a report
by Doria et al. (2010) preterm neonates seem to exhibit distributed
functional connectivity networks at birth. A longitudinal study by
Smyser et al. (2010) discovered a variety of network components
that resembled their adult counterparts as early as the 26th GW.

A consistent component in similar studies is the default mode net-
work, whose prenatal existence has been questioned (Lee et al.,
2013). This interrogation of developing resting-state functional
networks suggests that the period of the most rapid synaptoge-
nesis triggers spontaneous brain activity that is organized into
networks, and such networks are similar in spatial extent to those
observed in newborns.

By measuring the signal intensity changes coupled with
blood oxygenation levels, fMRI indirectly characterizes the time-
course of slowly fluctuating neural activation (Logothetis and
Wandell, 2004). Physiological measurements suggest that fMRI
activations are neuronally driven and more strongly coupled
to dendritic activity than action potentials (Lauritzen, 2005).
The known mid-gestational shifts of electrical activity in the
human cortex correlate with the reported periods of func-
tional connectivity expansion, although a definitive conclusion
cannot yet be drawn due to the limitations of in vivo imag-
ing technology. Spontaneous brain activity in preterm neonates
remains questionable as a model for normal, in utero devel-
opment (Damaraju et al., 2010); a more faithful description
about the electrophysiological maturation in healthy subjects
would be optimal to explicate our findings on functional
activity. So far, such an investigation on normally develop-
ing human subjects is not feasible and this problem remains
unsolved.

STUDY LIMITATIONS
A number of factors limit the experimental support of our work
to describe emerging brain function in human fetuses. Here we
report three major categories of possible limitations in fetal fMRI
studies: (1) origin of fMRI signals in the developing brain, (2)
fetal head motion and age-related confounds, and (3) finding opti-
mal anatomical correspondences during gestation and ROI system
creation.

Colonnese and Khazipov (2012) advised a more careful inter-
pretation of pre- and perinatal fMRI studies on the grounds that
the coupling of the BOLD signal and neuronal activity is imma-
ture or unknown. The relationship between the MRI signal and
the underlying neural activity is the topic of extensive debate.
However, there is converging evidence that functional connec-
tivity can be explained or predicted by mono- and polysynaptic
cortico-cortical interconnections (Honey et al., 2009). Further-
more, spontaneous low-frequency activations in the fetal sensory
areas are possibly driven by mechanisms different than that in
the adult brain, serving the development of the cortex and not
endogenous processing.

Fetal in-scanner head motion is a challenging issue in fMRI, and
here in our study this was the primary criteria for excluding oth-
erwise normally developing fetuses. For fMRI experiments with
long TR, fetal motion can occur between slices as well, requir-
ing special algorithms for motion correction. In our study, we
did not reveal significant dependency of fetal motion patterns
with gestational age, although in a larger, unfiltered cohort, this
can be expected. Therefore we suggest including total subject-
level head displacement as a higher level explanatory variable in
group comparisons. As head motion causes not only voxel dis-
placement but signal intensity changes as well, it is important
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to include motion confound variables in the nuisance regression
step.

Here we summarize the following age-related confounds that
can hinder the interpretation of our current results. First, fetal
brain size significantly grows during gestation, therefore any
trend in functional connectivity increase can be a result of
merely observing larger ROI. Another consequence of the brain
growth is that ROIs are naturally closer to each other in a
young brain and this may result in a bias toward stronger
short-range connections. In our study, fMRI signal variance did
not show significant correlation with gestational age. A further
critical step in resting-state fMRI analysis is the nuisance cor-
rection, where nuisance means both predictable and random
sources of image noise. Here, the steps for MR image anal-
ysis were adapted for fetal functional imaging to ensure that
maturing macroscopic-scale neural activity contributes to the
observed signal intensity fluctuations. Although the current strat-
egy is to obtain noise signals from areas where no neurons
reside, the spurious effects of non-neuronal origin cannot be
excluded, and, furthermore, monitoring of possible physiolog-
ical noise sources would be desirable. We experienced a high
exclusion rate of clinical cases on the grounds of excessive move-
ment or other artifacts, greatly reducing the data available for
analysis.

A possible limiting factor comes from the fact that our study
relied on a manually defined ROI system. Localization in the fetal
cortex is not directly possible by anatomical atlases, but rather,
via the transfer of adult landmarks based on non-linear matching
of geometry. This limits the spatial correspondence between sub-
jects. It is possible that the propagation of cortical loci through
similarity-based transformations introduces a bias toward later
gestational ages when the convoluted surface is more ideal for
localization and inter-subject correspondences are better. A pos-
sible solution to this problem is the use of functional data-driven
parcellation of the cortex, such as demonstrated by Craddock
et al. (2012) on the group level. It is possible to use group level
ICA to reveal spatially coherent networks within the resting-state
fMRI data. Although the transformation of our fetal fMRI data
into one reference space for group ICA may suffer from inter-
polation artifacts due to the large volumetric and anatomical
differences.

OUTLOOK AND CONCLUSION
Understanding the formation of functioning neural ensembles
in the human brain is particularly important for a model of
healthy development, and such a functional, developmental
model could be a standard to which pathological conditions
can be compared. The assessment of the critical late gesta-
tional sculpting of fetal brain activity and macroscopic-scale
functional circuitry is feasible with in utero neuroimaging. The
optimization of imaging sequences and post-processing is cru-
cial and must include strategies to address fetal head motion
and non-neuronal sources of fMRI signal. The use of func-
tional connectivity on a ROI basis will allow future investigations
on disease development and its correlation to healthy charac-
teristics of connectivity development curves, as shown in this
work.
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While the visuomotor system is known to develop rapidly after birth, studies have
observed spontaneous activity in vertebrates in visually excitable cortical areas already
before extrinsic stimuli are present. Resting state networks and fetal eye movements
were observed independently in utero, but no functional brain activity coupled with visual
stimuli could be detected using fetal fMRI.This study closes this gap and links in utero eye
movement with corresponding functional networks. BOLD resting-state fMRI data were
acquired from seven singleton fetuses between gestational weeks 30–36 with normal brain
development. During the scan time, fetal eye movements were detected and tracked in
the functional MRI data. We show that already in utero spontaneous fetal eye movements
are linked to simultaneous networks in visual- and frontal cerebral areas. In our small but in
terms of gestational age homogenous sample, evidence across the population suggests
that the preparation of the human visuomotor system links visual and motor areas already
prior to birth.

Keywords: functional connectivity, development, eye movement, ICA, in utero fMRI

INTRODUCTION
Postnatal sensory development is critical (Lewis and Maurer,
2005), as external stimuli shape the cortical architecture and its
initial genetic roadmap (Bengoetxea et al., 2012). The nervous
structures responsible for initial stimulus processing and evidence
from animal studies suggest that already before the onset of vision,
genetic factors, and spontaneous activity form the basis for sub-
sequent topographic refinement of functional networks driven by
experience. Vaidya and Gordon (2013) suggested that both genetic
and experience-dependent maturational processes shape intrinsic
connectivity networks.

Spontaneous neuronal activity is suspected to affect initial
organization necessary for subsequent formation of more mature
networks (Katz and Shatz, 1996). Recently, spontaneous retinal
activity was described in mice in vivo, but the extent to which
corresponding structured information is transmitted through the
sensory system is still unknown (Ackman et al., 2012). Comparable
activity has not yet been observed in humans. While substan-
tial work exists on postnatal visual development in children, little
is known about the events during the prenatal stimulus scarce
period, when intrinsic activity is expected to dominate. Responses
to visual stimuli were reported from as early as the 28th gestational
week using neural electromagnetic activity measures acquired with

magnetic resonance encephalography (MEG; Eswaran et al., 2004).
In utero resting state networks (Schöpf et al., 2012; Thomason
et al., 2013), and fetal eye movements (Birnholz, 1981; Woitek
et al., 2013) were observed independently, but no visual stimulus
response could be located in fetal functional magnetic resonance
imaging (fMRI; Fulford et al., 2003). It is well established that
resting-state fMRI is a powerful tool to study the organization of
functional brain networks (Rosazza et al., 2012). The analysis of
fMRI is not trivial and often requires data driven algorithms, such
as independent component analysis [e.g., Schöpf et al. (2010a,b)].
The emergence of the visuomotor system is particularly infor-
mative regarding the precursory period of post-natal vision. It
involves the relationship of intrinsic and extrinsic components
suspected to shape the subsequent development of perception. The
interaction of active eye movements and vision remains central
in adult perception. In this work we investigated the relation-
ship between eye movements and functional activity in utero,
to identify the corresponding functional networks present before
birth.

Even-though the questions where functional visual activity
occurs in utero, and how primary visual areas do respond to extrin-
sic stimuli are not yet answered, voxel based morphometry studies
in congenitally blind subjects hint at brain areas that change due
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to the processing of extrinsic stimuli. While congenitally blind
subjects exhibit lower cortical volume in both frontal areas (BA
44, 45) and visual areas (BA 17, 18; Ptito et al., 2008), compared
to a control population, functional connectivity between frontal
areas (parts of BA 44, 45, and 47) and occipital areas is stronger in
early blind (Liu et al., 2007). This suggests an ambiguous relation-
ship between associated intrinsic and extrinsic processing systems
(Golland et al., 2007). It might indicate that an initial abundance
in connectivity between such areas as those implicated for lan-
guage and visual processing is pruned after vision onset. While
this then results in a clearer separation between the two systems,
the network as a whole is relevant during initial organization of
functional architecture.

Here we use data driven methodology to first show that there
exists a link between spontaneous eye movements and functional
networks in the occipital brain regions associated with vision. Fur-
thermore, we detected stable functional networks involving both
occipital and frontal regions.

MATERIALS AND METHODS
SUBJECTS
Seven singleton fetuses between gestational weeks (GW) 30–36
[mean: 32.86 (SD 1.81); mean age of mothers at MRI: 32.29 years
(3.99 SD)] with no pathological brain development were scanned
after informed consent was obtained from the mothers. The ethics
committee of the Medical University of Vienna approved the study.

IMAGE ACQUISITION
Magnetic resonance imaging was performed on a 1.5 T unit
(Philips Medical Systems, Best, The Netherlands) using a SENSE
(sensitivity encoding) cardiac coil with five elements. The preg-
nant women were examined in supine position, and neither
contrast agents nor sedatives were administered. Measurements
were performed using single-shot gradient-recalled echo-planar
imaging (EPI). Fifteen axial slices with slice thickness of 3 mm were

acquired with a matrix size of 144 × 144, FOV of 250 × 250 mm
and TE/TR of 50/1000 ms and a flip angle of 90◦. Axial slices were
positioned perpendicular to the fetal brainstem. Two experienced
neuroradiologists (GK and DP) evaluated the MR images.

TRACKING OF EYE MOVEMENTS RELATIVE TO HEAD AXIS
We tracked the movements of both fetal eyes computationally
based on the fMRI data (see Figure 1). First, we identified the
MR slice that contained the eyes, and then pixels were classified by
means of a random forest classifier (Breiman, 2001) to assign each
pixel a probability of being part of an eye. Based on this probability
map, eye center locations were estimated, and the segmentation of
the eye was refined by mathematical morphology operations. The
lens was detected along the eye border, and the view direction was
calculated as the direction from eye center to the lens center. The
head axis was defined as the symmetry axis between the two eyes.
Relative eye angles were calculated as the difference between each
eye angle (left and right) and the head central axis. Eye positions
and relative eye angles were calculated for each frame in the MRI
sequence resulting in a sequence of relative angles for the both eyes
for each fMRI frame (see Figure 2).

Based on the eye tracking sequences we create regressors and
event indicators defined as explanatory variables that reflect the
onset of eye movement. Eye movement events are defined as the
time points when the eye movement is initiated. We obtain these
points by marking peaks of the derivative of the absolute value of
the first derivative of the relative eye angles. These are time points
when the change of relative eye angle accelerates. We discard peaks
below a value of 1.4, and used the time points of the remaining
peaks as event-indicators. For each eye this vector is then convolved
with a standard hemodynamic response function corresponding
to the TR of the fMRI sequence to obtain the final explanatory
vector for each eye.

e :↔ (d(|d(α1)/dt|)/dt > t) ∨ (d(|d(α2)/dt|)/dt > t)

FIGURE 1 |Tracking eye movements over time. For every time point in the fMRI sequence, the angle of gaze direction relative to head orientation was
recorded for every subject and both eyes.
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FIGURE 2 | An example of an eye movement sequence. The top plot
shows the measures eye angles relative to the head axis (red for eye 1 and
green for eye 2). The images below show the imaging data depicting the
eyes at the corresponding time points. The eye movements are in the range
of 5–7◦ in this sequence, and therefore qualitative analysis by a reader is
difficult.

Description of main movement regressor: eye movement onset
left/right jointly.

MOTION CORRECTION AND REGISTRATION
Image preprocessing was performed with FSL (FMRIB’s Soft-
ware Library, www.fmrib.ox.ac.uk/fsl) including motion correc-
tion as implemented in MCFLIRT version 5.5 (Oakes et al.,
2005).

NUISANCE REGRESSORS
To lessen the confounding effects of non-neural signal fluctu-
ations, we used a GLM based procedure to orthogonalize the
fMRI signal to nuisance signals. Typically, such signals are orig-
inating from fetal head or maternal respiratory motion, and
physiological noise, such as cardiac effects. We utilized the Com-
pCor approach (Behzadi et al., 2007) which uses anatomical
priors and principal component analysis to define non-neural

signal. Fetal specific atlases were used to derive the CSF and
WM compartments. We used CompCor regressors from an
eroeded white matter mask, and from a region surrounding
the cortical surface, including the CSF and the skull. For
each region average signal and the most dominant six princi-
pal components were used as regressors. Furthermore derived
nuisance regressors from the head and eye tracking informa-
tion: (1,2) head position, (3,4) change of head position (x,y),
(5) head angle, (6) change of head angle. The measurements
from head tracking were convolved with a Gaussian filter,
with SD 2.

ANALYSIS
Single subject independent component analysis was per-
formed using probabilistic ICA as implemented in Multivari-
ate Exploratory Linear Decomposition Optimized into Inde-
pendent Components (MELODIC) version 3.10, a part of
FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl), using
FastICA (Beckmann and Smith, 2004). The number of sources
was estimated from the data by maximizing the Laplacian
approximation to the Bayesian evidence of the model order
(Minka, 2000; Beckmann and Smith, 2004). For the opti-
mization of the non-Gaussian sources, contrast function, and
convergence thresholds, as suggested by Hyvärinen et al. (2001),
were used. Estimated component maps were divided by the
SD of the residual noise and thresholded by fitting a mix-
ture model to the intensity values histogram (Beckmann and
Smith, 2004). Cross correlation coefficients of the derived inde-
pendent components with all eye movement parameters were
calculated.

RESULTS
To investigate if the networks active at movement onsets are stable,
and can be detected from the data regardless of the eye movement,
we performed ICA on the fMRI data. On average 13 independent
components were estimated per subject (SD 4.03). Correlation
of single-subject component time courses with the eye move-
ment regressor was calculated. The independent component with
maximum correlation coefficients for each subjects were evalu-
ated [mean correlation coefficient: 0.33 (SD 0.07)]. The networks
showing the highest correlation with fetal eye movement (see
Figure 3) include association related areas as the angular gyrus, the
inferior parietal gyrus, the superior frontal gyrus, as well as a pri-
mary visual area the medial occipital gyrus and motion associated
function.

DISCUSSION
The present results indicate a relationship between fetal eye move-
ments and activation in visual brain areas, motor areas, and
orbitofrontal areas in utero. The observed functional networks
correlating to visuomotor activity may offer a new perspective of
the time period in which the orbitofrontal prepares for extrinsic
sensory processing. The presence and relationship of the reported
functional networks between visual and frontal areas in fetuses
may prepare the developing brain for the processing of visual pat-
terns as a precursor for the subsequent postnatal stimulus driven
development of visual perception. Although observations are
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FIGURE 3 | Results of subjects 3–7 of the independent components with the maximum correlation coefficients with the eye movement on-set

regressor derived from eye tracking. Maps are overlaid on individual mean EPIs.

based on a limited number of subjects, the results were consistent
across the population.

FETAL EYE MOVEMENTS
Previous work on in utero fMRI provides insight in the develop-
ing brain ranging from stimulus processing (Schöpf et al., 2011)
to intrinsic resting-state activity (Schöpf et al., 2012; Thoma-
son et al., 2013). The observation of brain networks in utero
suffers from the uncertainty of the status of the fetus at rest
or asleep, which cannot be controlled. According to the cate-
gorization of fetal behavioral states from Romanini and Rizzo
(1995), periods of “quiet sleep” or “quiet awake” can only
be differentiated upon fetal eye movement. Four fetal eye
movement patterns were initially characterized based on early
ultrasound observations (Birnholz, 1981): Type I eye move-
ments were described as single, transient deviations consisting
of a bulb deviation, and a slower return back to the rest-
ing position, single but prolonged eye movements as Type
II, complex sequences of eye movements to different direc-
tions without periodicity as Type III, and repetitive nystagmoid
eye movements as Type IV. Additionally splitting of Type I
eye movements into Type Ia (fast deviation, slower reposi-
tion) and Type Ib (fast deviation, equally fast reposition) was
based on eye movement observation during MRI measure-
ments (Woitek et al., 2013). It has already been shown that

MRI sequences provide a valuable tool for visualizing and cat-
egorizing fetal eye movements (Brémond-Gignac et al., 1997;
Woitek et al., 2013). While this method was initially devel-
oped to serve as an indicator for ocular development and as
an indirect biomarker to detect malformations affecting the
brainstem, our study investigates for the first time the net-
works responsible for the processing of eye movement in utero,
enabling the purest form of a natural self induced stimulus, eye
movement.

FUNCTIONAL SENSORI MOTOR NETWORKS IN UTERO
We did not observe activations in the frontal eye field, which is
known to be related to saccadic eye movements. As saccades are
very fast (20–400 ms), we do not expect them to be correlated
with the MRI tracked motion events due to the limited temporal
resolution of the MRI eye tracking.

Slow pursuit or gazing movements (looking at directions
intentionally or following a moving object) are controlled with
involvement of deep-parieto-occipital cortex. Although we cannot
confirm on intentional focusing in utero, we do see parietal–
occipital activity in four out of seven cases. It is known from
studies on macaques that the parieto-occipital cortex shows acti-
vation during self-generated eye movements (Law et al., 1998)
and plays a crucial role in encoding extrapersonal visual space
(Galletti et al., 1995). As we did not provide the fetus with visual
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stimuli, the activation we observed in the parietal–occipital area
might hint at the generator of intrinsic eye movements in human
fetuses.

There is only little motor activity and little involvement
of the supplementary motor cortex or the typical frontal eye
field (see below). These results are in line with findings in
macaques reporting on fetal eye motion mainly governed by
brainstem and midbrain processes. They suggest supratentorial
control of eye motion gaining functional importance during brain
development.

The networks we observed in fetuses differ from those known in
the adult brain, and do not include a number of regions typically
associated with eye movements in adults. Instead, they include
areas identified with extrinsic stimulus processing (V1 in subjects
3,4,5,6) and motor control (subjects 3,4,6,7). So far no visual stim-
ulus fMRI response activity in utero could be located (Fulford et al.,
2003).

THE FETAL- VERSUS THE ADULT BRAIN
Most experiments investigating sensory systems in utero, as for
example visual and auditory systems, were constituted based on
block length and stimulus sequences of adult paradigm settings,
which might be a poor fit for fetal function and could explain
the non-detection of activity patterns in, e.g., the primary sensory
areas [for a review see Schöpf et al. (2011)]. The lack of previous
localizations in primary sensory areas as a response to sensory
stimuli strongly indicates that conventional fMRI paradigms used
in adult settings do not capture the fetal brain settings. In light
of (Dehorter et al., 2012) proposition that the developing brain is
not a small adult brain but that the voltage- and transmitter-gated
currents act like network driven patterns following a develop-
mental sequence, the present results point to endogenous activity
in the developing cortex as modulating the formation of func-
tional units in the sensorimotor system. Instead of linking primary
sensory activity to external stimuli, they evidence a link to spon-
taneous eye motion as part of the sensorimotor system. The
function of these early patterns is to enable heterogeneous neu-
rons to fire and wire together and prepare for subsequent stimulus
driven development rather than to code specific modalities at this
point.

Colonnese et al. (2010) already observed the change of func-
tional units and a switch to mature visual response shortly before
delivery in humans based on recordings from the visual cortex
of preterm human infants. They proposed a “bursting” period
of visual responsiveness during which weak retinal information
is amplified by endogenous network oscillations, which in turn
enable a primitive form of vision. Colonnese et al. (2010) con-
cluded that an intrinsic program that is able to switch cortical
responses in anticipation of patterned vision operates early visual
developmental processing.

LIMITATIONS
A constraining factor of the presented work is the limited sample
size. According to this issue results are based on a single subject
level analysis. As the sample was very homogenous with regard
to gestational age this setting was chosen specifically to abstain
from technical nuisance introduction emerging from registration

to a template, which could influence the quality of single eye
movement trackings. On the other hand, this homogeneity of
developmental age does not allow for the analysis of eye move-
ment related networks across gestational development, which will
be of interest in future investigation. Furthermore, an important
open question regarding our understanding of the hemodynamic
developmental trajectory across in utero development, could be
addressed by model driven data analysis.
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In the last few decades, the survival rates
of preterm babies and full-term babies
with severe diseases have increased due to
advances in perinatal care. Understand-
ably however, higher survival rates have
not been accompanied by an overall reduc-
tion of morbidity, so that limitation of
long-term neurodevelopmental abnormal-
ities remains a major challenge of early
care (Plaisier et al., 2014). The possibil-
ity to better predict the outcome of new-
borns at neurodevelopmental risk is essen-
tial to inform early intervention, to allow
best allocation of resources, and to min-
imize long-term consequences. Unfortu-
nately, clinicians continue to possess lim-
ited ability to predict neurodevelopmen-
tal outcomes, mainly relying, in most set-
tings, on early findings at cranial ultra-
sound (cUS).

Recent studies (Smyser et al., 2012)
have proven the power of magnetic
resonance imaging (MRI) superior to
other neuroimaging modalities, including
cUS, in detecting cerebral injury. Neona-
tal MRI provides non-invasive, high-
resolution images in less than 1 h; scans
are performed without sedation eliminat-
ing the risk and the costs associated to it and
are not associated to radiation exposure, as
for computerized tomography (CT). The
application of MRI in the neonatal popu-
lation is rapidly increasing, making MRI
one of the key diagnostic tools for the
assessment of early brain development and
injury.

In specific clinical groups, such as for
example very preterm infants, cerebral MRI
should become part of standard clinical
care and should be systematically per-
formed at term equivalent age (TEA).
Accurate assessment of cortical folding at

TEA provides an important marker for
structural brain growth and maturation.
Myelination of the posterior limb of the
internal capsule (PLIC) at around 36–
38 weeks gestation, identifiable on T1 but
also on T2-weighted images, is another
important maturational hallmark, since its
presence and symmetry are very powerful
in predicting motor outcome. MR imag-
ing is superior to cUS also in detecting
diffuse white matter (WM) injury. Indeed,
although cystic periventricular leukoma-
lacia is seen less often, diffuse non-cystic
types of WM injury, including punctate
WM lesions and diffuse excessive high sig-
nal intensity, are most frequent and are
considered the leading cause of disturbed
brain growth, connectivity, and function-
ality. The predictive power of conventional
MRI in this domain remains relatively low,
as it is not sensitive enough to analyze
changes in microstructure; however, it is
greatly enhanced by the use of advanced
MR techniques targeting the WM, such as
diffusion tensor imaging (DTI), that can
help analyzing brain growth in extremely
preterm babies in the absence of evident
WM abnormalities (Ramenghi et al., 2009).

Diffusion tensor imaging (DTI) is a
relatively new MR modality that assesses
water diffusion in biological tissues at
microstructural level. The diffusion tensor
describes an ellipsoid in space character-
ized by the diffusion eigenvalues (λ1,λ2,λ3)
in the three orthogonal directions and their
corresponding eigenvectors. In brain WM,
axial diffusivity (λ1) is oriented along the
direction of the main tracts and radial
diffusivity (λ2 and λ3) is oriented per-
pendicular to these tracts. Average dif-
fusivity (Dav) reflects the mean of these
eigenvalues and it is an indicator of brain

maturation and/or injury. Dav decreases
with increasing age probably for decreas-
ing water content and increasing complex-
ity of WM structures with myelination.
Fractional anisotropy (FA) reflects the vari-
ance of the eigenvalues, ranging from 0
(isotropic diffusion) to 1 (anisotropic). The
diffusion is mainly anisotropic because the
water molecules preferentially move in the
direction of fascicles of axons (Adams et al.,
2010). In the white and gray matter, there
is similar water content but different Dav

value probably because the WM is less
restrictive to water motion. Brain water
content decreases with increasing gesta-
tional age and this mostly increases the
WM anisotropy values. This increase has
also been attributed to changes in WM
structure associated with histologic matu-
ration, and it takes place at different rates in
different brain areas [the main areas ana-
lyzed are in commissural tracts, the corpus
callosum (CC), and in projection tracts,
the corticospinal tracts (CSTs)]. Develop-
mental changes in anisotropy of cerebral
cortex reflect changes in its microstruc-
ture, such as the arborization of basal
dendrites of cortical neurons, the innerva-
tion of the cortical plate by thalamocorti-
cal and cortico-cortical fibers, all processes
which are important basis of later func-
tional connectivity (Huppi and Dubois,
2006). Because there are strongly pre-
ferred directions of diffusion, it is possi-
ble to create color maps of neonatal brain
with diffusion tensor post-processing tech-
niques. The color maps are based on major
orientation with red representing right–
left, green representing antero–posterior,
and blue representing superior–inferior
anatomical directions (De Bruïne et al.,
2013) (Figure 1).
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Giampietri et al. Diffusion tensor imaging in newborn

FIGURE 1 | Color anisotropy maps.

Preterm birth can cause white mat-
ter injuries (WMIs) and consequently
can cause change in FA and diffusiv-
ity. Decreased FA in the CC of preterm
babies scanned at TEA is rather com-
mon and implies less efficient transmis-
sion between the hemispheres and may
lead to language problems and cognitive
dysfunctions. Regions with increased FA
in a preterm baby may be attributed to a
loss or to an impairment of WM instead
of improved WM maturation (Li et al.,
2014). Disorders of motor function can
be tested in clinical practice with DTI.
In children with congenital hemiparesis,
there are different diffusion characteristics
of CSTs compared to healthy one. There is
an increasing FA asymmetry and a decrease
in FA value in the affected pyramidal
tract.

A recent extension of DTI is tractogra-
phy, which is a powerful tool that offers the
possibility of non-invasive identification
of specific WM pathways and connec-
tions in the brain. The general principle
is to connect adjacent image voxels fol-
lowing water diffusion. Directional coher-
ence of the fibers in a pathway is used
to determine the presence or absence of
connectivity between two regions of the
brain. Tracking of the fiber-trajectories is
terminated when they turn of too much
degrees between two successive voxels. The

main regions of interest include the CSTs,
the CC, and optic radiations (OR). The pri-
mary goal should be to understand the nor-
mal relationship between structural and
functional networks of these structures
but there are few data in preterm babies
(Brown et al., 2014). Preterm birth corre-
lates with reduced connectivity, and it is
very difficult to establish normal value for
all gestational ages. Maturation does not
occur simultaneously in the brain infact,
for example, connectivity increases ear-
lier in the occipital lobe and then in the
frontal area. The postnatal age and WMI
are additional confounding factors of dif-
fusion metrics (Pannek et al., 2014). Nev-
ertheless, the primary difference between
DTI and conventional imaging is the capa-
bility of DTI to often detect injury ear-
lier. This could anticipate the diagnosis
of brain damage and might offer advan-
tages in the future for deciding early inter-
vention or administration of neuroprotec-
tive agents. Further studies will be needed
to confirm whether these new techniques
may predict neurodevelopmental outcome
and whether they are equally applicable
to all the pathways of the central nervous
system.
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Preterm infants are born during a critical period of brain maturation, in which even
subtle events can result in substantial behavioral, motor and cognitive deficits, as well as
psychiatric diseases. Recent evidence shows that the main source for these devastating
disabilities is not necessarily white matter (WM) damage but could also be disruptions of
cortical microstructure. Animal studies showed how moderate hypoxic-ischemic conditions
did not result in significant neuronal loss in the developing brain, but did cause significantly
impaired dendritic growth and synapse formation alongside a disturbed development of
neuronal connectivity as measured using diffusion magnetic resonance imaging (dMRI).
When using more advanced acquisition settings such as high-angular resolution diffusion
imaging (HARDI), more advanced reconstruction methods can be applied to investigate the
cortical microstructure with higher levels of detail. Recent advances in dMRI acquisition
and analysis have great potential to contribute to a better understanding of neuronal
connectivity impairment in preterm birth. We will review the current understanding of
abnormal preterm cortical development, novel approaches in dMRI, and the pitfalls in
scanning vulnerable preterm infants.

Keywords: diffusion magnetic resonance imaging, DTI, cortical imaging technique, prematurity, cortical
development, cortical development and plasticity, diffusion MRI

INTRODUCTION
During the final trimester of pregnancy, the human brain rapidly
develops by a complex interplay of genetic, epigenetic and envi-
ronmental factors. Preterm infants are born during this period
that is critical for neuronal connectivity, brain growth and cortical
maturation, which together puts them at risk for functional
impairments that are likely to persist into later life (Saigal and
Doyle, 2008; Volpe, 2009). In particular the development of
the cerebral cortex is imperative for the social and emotional
well-being (e.g., Salmaso et al., 2014). Histological studies in
both animals and humans have demonstrated that white and
gray matter develop in close relation, and that isolated white
matter (WM) injury sparing the cerebral cortex is uncommon
(Govaert et al., 2006; Pierson et al., 2007; Sizonenko et al., 2007;
Volpe, 2009; Okabayashi et al., 2011). Diffusion-MRI (dMRI)
is a valuable tool to study brain development in vivo, and is
based on its ability to characterize diffusion patterns of water
molecules within the brain (Basser et al., 1994). As these patterns
are directly related to brain microstructure, different models have
been developed to characterize the diffusion signal in detail. The
diffusion tensor (DT) model has been commonly used for this

purpose, and represents the diffusion characteristics within each
voxel as an ellipsoid (Basser et al., 1994; Jones and Leemans,
2011). Using only six parameters, this model is able to provide
a quantitative description of the diffusion characteristics repre-
senting neuroanatomy. The ellipsoidal shape is more elongated
(cigar-shaped) in regions with highly aligned and densely packed
tissue components, such as the corpus callosum, representing
anisotropic diffusion. In contrast, the DT shape resembles a sphere
in brain regions with less aligned fiber tissue, wherein the dif-
fusion pattern is called isotropic. Several studies have pointed
out that the DT model is less adequate in representing complex
fiber orientations within a single voxel (Tournier et al., 2004,
2011; Jeurissen et al., 2013), which is furthermore reflected by the
fact that diffusion tensor imaging (DTI) has been predominantly
used to characterize large WM bundles such as the corpus cal-
losum and pyramidal tract but hardly to study “complex” brain
regions containing crossing fibers and more dispersedly organized
microstructure such as gray matter (Martinussen et al., 2005;
Pannek et al., 2014).

Present-day, neuroimaging studies resulted in the develop-
ment of acquisition and processing pipelines designed to derive
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more detailed information about the precise diffusion character-
istics within each voxel. These advances increase the applicability
of dMRI to regions of more complex microstructure such as the
cerebral cortex. Several higher-order models to fit the diffusion
data have been developed recently, including models designed to
study cortical microstructure, such as neurite orientation disper-
sion and density imaging (NODDI; Zhang et al., 2012). This mini-
review will briefly outline these and other recent developments
regarding cortical imaging and discuss related challenges and
pitfalls.

INSIGHTS IN IMPAIRED CORTICAL DEVELOPMENT FROM
HUMAN AND ANIMAL SPECIMEN STUDIES
For long, histological substrates of brain damage following
preterm birth were most prominently characterized by large, focal
WM lesions, adjacent to the ventricles, known as periventricular
leukomalacia (PVL). Although cystic changes of WM are most
prominent in PVL, several studies have outlined that relative
sparing of the cerebral cortex is implausible in this type of WM
injury. Andiman et al. (2010) histologically assessed the cortical
microstructure in specimens of human tissue collected following
focal periventricular WM injury possibly induced by preterm
birth, and observed a significant reduction in pyramidal neuron
density in layer V of the overlying cerebral cortex, indicating
cell death of cortical neurons in focal WM injury (Andiman
et al., 2010). A commonly used middle cerebral artery stroke
model in mice showed comparable histological features, such
as the histological abnormalities in layer V of the cortex. This
included both morphological alterations of cell components and
signs of neuronal necrosis (de Oliveira et al., 2014). In addi-
tion, subcortical nuclei were also affected in PVL cases, showing
significant neuronal loss in thalamus, globus pallidus and the
cerebellar dentate nucleus (Pierson et al., 2007). These findings
exemplify that opposed to isolated WM injury, impaired neu-
rodevelopment in preterm infants represents a complex interplay
between gray and WM damage, leading to structural changes
throughout the entire brain (Tymofiyeva et al., 2012; Ball et al.,
2013a).

With the improved spatial resolution of state-of-the-art radi-
ological techniques (e.g., ultra-high field MRI) the neonatal
care specialists also encounter diffuse anatomical anomalies that
affect both cortical and subcortical structures. Often these subtle
aberrations are found in preterm children that suffered from
hypoxia, ischemia or inflammation. Although the extent of such
anatomical aberrations seems limited when visualized using con-
ventional imaging, both human imaging and histology studies
have demonstrated that these changes in the preterm brain can
nevertheless significantly impact on long-term functional out-
come (Ment et al., 2009). Moreover, using an experimental sheep
model it was recently shown that the cortical development was
severely affected following mild levels of ischemia, which evoked
non-cystic and thus diffuse WM alteration (Dean et al., 2013).
Using ex vivo high-field diffusion MRI it was also shown that
normal cortical development was impeded, i.e., the physiological
decrease in cortical anisotropy resulting from emerging cellular
complexity during development was less pronounced in sheep
exposed to moderate ischemia.

In contrast to focal WM changes such as PVL, the number of
cortical neurons was not reduced in this type of WM damage,
but Golgi-staining showed that ischemia induced a significant
reduction of dendritic branching in the cerebral cortex, which
could well explain the observed differences in anisotropy com-
pared to age-matched controls. These results indicate that dis-
rupted cortical development in moderate ischemia does not have
to be linked to drastic effects like neuronal loss, but can also
evoke “milder” effects like morphological aberrations (Dean et al.,
2013).

Results of such translational studies of impaired cortical devel-
opment are very useful, as they contribute to ensuring correct
interpretation of in vivo human imaging results. By combining
histology with MR-imaging in animal models and specimen stud-
ies, histological features of disrupted cortical development can
be correlated to MR abnormalities seen in preterm born infants.
Histology of the human cortex has been used as validation of
normal brain cortical architecture (Kleinnijenhuis et al., 2013b;
White et al., 2013), as well as to assess how histopathological
findings correlate to cortical dMRI (Hulst and Geurts, 2011;
Kolasinski et al., 2012; Gao et al., 2013; Leigland et al., 2013).
These insights can be expected to help develop reliable, non-
invasive, in vivo neuroimaging biomarkers for early prediction of
impaired neurodevelopment.

MRI STUDIES OF IMPAIRED CORTICAL DEVELOPMENT IN
HUMANS
The shift to more subtle radiologic abnormalities in both cortex
and WM demands new ways to assess structure and development
of the preterm brain. dMRI can provide additional insights in
the characteristics of the preterm brain by mapping the diffusion
pattern of water molecules. Because tissue components hinder
the random motion of water molecules, dMRI measurements
are directly related to underlying tissue microstructure (Basser
and Jones, 2002; Mori and Van Zijl, 2002). Analysis of preterm
brain damage using dMRI can thereby contribute to a better
understanding of injury-mechanisms underlying impaired neu-
rodevelopment, by revealing alterations in neuronal organization
and extracellular matrix composition (Basser and Jones, 2002;
Mori and Van Zijl, 2002).

Conventional T1 imaging has been used to assess the impact of
preterm birth on cortical development. This sequence is particu-
larly suitable for assessment of cortical volume and surface area,
hence it provides good contrast between white and gray matter
in combination with high spatial resolution. Studies making use
of this have shown that cortical volume and surface area are sub-
stantially affected by preterm birth. Phillips et al. (2011) showed
that in early childhood, cortical thickness was significantly higher
and surface area significantly lower among preterm born infants
than in term born controls (Phillips et al., 2011). This indicates
that the normal pattern of cortical maturation—a combination
of cortical thinning and surface area expansion—is substantially
delayed or disrupted by preterm birth. The importance of these
findings is highlighted by the fact that impaired cortical growth
between 24 weeks and term-equivalent age is directly related to
neurocognitive abilities in later life (Rathbone et al., 2011). The
degree of cortical folding seems directly related to the extent of
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WM connectivity (Melbourne et al., 2014), which is particularly
relevant because studies in ex-preterm adolescents and adults
show that characteristic changes in cortical folding, thickness and
volume persist in later life (Martinussen et al., 2005; Nagy et al.,
2011; Skranes et al., 2013).

ADVANCED DIFFUSION WEIGHTED IMAGING TECHNIQUES
Cortical diffusion MRI can help to determine in vivo how changes
in cortical folding and thickness are related to cortical changes at a
cellular level. Advances in dMRI, such as more widespread appli-
cation of high-angular resolution diffusion imaging (HARDI),
enable a more reliable assessment of cortical microstructure
(Tuch et al., 2002). Benefits of HARDI acquisition arise from a
substantial increase in number of diffusion-encoding directions,
providing a more reliable and extensive characterization of the
3d diffusion profile. Next to an increase in angular resolution,
increased spatial resolution is desirable, because it facilitates
more reliable differentiation among cortical regions, underlying
WM and surrounding cerebrospinal fluid. Higher-order pro-
cessing algorithms of HARDI-data provide more detailed infor-
mation than the tradition DT model, as these models aim at
extracting the diffusion characteristics from each voxel more
extensively.

The structure of the neocortex dramatically increases in com-
plexity during development (McKinstry et al., 2002; Ball et al.,
2013b). During developmental stages characterized by high den-
sities of radial glial fibers, the DT model might be an adequate
model for describing diffusion in the cortex (Figure 1). Fur-
thermore, structural development of the cortex can be detected
with the DT model (Neil et al., 1998; McKinstry et al., 2002),
but the model’s specificity is limited, because multiple features of
the microstructure have similar effects on tensor characteristics
(Vos et al., 2011, 2012). For example, the decrease in anisotropy
observed over cortical development is thought to results from
emerging dendritic arborization (Dean et al., 2013), but the
same anisotropy decrease could also result from, for instance a
reduction in radial glial fibers (Sizonenko et al., 2007). Most likely,
these different changes happen concurrently and therefore it is
essential to distinguish these contributions and other microstruc-
tural features, not only with postmortem techniques, but also with
in vivo methods such as diffusion MRI.

As mentioned above, appealing alternatives to the DT model
are available to capture more of the cortical complexity. The
limitation of the DT model of describing diffusion behavior as
an ellipsoid can be overcome by fitting models that allow more
peaks in the modeled diffusion profile (Frank, 2002; Jansons and
Alexander, 2003; Tuch et al., 2003; Tournier et al., 2004; Wedeen
et al., 2005). By making use of high-angular resolution data, it
is possible to fit more complex models which include multi-
ple fibers. Such models have been widely adopted for resolving
crossing fiber populations in WM tractography (Jeurissen et al.,
2011, 2014; Pannek et al., 2014; Tax et al., 2014a). Likewise,
complex cortical fiber arrangements emerging during gestation
should also be reflected in the fiber orientation distributions
derived from these data. Metrics specific to various cortical fiber
populations might then be derived for application of this method
in WM of the preterm brain (Raffelt et al., 2012; Dell’Acqua

FIGURE 1 | Color-coded orientation map of a preterm infant’s brain
(born at 26 weeks of gestation and scanned at 30 weeks gestation at
1.5 Tesla MRI scanner) calculated from diffusion tensor imaging. Each
pixel contains information about the eigenvector (Green color signifies
preferential diffusion in the antero-posterior direction; Red in the
latero-lateral direction; Blue in the superior-inferior direction) and extent of
diffusion anisotropy (intensity of color) which summarizes the information
obtained from each 3 × 3-matrix tensor. The cortex at 30 weeks gestation
still has a clear radial organization (shown in close-up).

et al., 2013). Although radial and tangential components in the
fiber orientation distribution have been ex vivo demonstrated
(Figure 2) in adult human (Kleinnijenhuis et al., 2013a) and
animal cortex (Dyrby et al., 2011), the performance of these
models under such anisotropic conditions is uncertain (Parker
et al., 2013). Furthermore, because scan time increases linearly
with the number of directions, in vivo application of these
elaborate sampling schemes in preterm newborns is particularly
challenging.

An innovation that could also be valuable for investigat-
ing the cortex in preterm infants is the estimation of quan-
titative measures of tissue microstructure. This approach sur-
passes the measures obtained from the DT model, as it can
directly inform on the fraction, size and shape of various tissue
compartments. Whereas extracellular water is—although hin-
dered in its path—free to diffuse throughout the extracellular
space, intracellular water is restricted within the bounds of the
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FIGURE 2 | (A) High resolution diffusion-MRI of sub-cortical white matter and
cortical gray matter of the adult human primary visual cortex. High angular
and spatial resolution data (768 directions at 300 micrometers isotropic
resolution) was used to generate orientation distribution functions (ODF’s) for
each voxel. The spikes of the ODF are color-coded and represent the different
directions of orientation within a single voxel. The ODF’s in the cortex are
mainly orientated perpendicular to the cortical surface, and represent its radial

organization, whereas underlying white matter is arranged corticofugally.
(B) Close-up of the cortex in a neighboring slice, showing that the ODF’s are
able to discern different layers of the cortex based on differences in
microstructural characteristics between different laminae. The fractional
anisotropy image is used as a backdrop image. Greyscale insets represent the
anatomical GRE reference images showing cortical layers including the stria
of Gennari. Adapted from Kleinnijenhuis et al. (2011).

cell. Sensitization to these different water pools is achieved by
varying the b-value (or diffusion time), where higher b-values
represent to some extent the intracellular signal, increasing the
specificity to the tissue structures (e.g., Assaf and Basser, 2005).
This simple principle has been used in several investigations
of the preterm brain (Dudink et al., 2008; Ferizi et al., 2014;
Pannek et al., 2014; Riffert et al., 2014). The diffusion kurto-
sis tensor (Jensen et al., 2005) is a somewhat more elaborate
model that allows separation of the Gaussian and non-Gaussian
contribution to the diffusion attenuation, assumed to repre-
sent the extracellular and intracellular spaces. A recent report
demonstrates a marked decrease of radial kurtosis in the third
trimester (Jeon, 2014), suggesting that it is a sensitive measure for
disruption of radial glial fibers. Although the diffusion kurtosis
isolates non-Gaussianity in the signal, it does not inform on
the source of this non-Gaussianity. This is particularly relevant
for the developing cortex, because non-Gaussianity can also
result from fiber dispersion. The biophysical multi-compartment
model NODDI (Zhang et al., 2012) is able to account for and
inform on fiber dispersion, by explicitly including it in the signal
model. The main parameters that can be estimated from the
NODDI model are intracellular volume fraction and the orien-
tation dispersion index. The first reports applying this model
to the preterm brain (Eaton-Rosen, 2014; Kunz et al., 2014),
suggest an increase in orientation dispersion during the third
trimester, while the intracellular fiber volume fraction does not
change.

DATA QUALITY AND PATIENT SAFETY
Although present-day and future innovations of dMRI offer new
ways to increase understanding of disturbed cortical development
in preterm infants, obtaining good quality images is particularly
challenging in this patient group. For example, higher heart-
and breathing rates in preterm infants and tendency of head

movement during scanning can easily result in poor data qual-
ity, as dMRI sequences are motion-sensitive and artifact-prone.
These matters are particularly relevant when studying cortical
microstructure using these techniques, as certain types of distor-
tions are more pronounced along the rim of brain tissue (Jones
and Cercignani, 2010). Awareness of acquisition and processing
steps determining data quality is therefore essential. To start with,
fine-tuning of MR acquisition to the specific characteristic of the
preterm brain and infant is desirable. Neonatal scanning hard-
ware, such as neonatal coils, MR-compatible incubators, fixation
pillows and noise-reducing earplugs have the potential to increase
image quality and patient safety during scanning (Pannek et al.,
2012). Furthermore, as neonatal dMRI data are highly sensitive
to cardiac pulsation artifacts, the introduction of pulse triggering
might benefit dMRI data quality considerably (Kozák et al., 2013).
Still, extensive assessment of data quality is essential to ensure
reliability of images. An approach combining visual inspection
of raw diffusion data with software-based quality checks seems
essential to ensure data reliability, as certain types of artifacts
can hardly be seen on the diffusion data themselves (Tournier
et al., 2011; Heemskerk et al., 2013). Dependent on the extent
of quality loss, datasets need to be excluded from analysis or
optimized using artifact and motion correction software in order
to prevent inclusion of erroneous diffusion metrics in study
results (Chang et al., 2005; Veraart et al., 2013; Collier et al.,
2014; Plaisier et al., 2014; Tax et al., 2014b). This especially
holds true for advanced neonatal diffusion MRI sequences, as
complex acquisition and processing pipelines are accompanied
with many pitfalls (Jones and Cercignani, 2010; Kersbergen et al.,
2014).

CONCLUSION
High resolution dMRI has great potential to improve under-
standing of cortical neuronal connectivity impairment in children
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born preterm. During the fetal period, axons from and to the
cortical plate also start to form, and tends to align in the early
phase of development. This radial structure forms the basis
for the columnar organization of the fetal cortex (Sidman and
Rakic, 1973; Rakic, 2002). As advances in neonatal imaging
hardware and software will reduce traditional limitations of
dMRI, future neonatal dMRI studies could go as far as study
normal and abnormal maturation of columnar organization
of our neocortex (Mountcastle, 1997). Next to that, HARDI-
based imaging studies in animals and adults have shown that
it is possible to discern different cortical regions based on
the unique diffusion-“fingerprint” of different cortical regions.
Likely, these advances will eventually result in the development
of microstructure-based atlases, which can be used to study
developmental patterns and eventual plasticity of individual
cortical regions that are defined using microstructure (Schnell
et al., 2009; Nagy et al., 2013; Wu et al., 2014; Aggarwal et al.,
2015). Validation of these new techniques using histology is
essential to ensure good correlation between microstructure and
imaging.
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There is overwhelming evidence that autism spectrum disorder (ASD) is related to
altered brain connectivity. While these alterations are starting to be well characterized
in subjects where the clinical picture is fully expressed, less is known on their
earlier developmental course. In the present study we systematically reviewed current
knowledge on structural connectivity in ASD infants and toddlers. We searched PubMed
and Medline databases for all English language papers, published from year 2000,
exploring structural connectivity in populations of infants and toddlers whose mean
age was below 30 months. Of the 264 papers extracted, four were found to be
eligible and were reviewed. Three of the four selected studies reported higher fractional
anisotropy values in subjects with ASD compared to controls within commissural fibers,
projections fibers, and association fibers, suggesting brain hyper-connectivity in the
earliest phases of the disorder. Similar conclusions emerged from the other diffusion
parameters assessed. These findings are reversed to what is generally found in studies
exploring older patient groups and suggest a developmental course characterized by a
shift toward hypo-connectivity starting at a time between two and four years of age.

Keywords: autism, diffusion MRI, structural connectivity, toddlers, hyperconnectivity, neurodevelopment

Introduction

Autism spectrum disorders (ASD) are a heterogeneous group of neurodevelopmental diseases
affecting 1 in 68 children in the USA (Centers for Disease Control and Prevention [CDC], 2014),
characterized by impairment in socio-communicative abilities, as well as restricted and stereotyped
behaviors (American Psychiatric Association, 2013). The age at which clinical diagnosis is gener-
ally made ranges between 3 and 4 years, although converging evidence from both retrospective
and prospective studies suggests that symptoms of ASD usually emerge in the first 2 years of life
(Zwaigenbaum et al., 2013; Chawarska et al., 2014). This might suggest the diagnosis of ASD to be
difficult within the first 1000 days, even if the symptoms emerge earlier, supporting the need for
reliable early biological markers of the disorder.

An overwhelming number of studies have been performed in the last decade addressing
the possible brain abnormalities associated with ASD. Increasing evidence suggests that in the
phase when symptoms of ASD are fully expressed, i.e., in school-aged children or older, their
neurobiological underpinnings consist of a disruption in structural and functional connectivity

Abbreviations: ASD, autism spectrum disorders; FA, fractional anisotropy; HD-EEG, high-density electroencephalography;
HR, high risk; MD, mean diffusivity.
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(reviewed in Vissers et al., 2012). Although the results are highly
heterogeneous, both in terms of techniques used and clinical
characteristics of the samples, a strong consensus now exists on
the presence of an overall hypo-connectivity of long-range con-
necting tracts as a robust biological hallmark of the disease (Just
et al., 2012; Aoki et al., 2013).

While the neurobiological underpinnings of ASD at a time
when the clinical picture is well expressed are starting to be
understood, much less is known on the preceding developmen-
tal course. This certainly reflects the course of symptoms, as the
diagnosis is usually not considered stable before 30 months and
infants diagnosed as being in the spectrum earlier are not rarely
found to have grown out of the diagnosis later on (Turner et al.,
2006). Precocious neuroanatomical correlates of ASD have been
firstly detected by structural MRI studies reporting an increased
brain volume (Sparks et al., 2002; Hazlett et al., 2005; Courchesne
et al., 2011), stemming from both gray and white matter increase
(Xiao et al., 2014), particularly in frontal and temporal regions
(Schumann et al., 2010; Calderoni et al., 2012), or from an
elevated extra-axial (extra-parenchymal) accumulation of cere-
brospinal fluid (Shen et al., 2013). Furthermore, early anomalies
of cortical development in key brain areas of ASD patients were
also suggested by altered cortical thickness in superior/inferior
frontal gyrus and superior temporal sulcus (Raznahan et al.,
2013), or within central, intraparietal, and frontal medial sulci
through sulcal shape analyses (Auzias et al., 2014).

Morphological anomalies described in ASD infants have been
proposed as a correlate of the atypical organization of brain con-
nectivity (Zhang and Sejnowski, 2000; Lewis and Elman, 2008).
Indeed, the first years of postnatal life represent a crucial time
period of brain development characterized in typical develop-
ment by both axonal pruning and synaptogenesis to build up
and strengthen cortical networks. Prospective studies in high-risk
infants, recruiting newborns siblings of ASD children, have been
recently set-up in several centers, often encompassing neuro-
structural and neuro-functional measures of brain development
and supporting the concept of ASD as a disorder of connectivity
emerging during the first months of life (Bosl et al., 2011; Wolff
et al., 2012).

A fuller understanding of the neurobiological transformations
of the first 30 months of life, i.e., the first 1000 days, in children
who will develop ASD is of utmost importance in order to sup-
port early clinical diagnosis and to allow for a prompt start of
early behavioral interventions. In this paper, we aim to review
current knowledge on the anomalies of brain structural connec-
tivity in subjects with ASD in the first 30months of life, age before
which the diagnosis is still considered unstable (Landa, 2008).We
in particular collected all studies focused on infants and toddlers
with ASD exploring diffusion MRI and/or tractography.

Methods

To review the literature, we queried PubMed and Medline using
the following search terms: (ASD OR Autism OR ‘ASD∗’ OR
Asperger) AND (Infant∗ ORToddler∗) AND (‘Structural connec-
tivity’ ORMRI ORDTIOR ‘diffusion imaging’ OR tractography).

Criteria for inclusion in the study were established prior to the lit-
erature search. Inclusion was limited to papers published between
January, 2000 and February, 2015, and was restricted to peer-
reviewed English language articles. Reviews were not included
in the selection, but were used to collect original studies. We
screened all the selected papers in order to include studies in
which mean age of the ASD sample was below 30 months.
Studies focussing only on ASD subjects with known etiology (e.g.,
Fragile-X syndrome, tuberous sclerosis) were not included.

After duplicates removal, the search strategy yielded a total of
264 records. All abstracts were independently reviewed by three
of the authors (EC, SC, and VM) and conflicting judgements
were solved by consensus. During the review process 223 papers
were excluded based on clear failure to meet the inclusion cri-
teria. Forty-one papers were evaluated in full-text, of which 18
were review papers. Of the remaining 23, only four met the inclu-
sion criteria and were included in this review (Ben Bashat et al.,
2007; Wolff et al., 2012; Lewis et al., 2014; Xiao et al., 2014).
All four were case-control studies, and only one of them was
longitudinal (Wolff et al., 2012). Information on sample demo-
graphics, MRI characteristics and study design are reported in
Table 1.

Mean age of the ASD group across the studies varied between
6 and 29 months. In particular Wolff et al. (2012) assessed a lon-
gitudinal cohort of high-risk subjects (ASD siblings) at 6, 12,
and 24 months. Subjects were grouped retrospectively, accord-
ing to the diagnosis at 2 years, into high-risk positive (HR+;
siblings who obtained scores over ASD cut off at ADOS (Lord
et al., 2000) evaluation) and high-risk negative (HR–; siblings who
obtained scores below ASD cut off at ADOS evaluation; Table 1).
In the remaining three studies (Ben Bashat et al., 2007; Lewis
et al., 2014; Xiao et al., 2014), the ASD populations were more
homogeneous with mean age ranging from 24 to 29 months.
Lewis et al. (2014) analyzed a population of ASD siblings with
small age range (24.5 months ± 0.73). They compared HR+
and HR− with subjects with typical development. Xiao et al.
(2014) compared ASD subjects (29.92 months ± 5.54) with age-
matched toddlers with developmental delay (DD). Lastly, Ben
Bashat et al. (2007) analyzed ASD and typically developing sub-
jects; while the ASD sample was entirely composed of toddlers
(29 months ± 7), typical subjects encompassed a wider age range,
i.e., 4 months–23 years.

MRI methodology used in the studies was heterogeneous.
Ben Bashat et al. (2007) were the only to use a 1.5T MRI
scanner with diffusion at six directions and a b-value of 6000.
The remaining three studies utilized a 3T MRI scanner, and
diffusion acquisition was based on either 25 (Wolff et al.,
2012; Lewis et al., 2014) or 30 directions (Xiao et al., 2014)
with a b-value of 1000. Post-processing analyses were simi-
larly, heterogeneous. Lewis et al. (2014) used a novel approach
based on the assessment of network efficiency. By using dif-
fusion data the authors obtained measures of the length and
strength of connections between anatomical regions and thus
calculated efficiency of sets of connections (networks), rather
than considering each connection independently, obtaining
measures of local and global nodal efficiency. The remaining
three papers used more conventional approaches FA, MD, and
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probability and displacement diffusion indexes, with two stud-
ies using a ROI-based analysis (Ben Bashat et al., 2007; Wolff
et al., 2012) and one using a voxel-based analysis (Xiao et al.,
2014).

Results

Findings are reported as grouped in (i) FA, which is currently
the most common index explored in diffusion studies, and (ii)
all other diffusion indexes.

Fractional Anisotropy
Three of the four studies measured FA values. Findings
are discussed according to the identified connections as
grouped into commissural fibers, projection fibers, (thalam-
ocortical, corticofugal, and cerebellar), and association fibers
(long and short range) (Catani et al., 2012). As FA is
widely explored in most diffusion studies, in order to put
our results into a developmental perspective, we compared

the three selected studies with those exploring structural
connectivity in older subjects, and in particular in ASD
groups were the mean age was between 30 and 60 months
(Figure 1).

Commissural fibers (corpus callosum, anterior commissure,
posterior commissure, forceps major, and minor). In three (Ben
Bashat et al., 2007; Wolff et al., 2012; Xiao et al., 2014) of the four
selected papers commissural fibers were explored. In all cases, sig-
nificantly higher FA values were found in infants and toddlers
with ASD as opposed to control subjects. In particular, Xiao et al.
(2014) showed higher FA values in the splenium of the corpus
callosum, while Ben Bashat et al. (2007) also in the genu, and in
the left forceps minor. Wolff et al. (2012) reported significant dif-
ferences within the body of corpus callosum at 6 months of age,
which were not observed at 12 and 24 months. The comparison
with studies exploring older subjects (mean age 30–60 months),
showed similar findings in an ASD group with mean age of
around 38months, with higher FA values in the ASD group in the
genu and the body of the corpus callosum (Weinstein et al., 2011),

FIGURE 1 | Summary of the results of studies exploring FA in ASD
subject groups whose mean age was below 60 months. Tracts
showing a significant difference between ASD and controls are shown, with
blue boxes indicating higher FA in ASD and red boxes indicating lower FA

in ASD. The black vertical bar in the middle of the boxplots shows the
mean age of the ASD group; the lateral sides of the boxplots, show the
SD; height of the boxplots represents the sample size, as referred to in the
lower left corner.
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and reverse results in three further studies exploring groups of
subjects with mean age between 56 and 60 months, with lower
FA values in the ASD group in all parts of the corpus callosum
(Kumar et al., 2010; Jeong et al., 2011; Walker et al., 2012).

Association fibers (long: arcuate fasciculus, cingulum, unci-
nate fasciculus, inferior fronto-occipital fasciculus, fornix; short:
U-shape fibers). In two of the four selected papers association
fibers were explored (Wolff et al., 2012; Xiao et al., 2014). Again,
in both cases, significantly higher FA values were found in infants
and toddlers with ASD as opposed to control subjects. In particu-
lar, Xiao et al. (2014) found higher FA values in the cingulum and
the limbic lobe, while Wolff et al. (2012), found higher FA val-
ues in the left fornix and uncinate fasciculus at 6 months, which
were not observed later, at 12 and 24 months. The comparison
with studies exploring older subjects, showed higher FA values
in ASD subjects with mean age of 38 months (Weinstein et al.,
2011), in particular within the left superior longitudinal and arcu-
ate fasciculus. In other four studies, focussed on children ranging
from 56 to 60 months, lower FA values were reported in the supe-
rior temporal gyrus (Walker et al., 2012), uncinate fasciculus and
arcuate fasciculus (Kumar et al., 2010; Jeong et al., 2011), inferior-
frontal-occipital fasciculus, superior longitudinal fasciculus, and
cingulum (Kumar et al., 2010), and short intra-lobar frontal fibers
(Sundaram et al., 2008).

Projection fibers (internal capsule; external capsule; cerebellar
tracts; corona radiata corticofugal fibers, thalamocortical fibers).
In two of the four selected papers projection fibers were explored
(Ben Bashat et al., 2007; Wolff et al., 2012). In both cases, signif-
icantly higher FA values were found in infants and toddlers with
ASD as opposed to control subjects, except for Wolff et al. (2012)
who reported increased FA values at 6 months of age within
the right posterior limb of internal capsule and interestingly
decreased FA values within the left anterior thalamic radiation
at 24 months. Ben Bashat et al. (2007) reported increased FA
values in left posterior limb of internal capsule, in left external
capsule and in left cortico-spinal tract. Studies exploring older
subjects found lower FA values in ASD subjects in cortico-spinal
tract, pons, and posterior limb of internal capsule (Walker et al.,
2012). Significant differences in the cerebellar tracts were only
found in two studies assessing children with mean age between
30 and 60 months. Interestingly, they both found lower FA values
in ASD subjects within the cerebellum (Walker et al., 2012) and
the dento-rubrothalamic projection (Jeong et al., 2012).

Other Diffusion Indexes
Three of the four papers explored diffusion indexes different from
FA. The most innovative approach was the one by Lewis et al.
(2014) who explored network efficiency between nodes, either
local or global. They found decreased local and global efficiency
over temporal, parietal, and occipital lobes in high-risk infants
later classified as ASD, as compared to both low- and high-risk
infants not classified as ASD. The frontal lobes showed only a
reduction in global efficiency in Broca’s area. The reductions in
nodal local and nodal global efficiency in ASD infants were inter-
preted not simply as indexes of hypo-connectivity, but rather as
the result of more limited local connectivity and less direct con-
nections to other brain regions. Ben Bashat et al. (2007) calculated

probability and displacement values using q-space analysis for
the diffusion data set, according to their own previous papers,
claiming them as better indicators of white matter pathology
than conventional FA (Assaf et al., 2002; Ben Bashat et al., 2005).
Hyper-connectivity, reflected in significantly increased proba-
bility along with reduced displacement values, was detected in
several brain regions. In particular, significant increase in proba-
bility values (and decrease in displacement values) were reported
in the left forceps minor, left external capsule, left posterior limb
of the internal capsule and bilaterally in the anterior limb of
the internal capsule and cortico-spinal tract. Finally, Xiao et al.
(2014) calculated MD values in ASD toddlers showing a reduc-
tion in the same regions where FA was increased, including
the corpus callosum, cingulum, and limbic lobe. Overall, these
results support evidence of hyper-connectivity in infants and
toddlers with autism and are in contrast with the decreased,
restricted diffusion reported in previous studies in older children
and adolescents.

Discussion

Evidence from the reviewed studies suggests that white mat-
ter atypical diffusion properties are a consistent finding in the
early phases of ASD, and can precede the full-blown expres-
sion of the clinical picture. All three studies exploring brain
FA, the most commonly investigated diffusion measure (Basser
and Pierpaoli, 1996), extensively reported higher values in
ASD subjects compared to controls. Along the same lines,
the majority of the other diffusion measures explored, includ-
ing MD, probability, and displacement values, points toward
an increased directional restriction of water diffusion in sev-
eral brain tracts. Interestingly, these findings are opposite to
what reported in an overwhelming body of literature showing
a widespread reduction of FA and increase in MD in chil-
dren, adolescents and young adults with ASD (Aoki et al.,
2013).

While these latter reports have been considered by most as
supporting the underconnectivity theory of ASD, firstly formu-
lated from functional MRI studies (Just et al., 2004), recent
studies have underlined the importance of not over-interpreting
diffusion data as direct indices of structural connectivity, partic-
ularly in consideration of the methodological limits expressed
by diffusion tensor imaging (Jones et al., 2013; Castellanos
et al., 2014). Indeed, the significance of diffusion indices as
to brain connectivity is increasingly matter of debate, and it
is strongly encouraged that more advanced approaches, such
as the HARDI (high angular resolution diffusion imaging), are
applied in order to minimize the limitations of DTI, including
a better resolution of crossing and kissing fibers (Bloy et al.,
2012).

The relationship between structural and functional connec-
tivity is not fully understood in subjects with ASD, and par-
ticularly so in infants and toddlers, since no study to date has
specifically addressed this issue (Uddin et al., 2013). Initially,
based on fMRI studies, local regions of hyper-connectivity
described in high functioning ASD subjects were interpreted as
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related to islands of preserved capacities (Wass, 2011). More
recently, however, functional hyper-connectivity has been inter-
preted as reflecting diffuse and less specialized, rather than more
efficient, brain networks in older subjects (Just et al., 2012).

The few functional connectivity studies performed in infants
and toddlers with ASD do not clarify this issue. In the only EEG
study assessing connectivity in infants with ASD, Orekhova et al.
(2014) demonstrated elevated alpha range connectivity, particu-
larly in frontal and central areas, by applying High Density-EEG
in high-risk infants aged around 14 months (range 12–17), who
were later diagnosed with ASD.Conversely, in older ASDpatients
aged around 29 months (range 12–46), Dinstein et al. (2011)
reported significant weaker functional connectivity in putative
language areas, as assessed by sleep fMRI inter-hemispheric syn-
chronization.

Irrespective of its connotations, the issue remains about the
time of development at which, as compared to control sub-
jects, white matter properties begin to shift from increased FA
to decreased FA. Overall, studies in this review suggest a time
between 2 and 4 years of age as the phase when this shift is most
likely starting to occur. The first structures showing an inver-
sion of FA distribution are the thalamocortical projections, which
were found to have significantly lower FA values in ASD tod-
dlers already at 24 months of age (Wolff et al., 2012). Around the
same age, a decreased local and global efficiency over temporal,
parietal and occipital lobes in ASD toddlers was found and inter-
preted as the result of connectivity disruption (Lewis et al., 2014).
A more widespread shift of FA, involving in particular commis-
sural and long-association fibers, is likely to occur at a slightly
older age, as shown by the global persistence of increased FA in
study cohorts with mean age up to 38 months (Ben Bashat et al.,
2007; Weinstein et al., 2011; Xiao et al., 2014). In most papers
assessing populations of older children, starting from those with
mean age of around 5 years, higher FA is generally not found, with
few exceptions. One of them is the report by Billeci et al. (2012)
who found a widespread FA increase in the white matter of ASD
young children aged around 5.5 years, particularly at the level of
corpus callosum, cingulum, internal capsule, and arcuate fascicu-
lus. In their study, however, the regression analysis of FA vs. age
showed that FA increase was mainly attributable to the subgroup
of younger patients, with the older ones indeed showing an FA
reduction.

While interpreting the findings of the papers included in this
review, the heterogeneity in the quality of the studies needs to
be mentioned. For instance, number of diffusion directions used

ranged from 6 in one study to 25 or 30 in the other three. Also,
movement artifacts are likely to have affected differentially the
findings, as only two of the four studies (Ben Bashat et al., 2007;
Xiao et al., 2014) used sedation during scanning, which is known
to significantly reduce motion artifacts as compared to natu-
ral sleep scanning. Given the low number of studies collected,
however, it would be hard to properly ponder the contribution
of the methodological differences among the studies as to the
interpretation of the findings.

Overall, the results of this review describe a developmental tra-
jectory of white matter diffusion properties in ASD infants com-
patible with the early signs of enlarged head circumference and
macrocephaly extensively reported in the literature (Courchesne
et al., 2011). Converging evidence from head-circumference, neu-
roimaging, and post-mortem studies supports the view that the
brains of ASD individuals are larger than controls from at least
2 years of age, particularly at the level of the frontal and tem-
poral lobes (Courchesne et al., 2011; Muratori et al., 2012). This
finding tends to disappear within the preschool age and eventu-
ally results in significant undergrowth during adolescence. This
trajectory greatly parallels the developmental course in diffusion
indices emerging from this review and is compatible with the pro-
posed interpretation of early overgrowth as an epiphenomenon
of abnormal connectivity resulting from a lack of physiological
synaptic pruning (Frith, 2003).

Despite the growing interest in the literature in understanding
the neuro-structural underpinnings of ASD at the onset of clin-
ical symptoms, or before, available data are still not exhaustive.
To date, studies are still scarce and are highly heterogeneous in
terms of sample size, control groups and MRI analysis. A possi-
ble strategy to face this limitation would be the partaking of large,
longitudinal ASD data repositories within the scientific commu-
nity, which would provide priceless information about the early
neurostructural markers of the disorder. The increasing applica-
tion of this and other methodological strategies, including the
use of higher-order diffusion imaging such as HARDI, is likely
to rapidly and exponentially widen in the near future our knowl-
edge on the developmental trajectory of early brain connectivity
in ASD.
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The investigation of the functional changes in the sensorimotor cortex has important
clinical implications as deviations from normal development can anticipate developmental
disorders. The functional properties of the sensorimotor cortex can be characterized
through the rolandic mu rhythm, already present during infancy. However, how the
sensorimotor network develops from early infancy to adulthood, and how sensorimotor
processing contributes to the generation of perceptual-motor coupling remains largely
unknown. Here, we analyzed magnetoencephalographic (MEG) data recorded in two
groups of infants (11–24 and 26–47 weeks), two groups of children (24–34 and 36–60
months), and a control group of adults (20–39 years), during intermixed conditions of
rest and prehension. The MEG sensor array was positioned over the sensorimotor
cortex of the contralateral hemisphere. We characterized functional connectivity and
topological properties of the sensorimotor network across ages and conditions through
synchronization likelihood and segregation/integration measures in an individual mu
rhythm frequency range. All functional measures remained almost unchanged during
the first year of life, whereas they varied afterwards through childhood to reach adult
values, demonstrating an increase of both segregation and integration properties. With
age, the sensorimotor network evolved from a more random (infants) to a “small-world”
organization (children and adults), more efficient both locally and globally. These findings
are in line with prior studies on structural and functional brain development in infants,
children and adults. We could not demonstrate any significant change in the functional
properties of the sensorimotor cortex in the prehension condition with respect to rest.
Our results support the view that, since early infancy, the functional properties of the
developing sensorimotor cortex are modulated by maturation.

Keywords: sensorimotor cortex, functional organization, connectivity, synchronization likelihood, segregation,

integration, rolandic mu rhythm

INTRODUCTION
In the cerebral cortex, functional domains such as visual, cogni-
tive or sensorimotor control rely on the development of distinct
and interconnected cortical and subcortical regions (Tau and
Peterson, 2009). For instance, the transient loss of face orienta-
tion discrimination at 2 months of age may result from a conflict
between subcortical and cortical pathways, also known as tran-
sient functional deterioration (Nakano and Nakatani, 2014). The
subsequent recovery by 4–6 months of age can be interpreted
as an establishment of coordination between the two systems.
U-shaped changes in a given behavior have been observed in

Abbreviations: SLMEAN, mean synchronization likelihood; C, mean clustering
coefficient; Eloc, local efficiency; L, characteristic path length; Eglob, global effi-
ciency.

reaching (Butterworth, 1989) and cross-modal orientation (Taga
et al., 2002). The developmental organization of these circuits is
a complex process that begins at early gestational age (Kostovic
et al., 1995) and continues until adulthood. The brain devel-
opment begins with neuronal proliferation and proceeds with
migration, apoptosis, synaptogenesis, pruning, myelination and
cortical thinning (Giedd et al., 2009). These events are tem-
porally overlapped and are genetically determined, epigeneti-
cally directed and environmentally influenced (Tau and Peterson,
2009) by sensorimotor and cognitive experiences.

Investigators working in the pediatric field have been par-
ticularly interested in the developmental properties of the mu
rhythm, which reflects sensorimotor processing in the fronto-
parietal network (Pineda, 2005). The adult mu rhythm, which
falls within the alpha frequency range (8–13 Hz), is strongly
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inhibited (i.e., desynchronized, suppressed) before and during
the execution of a bodily movement (Cheyne et al., 2014), dur-
ing the observation (Jarvelainen et al., 2004; Vogt et al., 2007)
and the imagination (Grafton et al., 1996; Molnar-Szakacs et al.,
2006) of a goal-directed action, and also during sensorimotor
stimulation (Cheyne et al., 2003). The mu rhythm modulation
is considered a neurophysiological measure of the mirror neuron
system (MNS), which is a neuronal mechanism that matches per-
ception and action, allowing goal-directed action understanding
(Hari et al., 2000; Hummel et al., 2002; Muthukumaraswamy and
Johnson, 2004; Depretto et al., 2006).

A growing body of literature indicates that action experience
may also modulate the mu rhythm desynchronization (Calvo-
Merino et al., 2006; van Elk et al., 2008; Cannon et al., 2013;
Ruther et al., 2014). Recent work on the infant mu rhythm indi-
cates that it is present in infancy (Stroganova et al., 1999; Marshall
et al., 2002; Berchicci et al., 2011; Marshall and Meltzoff, 2011),
although its peak activity occurs at lower frequency ranges as
compared to older children and adults, as it occurs for other brain
rhythms, such as the theta and delta rhythms (Orekhova et al.,
2006; Cuevas et al., 2014). It has been observed that the infant mu
rhythm desynchronizes during the execution of a goal-directed
action as well as the observation of a previously learnt action,
and that infants’ self-experience has an influence on the expec-
tations about others action. These findings support the notion
that the action-perception coupling network appears early in life
(Marshall and Meltzoff, 2014). However, no general agreement
exists on the mechanisms leading to the onset of this network.
One of the most popular views claims that perceptual-motor
coupling is present at birth and is merely shaped by experience
(Lepage and Theoret, 2007; Simpson et al., 2014). An alternative
position suggests that sensorimotor experience plays a critical role
in the generation of perceptual-motor coupling through general
associative learning processes (Heyes, 2001; Cook et al., 2014).
Support to this second view comes from studies (Southgate et al.,
2009; de Klerk et al., 2014) where the authors showed how visual
experience alone increased sensorimotor cortex engagement by
activating the previously established visuomotor associations
(Greenough et al., 1987; Stiles and Jernigan, 2010).

Indeed, the postnatal period represents a time of dramatic
change in the brain structure and function. The brain grows to
about 70% of its adult size by 1 year of age, to about 80% by age 2,
and to 90% of its adult size between the age of 2 and 5 years, which
is known as the “plateau” phase of development (Knickmeyer
et al., 2008). With time, local connections within cortical circuits,
especially in sensorimotor and visual cortices (Fransson et al.,
2007), are fine-tuned, and long-range connections among cir-
cuits produce an increasingly unified and functionally organized
neural network. Sets of regions that share temporally correlated
activity are believed to represent and become functional net-
works (Damoiseaux et al., 2006), and some studies had provided
advanced understanding of the functional architecture of the
human brain during early development (Gao et al., 2009; Doria
et al., 2010; Dosenbach et al., 2010).

Functional connectivity magnetic resonance imaging (fcMRI)
has proved useful in newborn studies. Indeed, it offers insight into
the earliest forms of cerebral connectivity in very young infants

(Power et al., 2010; Smyser et al., 2011). Damaraju et al. (2014)
recently characterized the development of intrinsic connectiv-
ity networks (ICNs) in infants aged between 4 and 9 months
with resting state MRI (rsMRI) performed while sleeping without
sedative medication. They observed that, with age, the connec-
tivity strength decreased within local networks and increased
between more distant networks. Other researchers (Gilmore et al.,
2011) have shown that, from birth to 2 years of age, cortical thin-
ning proceeds in a back to front direction and occurs first in the
sensorimotor areas, followed by association areas and lastly by
higher-order cortical areas, such as the prefrontal cortex and the
posterior parietal cortex. Two types of age-related changes (from
childhood to adulthood) in functional connectivity have been
described so far: decreases in local connectivity among anatom-
ically adjacent, but functionally distinct brain regions, because
they are integrated in their own brain networks; increases in long-
range connectivity among nodes that comprise each network
(Fair et al., 2007; Kelly et al., 2009).

In contrast to the high spatial resolution but low tempo-
ral resolution of rsMRI and fcMRI, magnetoencephalography
(MEG) and electroencephalography (EEG) enable the measure-
ment of functional connectivity with high temporal resolution
and medium level spatial resolution. Few studies (Ellingson, 1964;
Vanhatalo and Kaile, 2006) have demonstrated the evolution of
electro-cortical activity in the infant brain by means of EEG
recording, with regional variability and increasingly synchronous
activity between bilateral homologous regions. Event related
potential (ERP) findings suggested that sensorimotor networks
undergo rapid development during the first year of life (Bell and
Fox, 1992; Lin et al., 2008). To estimate cortical functioning, Bell
and Wolfe (2007) examined the developmental changes of electri-
cal activity during a working memory task in infants and children
by means of EEG power and coherence (a spectral measure of
the functional coupling between neural generators), and observed
similar changes in both measures: the widespread brain electrical
activity typical in infancy (8 months of age) became more local-
ized during early childhood (3 years of age). Righi et al. (2014)
conducted a longitudinal study in infants at 6 and 12 months of
age, and found that infants at risk of autism spectrum disorder
had lower functional connectivity between frontal and parietal
regions as indexed by linear coherence in gamma frequency band.
Other very recent studies (Keehn et al., 2013; Imai et al., 2014)
employed the near-infrared spectroscopy (NIRS) to look at the
functional connectivity in term, pre-term, and Down syndrome
infants, observing increased longer distance functional connec-
tivity over the first year of life in normal developing infants as
compared to pathological infants.

MEG was demonstrated to be a suitable method to investi-
gate the function of the developing brain during infancy and
childhood due to its non-invasive nature, its excellent temporal
resolution and, with recent devices, also good spatial resolution.
A technical and practical advantage of MEG systems in pediatric
applications is that MEG signals are unaffected by the imma-
ture skull features such as fontanels, allowing for longitudinal
neuro-developmental studies. In a recent study employing MEG
recordings over the contra-lateral hemisphere during a prehen-
sion task and power spectrum analysis, Berchicci et al. (2011)
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reported the presence of idling mu rhythm at rest and its sup-
pression during prehension in infants (from 11 to 47 weeks of
age) and pre-school children (from 2 to 5 years). In particular,
they showed that mu rhythm peak frequency increases as a func-
tion of age (from 2.75 Hz at 11 weeks of age to 9.5 Hz at 3 years
of age), and undergoes a rapid maturation during the first year
of life. Based on the time-frequency analysis performed, the spe-
cific MEG signal waveform, and the position of the cluster of
channels showing maximum mu rhythm desynchronization dur-
ing prehension over the subject’s head, Berchicci et al. (2011)
also suggested a sensorimotor generator site for mu oscillatory
activity.

Few studies using diffusion tensor imaging based fiber trac-
tography or resting state fMRI have adopted a graph theoretical
approach to characterize the developmental properties of the
child brain. These studies have focused on the assessment of
structural brain maturation (Lebel et al., 2008), on the analysis
of intrinsic functional connectivity (Supekar et al., 2009), on the
evolution of brain connectivity patterns (Yap et al., 2011), and
on the development of neural systems underlying cognition (Fair
et al., 2009). In general, they showed that the child brain develops
with maturation from strong local connectivity toward a more
distributed, predominantly functional based, connectivity pattern
characterized by stronger integration.

However, little information is provided on the developmen-
tal trajectories of the functional properties of the sensorimotor
cortex, and on how sensorimotor processing is modulated by sen-
sorimotor experience. Here we analyzed the MEG data collected
in our previous study (Berchicci et al., 2011) using a measure of
functional connectivity and graph theoretical concepts to con-
tribute to the understanding of the functional organization of
the developing sensorimotor cortex from early infancy to adult-
hood. In an attempt to verify whether sensorimotor processing
contributes to the generation of perceptual-motor coupling, we
analyzed the MEG data recorded in two experimental conditions:
at rest and during the execution of a prehension task.

We typified the functional organization over the sensorimo-
tor cortex by means of functional connectivity and efficiency
measures. Since the developmental properties of the mu rhythm
reflect sensorimotor processing (Pineda, 2005), all measures were
calculated within an individual mu rhythm frequency band to
ensure that all findings referred to the sensorimotor network.
Synchronization likelihood (Stam and van Djik, 2002), used in
brain studies to quantify the probability for the functional inter-
dependencies between neural signals, was used to reconstruct
functional connectivity maps over the sensorimotor cortex. The
type of functional efficiency over the sensorimotor network was
estimated by means of segregation and integration measures
(Stam, 2000) calculated on the functional connectivity maps.
Functional segregation measures (i.e., mean clustering coefficient
and local efficiency) quantify the specialized information pro-
cessing occurring within densely interconnected groups of brain
regions (Rubinov and Sporns, 2010), whereas functional integra-
tion measures (i.e., characteristic path length, Watts and Strogatz,
1998 and global efficiency, Latora and Marchiori, 2001) reckon
the ability of a functional network to rapidly combine specialized
information processing from distributed brain regions.

We also tried to explore whether any differences could be
observed in the functional properties of the sensorimotor cor-
tex during the execution of a prehension task, in order to provide
information useful to understand the contribution of sensorimo-
tor processing to the development of perceptual-motor coupling
in infants and children. To this aim, we compared the global
measures of functional connectivity and efficiency over the sen-
sorimotor cortex at rest with those related to the execution of
a prehension task. Prehension is one of the most remarkable
examples of perception and action coupling in infants, since
reaching for an object is guided by perceptual information on the
relation between the self and the environment, which continu-
ously changes as the posture (e.g., the motor system) is adjusted
to that information (Hatwell, 1987). Therefore, prehension is a
motor task suitable to explore whether sensorimotor processing
contributes to the generation of perceptual-motor coupling.

Our investigation adds to prior studies that have considered
either the rest condition or the observation of actions (Gilmore
et al., 2011; Virji-Babul et al., 2012; Damaraju et al., 2014; Rotem-
Kohavi et al., 2014), since we studied the functional properties
over the developing sensorimotor cortex not only at rest but
also during prehension. Moreover, by including infants below 6
months of age in our study population, we provided a valuable
adjunct to studies on the developing brain.

Based on the knowledge that children and young-adults’ brains
have “small-world” organization at the global level (Supekar
et al., 2009), and on the notion that fronto-temporal connec-
tions develop more slowly than other regions (Lebel et al., 2008),
we expect that the functional properties over the sensorimo-
tor network evolve, from infants to children and adults, toward
a more efficient “small-world” organization. As well, based on
the hypothesis that sensorimotor processing plays a role in the
generation of perceptual-motor coupling, we expect to observe
different functional organizations over the sensorimotor cortex
for the rest and prehension conditions.

MATERIALS AND METHODS
PARTICIPANTS
Data collection was performed in infants, children and adults fol-
lowing a cross-sectional design. Participants were selected from a
larger database of subjects (see Berchicci et al., 2011). Subjects
experiencing any serious illnesses or developmental problems
since birth (i.e., traumatic brain injury, seizures, and congenital
conditions), or receiving any long-term medication were excluded
from the study. Out of the 43 healthy infants enrolled (<12
months of age), 25 infants met all inclusion and exclusion cri-
teria. Chronological age at entry in the study ranged between 11
and 47 weeks (mean = 24.9, SD = 10.8). The functional devel-
opment of all infants was examined with the Kent Inventory
of Developmental Skills (KIDS; Reuter et al., 1996). All infants
were found to function within the normal range for age. Parent
report was used to assess Apgar score (Apgar, 1953) at birth,
which were all within normal limits (i.e., 8–10). However, due
to poor signal quality that prevented a reliable calculation of the
functional connectivity and efficiency measures, 11 infants had
to be excluded from the study (see details in Section Statistical
Analysis). Eighteen healthy children aged between 24 and 60

Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 39 | 74

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Berchicci et al. Functional development of the sensorimotor cortex

months were enrolled and met all inclusion and exclusion crite-
ria, but, due to motion artifacts, only 12 children were included
in the study population (mean = 37.3, SD = 12). Six right-
handed adults (mean = 28.3, SD = 7.8) participated in the study
as control group.

Based on the results of our prior study (see Berchicci et al.,
2011), we knew that a large variation of the mu rhythm peak fre-
quency occurred during the first year of life, indicating a rapid
functional development. For this reason, we decided to split the
group of infants in two age groups, one including the infants <6
months of age, and another including the infants <12 months of
age. To have a similar number of subjects in all study groups, we
split also the group of children in two age groups, one includ-
ing the children with an age range of 24–34 months, and another
including the children with an age range of 36–60 months.
Details on the age groups can be found in Section Statistical
Analysis.

The protocol was reviewed and approved by the Human
Research Review Committee at the University of New Mexico
Health Sciences Center and written informed consent was
obtained from participant’s guardians or adult participants after
the description of the study protocol. Infants and children were
recruited at day-care centers and from the community using word
of mouth, brochures posted on campus, and social networks.

PROCEDURE AND TASK
The experimental setup is only briefly described herein; details
can be found in our previous study (see Berchicci et al., 2011).
Neuromagnetic activity was recorded using a multi-channel pedi-
atric magnetoencephalography (MEG) system (Okada et al.,
2006) for hemispheric recordings. The sensor array operated in
a magnetically shielded room, consisted of 76 first-order axial
gradiometers, and had a headrest with a smooth outer surface
made of thick fiberglass. Inter-sensor distance was approximately
13 mm center-to-center. The headrest was based on a standard
reference for the head size of babies. Since the thickness of the
neonatal scalp and skull is about 3–4 mm, brain activity could
be measured a few millimeters above the brain surface, providing
excellent sensitivity.

Since participants performed the assigned tasks with their
right hand, they were positioned on the MEG bed on their left
side, and a pillow was used to support their back, if necessary. The
left hemisphere of the head was positioned on the MEG headrest
in order to cover the sensorimotor areas. To ensure child safety
and to promote calmness during acquisition, a parent attended
the child inside the magnetically shielded room. For each sub-
ject, two 5-min blocks of continuous MEG data were recorded. If
the infant/child felt uncomfortable from lying still, or was getting
drowsy and needed a break, data collection was stopped.

Two different experimental conditions were intermixed: rest
and prehension. Under the rest condition, the participant remained
motionless for about 10 s while the investigator stood in front
of him/her at a distance of approximately 40 cm. Infants and
children were visually engaged to prevent head motions. During
the prehension condition, participants were invited (in case of
adults and children) or directed (in case of infants) to squeeze
a pipette placed at about 5 cm from their right hand. The pipette,

small enough to be comfortably held and squeezed by infants
and children, was connected to a pressure transducer to record
the pressure exerted during prehension. Adults used a similar
device with a button trigger. The pressure profile was synchro-
nized with MEG data, hence permitting the identification of the
time points at which squeezing started. This was necessary for
MEG data post-processing purposes. The shielded room light
was kept dim during all acquisition sessions to minimize dis-
tractions. The experimental sessions were recorded with a video
camera synchronized with MEG recording to observe behavior
and take note of any movement that might have occurred during
acquisitions.

DATA ACQUISITION AND PRE-PROCESSING
MEG data were recorded with a sampling rate of 500 Hz.
Although data acquisition was halted in cases of significant dis-
placement of the child’s head, residual artifacts, including small
movements due to chewing/sucking and arm displacements, were
rejected during MEG data pre-processing.

First, MEG channels not working properly were excluded
from further analysis. Second, MEG data were band-pass filtered
between 0.5 and 40 Hz using a forward-reverse Butterworth fil-
ter of the third order. Filtered MEG data were then processed
with PCA for dimension reduction, and Independent Component
Analysis (ICA, BinICA algorithm with open source toolbox,
EEGlab, www.sccn.ucsd.edu/eeglab) was used to separate the
independent components (ICs) of interest and to reject those
related to artefactual sources. We allowed for a total of 20 ICs, and
retained for further processing only those ICs that satisfied two
conditions: a topological distribution compatible with the acti-
vation of the contralateral sensorimotor cortex, and a clear mu
rhythm peak at the individual frequency of the subject, as identi-
fied in our previous study (see Berchicci et al., 2011). In general,
we retained 2–4 ICs per subject, since the majority of ICs were
related to noise, artifacts, MEG channels not working properly,
or were seemingly related to brain activity but with a too high
content of noise. An example of ICs separated for an infant at 36
weeks is provided in Figure 1, where one can see how ICs with a
topological distribution that could be related to the activation of
the sensorimotor cortex (e.g., IC6 or IC9), have a frequency con-
tent that is mainly due to noise. This type of ICs was not retained
to reconstruct the brain signals. The retained ICs (ICs 7, 8, and
14 in the example of Figure 1) were re-projected on the sensors’
positions to reconstruct the MEG source signals related to the true
brain activity.

DATA ANALYSIS
Functional connectivity representations
For each subject, the pre-processed MEG signals were segmented
according to the 4-s time intervals of rest and prehension iden-
tified in our previous study (see Berchicci et al., 2011) for both
spontaneous mu rhythm (rest condition) and mu rhythm desyn-
chronization (prehension condition). The rest time intervals were
selected during the resting state far from prehension occurrences.
The prehension time intervals were selected around prehension
(as identified with the pressure transducer profile and the analysis
of the video recordings) to include anticipatory cortical activity.
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FIGURE 1 | Upper panel: the 20 ICs separated from the MEG
recordings in an infant at 36 weeks (G2, mu peak frequency at 7.5 Hz).
The ICs retained for further analysis are identified by a green circle,

whereas the rejected ICs are identified by a red circle. Lower panels:

power spectra of the retained ICs (on the left hand side), and of the
rejected ICs (on the right hand side).

Hence, prehension time intervals started 1 s before movement
onset.

The patterns of functional dependencies between the pre-
processed MEG signals were estimated by means of the
Synchronization Likelihood (SL) (data were analyzed using

Brainwave v0.9.133.1, http://home.kpn.nl/stam7883/brainwave.
html). This measure, introduced by Stam and van Djik (2002),
gives a straightforward normalized estimate of the dynamical
interdependencies between two or more simultaneously recorded
time series. Differently from other connectivity measures such as
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coherence, this measure, closely related to the concept of gen-
eralized mutual information, overcomes the problems related to
sub-systems dimensionality, and can be suitable for the analysis
of non-stationary data, such as ours. In essence, SL describes how
strongly the signal recorded by each channel is synchronized to
the signals recorded by the other channels in the array at a given
time instant or in a given time span.

For each subject and each experimental conditions (rest and
prehension), we calculated one SL matrix for each 4-s time inter-
val within a frequency band centered around the individual mu
rhythm peak frequency (IMPF). The IMPF of each subject had
been determined in our previous study (see Berchicci et al., 2011),
and the frequency band used to calculate the SL matrices had
high-pass and low-pass cut-off frequencies at (IMPF − 2 Hz)
and (IMPF + 2 Hz) respectively. The SL matrices obtained for all
time intervals in each condition were then averaged to obtain one
average SL matrix. For each subject we then had two average SL
matrices, one for the rest and one for the prehension condition.

To retain only significant functional connections across MEG
signals, we thresholded each average SL matrix on the basis
of its own SL values distribution, which is expected to be
non-Gaussian. We calculated the Median and Median Absolute
Deviation (MAD) of the distribution of SL values for each aver-
age SL matrix, and defined a new thresholded SL matrix (that we
called SLMAD matrix) where only the SL values > (Median + 1
MAD) were retained. All other SL values in the SLMAD matrix
were set equal to zero.

Since we analyzed the MEG signals in the sensor space, the
SLMAD matrices could still have a bias due to the spatial prox-
imity of adjacent sensors. For this reason, we reconstructed the
matrix of Euclidean inter-sensor distances MEu for all retained
MEG channels, and calculated the coefficient of determination
r2 between MEu and the two SLMAD matrices (one for rest and
one for prehension) for each subject. We then retained for further
analysis only the subjects for whom both SLMAD matrices satisfied
the condition r2 < 0.1, hence ensuring that the SL values in the
SLMAD matrices do not depend on the Euclidean distances across
neighboring MEG sensors.

To quantify the overall probability for functional connectiv-
ity over the sensorimotor areas at rest and during prehension, for
each subject and each experimental condition we calculated the
mean SL value in the SLMAD matrix as:

SLMEAN = 1

N

∑
i,j

SLMAD,i,j (1)

where N is the total number of SL values �= 0 in the SLMAD matrix.

Measures of functional organization
We used graph theoretical concepts to study the topological
features of the functional networks represented by the SLMAD

matrices. Within this framework, patterns of functional connec-
tions are represented as graphs where nodes (in our case the
MEG sensors) are linked with edges (if connected). For each sub-
ject, we estimated the level of functional organization over the
sensorimotor cortex at rest and during prehension by means of
segregation and integration measures described below. To this

aim, we calculated the segregation and integration measures on
the SLMAD matrices, where each SL value (when different from
zero) represents the strength of the functional connection (edge)
between two given MEG signals (nodes). As the comparison of
graphs derived from brain networks requires a step of normal-
ization, for instance by setting a fixed average degree (K) (van
Wijk et al., 2010), prior to calculating segregation and integra-
tion measures we checked the degrees of the SLMAD matrices of
each subject included in the study population, and considered for
further processing only those subjects whose SLMAD matrices had
the same degree in both rest and prehension (see also sub-Section
Statistical Analysis).

Measures of functional segregation. Functional segregation in
the brain refers to specialized information processing occurring
within densely interconnected groups of brain regions (Rubinov
and Sporns, 2010). In our case, functional connectivity was cal-
culated by SLMAD matrices in the sensor space, hence segregated
neural processing will be suggested by statistical dependencies
between clustered channels. We calculated two weighted measures
of functional segregation:

(1) Mean clustering coefficient C. For a given node i (in our case,
for a given MEG channel i), ci is defined as the fraction of
the node’s neighbors (other MEG channels) that are directly
connected with it (Watts and Strogatz, 1998). At the network
level, the mean clustering coefficient C reflects the prevalence
of clustered connectivity around individual nodes:

C = 1

n

∑
i ∈ N

ci = 1

n

∑
i ∈ N

2tw
i

ki (ki − 1)
(2)

where N is the set of all nodes in the network, and n is the
number of nodes, ki is the degree of node i (i.e., the number
of links connected to node i), and tw

i is the weighted geo-
metric mean of triangles around i. High values of C indicate
that a high number of connections exists among neighboring
nodes.

(2) Local efficiency Eloc. The local efficiency is defined as the
average efficiency of the local subgraphs. For weighted con-
nectivity matrices, such as SLMAD matrices, it is:

Eloc = 1

2

∑
i ∈ N

∑
j,h ∈ N,j �= i

(
wi,jwi,h

[
dw

j,h (Ni)
]−1

)1/3

ki (ki − 1)
(3)

where, for a given triangle of vertices i,j,h, wi,j, and wi,h are
the weights between nodes i and j and nodes i and h respec-
tively, and dw

j,h is the distance between nodes j and h, i.e.,
the minimum number of links connecting node j to node
h. Eloc provides an information similar to the mean cluster-
ing coefficient C, but adds an indication on how much the
system is fault tolerant, i.e., how efficient is the communica-
tion between the first neighbors of node i when it is removed.
Local efficiency suggests a connection redundancy that pro-
tects the network from local errors and failures (Latora and
Marchiori, 2001).
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When high functional segregation is found in a functional con-
nectivity matrix, the prevailing functional connections occur
across neighboring brain areas (or, as in our case, across signals
recorded by neighboring channels).

Measures of functional integration. In the brain, functional
integration represents the ability to rapidly combine specialized
information from distributed brain regions. Although our MEG
recordings refer only to the hemisphere contra-lateral to the mov-
ing limb, we calculated two measures of functional integration
to estimate how easily different brain regions communicate. The
measures of functional integration are based on the concept of a
path:

(1) Characteristic path length L. In a graph, the lengths of paths
connecting two given nodes estimate the potential for func-
tional integration in the network (Watts and Strogatz, 1998).
The characteristic path length L is defined as the mean of the
distances (i.e., the minimum path lengths) among all nodes
pairs:

L = 1

n

∑
i ∈ N

∑
j ∈ N,j �= i dw

i,j

n − 1
(4)

where dw
i,j is the weighted distance between nodes i and j, i.e.,

the minimum number of links connecting node i to node
j. Short paths, corresponding to low values of L, indicate a
strong potential for integration within the network.

(2) Global efficiency Eglob. In functional connectivity data, such as
the SLMAD matrices, paths represent sequences of statistical
associations between subsequent pairs of channels. The level
of functional integration in the network can be represented
by the global efficiency Eglob, which is the average inverse
shortest path length (Latora and Marchiori, 2001; Achard and
Bullmore, 2007). For weighted connectivity matrices:

Eglob = 1

n

∑
i ∈ N

∑
j ∈ N, j �= i (dw

i,j)
−1

n − 1
(5)

When high functional integration is found in a functional
connectivity matrix, the functional organization of the brain
takes advantage of multiple specialized and densely con-
nected areas that are linked with long distance functional
connections for a more efficient information processing.

Statistical analysis
Linear regression analysis was performed on the individual mea-
sures to assess whether any linear correlation exists between age
and/or mu rhythm peak frequency and the functional connectiv-
ity/efficiency measures.

Groups analysis was performed for each connectiv-
ity/efficiency measure on the age groups defined in Section
Participants. In each age group, we retained only those subjects
for whom the following two conditions were satisfied: (1) the
determination coefficient r2 between the individual SLMAD

matrices at rest and during prehension and the individual MEu

matrix of the euclidean inter-sensor distances was smaller than
0.1, and (2) the degree of the individual SLMAD matrices for rest
and prehension was the same. The first condition guarantees
that the SLMAD matrices are independent on the inter-sensor
distances, and the second condition satisfies the requirement for
a reliable comparison of segregation and integration measures.
Seven infants (age <6 months) and 4 infants (age <12 months)
did not satisfy these conditions and were excluded from further
analysis. The characteristics of the age groups are reported in
Table 1.

Statistical analysis was performed using an ANOVA 5 (age
groups) × 2 (conditions: rest, prehension) for each dependent
variable, i.e., for the individual measure of functional connectiv-
ity (SLMEAN ), and for functional segregation (C and Eloc), and
integration (L and Eglob) measures. Post-hoc comparisons were
performed using Bonferroni corrections. Statistical significance
was set at p < 0.05.

RESULTS
Linear regression analysis on the individual functional connec-
tivity/efficiency measures did not show any significant linear
dependence on age or mu rhythm peak frequency. In particular,
the coefficient of determination r2 between age and SLMEAN , C,
Eloc, L, and Eglob ranged between 0.197 and 0.465, and r2 between
mu rhythm peak frequency and SLMEAN , C, Eloc, L, and Eglob

ranged between 0.008 and 0.269, indicating no significant linear
correlation between any connectivity/efficiency measure and age
or mu rhythm peak frequency.

FUNCTIONAL CONNECTIVITY REPRESENTATIONS
The changes of the group-averaged SLMEAN values with age
in the two experimental conditions (rest and prehension) are
summarized in Figure 2. ANOVA results on the individual mea-
sures of SLMEAN showed significant differences across age groups
[F(4, 27) = 4.546 p = 0.006, η2

p = 0.402, power = 0.897], no
significant differences between conditions, and no interaction
between groups and conditions. During the first year of life
(groups G1 and G2), the average SLMEAN values do not differ
significantly, whereas around 2 years of age (group G3), SLMEAN

values start to increase toward the adult values (group G5).
Post-hoc analysis showed significant differences only between the

Table 1 | Number of subjects included in each age group (Nstudy) out

of those who met all inclusion and exclusion criteria (Nincl/excl).

Group Nincl/excl Nstudy Age Mu peak frequency

(Hz) (Mean ± SD)
Months Years

G1 14 7 2.75–6 4.46 ± 1.12
G2 11 7 6.5–11.75 <1 7.41 ± 0.61
G3 6 6 24–34 2–2.8 8.71 ± 0.64
G4 6 6 36–60 3–5 8.50 ± 0.52
G5 6 6 20–39 10.32 ± 1.20

For each age group, the age range and the mu rhythm peak frequency (Mean ±
SD) are also reported.
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FIGURE 2 | Group-averaged SLMEAN values (mean ± SD) for the five

age groups (G1–G5) and the two experimental conditions (rest and

prehension). ∗p < 0.05.

group of adults G5 (0.315 ± 0.093) and the groups of infants G1
(0.143 ± 0.056; p = 0.015) and G2 (0.129 ± 0.062; p = 0.007).

These results indicate that, during infancy, the likelihood for
functional connections over the sensorimotor cortex is much
lower than in adulthood, and that it increases with age. Although
no statistically significant difference was observed between condi-
tions, it is interesting to observe that, in our group of very young
infants (G1), the average SLMEAN is slightly higher during pre-
hension than at rest, whereas in the groups of children and in the
group of adults the average SLMEAN slightly decreases during pre-
hension. This fact could deserve further investigation, possibly in
larger populations of infants and children. Examples of SLMAD

matrices at rest and during prehension for each age group are pro-
vided in Figure 3. A typical layout of the MEG sensor array over
the head is also shown. However, please consider that the same
channels in different SLMAD matrices could be positioned over
different brain regions, as no information on the relative positions
of the MEG channels with respect to the subject’s head could be
collected.

MEASURES OF FUNCTIONAL SEGREGATION
The changes of the group-averaged C and Eloc values with age
in the two experimental conditions (rest and prehension) are
summarized in Figures 4A,B. ANOVA results on the individ-
ual measures of C showed significant differences across age
groups [F(4, 27) = 4.975 p = 0.004, η2

p = 0.424, power = 0.924],
no significant differences between conditions, and no interac-
tion between groups and conditions. During the first year of
life (groups G1 and G2), C remains almost unchanged, whereas
around 2 years of age (group G3) it starts to increase toward the
adult values (group G5). Post-hoc analysis showed significant dif-
ferences between the group of adults G5 (0.231 ± 0.076) and the
groups of infants G1 (0.094 ± 0.037; p = 0.011), G2 (0.083 ±
0.047; p = 0.005). A tendency toward significant difference was
also observed between G5 and G3 (0.104 ± 0.041; p = 0.030).

Similarly, ANOVA results on the individual measures of Eloc

showed significant differences across age groups [F(4, 27) = 5.223
p = 0.003, η2

p = 0.436, power = 0.937], no significant differences
between conditions, and no interaction between groups and con-
ditions. During the first year of life (groups G1 and G2), Eloc

remains almost unchanged, and around 2 years of age (group
G3) it starts to increase toward the adult values (group G5). Post-
hoc analysis showed significant differences between the group of
adults G5 (0.266 ± 0.084) and the groups of infants G1 (0.112 ±
0.041; p = 0.008), G2 (0.100 ± 0.049; p = 0.004), whereas a ten-
dency toward significant difference was observed between G5 and
G3 (0.125 ± 0.045; p = 0.026).

These results indicate that, during infancy, global measures
of functional segregation over the sensorimotor cortex are sig-
nificantly lower than in adulthood, and that they increase with
age. Although no statistically significant difference was observed
between conditions, in the very young infants (G1), functional
segregation seems to be higher during prehension than at rest,
whereas in children and in adults it seems to decrease from
rest to prehension. As for SLMEAN, this aspect deserves further
investigation in larger populations of infants and children.

MEASURES OF FUNCTIONAL INTEGRATION
The changes of the group-averaged L and Eglob values with age in
the two experimental conditions (rest and prehension) are shown
in Figures 4C,D. ANOVA results on the individual measures of L
showed significant differences across age groups [F(4, 27) = 4.245
p = 0.009, η2

p = 0.386, power = 0.873], no significant differences
between conditions, and no interaction between groups and con-
ditions. L tends to decrease with age, although discontinuously.
Post-hoc analysis showed significant difference between the group
of adults G5 (12.975 ± 3.034) and the group of older infants G2
(28.588 ± 7.575; p = 0.007), and a trend toward significant dif-
ference between G5 and the group of older children G4 (25.739 ±
10.494; p = 0.047).

ANOVA results on the individual measures of Eglob showed sig-
nificant differences across age groups [F(4, 27) = 5.594 p = 0.002,
η2

p = 0.453, power = 0.952], no significant differences between
conditions, and no interaction between groups and conditions.
We can see that Eglob remains almost unchanged in infancy
(groups G1 and G2), and that it increases with age. Post-hoc anal-
ysis showed significant differences between the group of adults G5
(0.158 ± 0.037) and the groups of infants G1 (0.071 ± 0.022; p =
0.004) and G2 (0.068 ± 0.029; p = 0.003). A tendency toward
significant difference was observed between G5 and G3 (0.085 ±
0.027; p = 0.030).

Both measures indicate a significant difference of functional
integration over the sensorimotor cortex between infancy and
adulthood, and that functional integration over the sensorimo-
tor cortex increases with age. Although no statistically difference
was observed between conditions, both L and Eglob seem to indi-
cate a higher functional integration during prehension in the
very young infants (G1), whereas in children and in adults func-
tional integration seems to decrease from rest to prehension. As
for the other connectivity and segregation measures, this aspect
deserves further investigation in larger populations of infants and
children.
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FIGURE 3 | Examples of SLMAD matrices at rest and during prehension

(one example per age group). G1: infant, 12 weeks; G2: infant, 36 weeks;
G3: child, 34 months; G4: child, 41 months; G5: adult, 28 years. A schematic

representation of the sensor array and its approximate placement over the left
hemisphere is shown in the lower right hand panel. In the SLMAD matrices, the
MEG channels are displayed from the medial to the lateral areas.

DISCUSSION
Our goals were to contribute to the identification of the
developmental trajectories of the functional properties over the
sensorimotor cortex, and to explore whether any differences
could be observed between the rest condition and the execu-
tion of a prehension task. To ensure that all findings were related
to the sensorimotor cortex, all analyses were performed within
a frequency band centered on the individual mu rhythm peak
frequency of each subject, as defined in our previous study
(Berchicci et al., 2011), since the mu rhythm is known to be
the idling rhythm of the sensorimotor cortex. Furthermore, the
use of a prehension task for the active condition permitted us
to investigate the contribution of sensorimotor processing to the
generation of perception and action coupling in infants.

We first observed that the probability of functional connectiv-
ity across the sensorimotor areas, estimated by means of SLMEAN ,
remained almost unchanged during the first year of life, whereas
it afterwards increased across groups to reach adult values, sig-
nificantly different from the infant ones. This increase, occurring
after 12 months of age, is in agreement with the suggested pattern
of brain maturation in which areas with fronto-temporal connec-
tions develop more slowly than other regions (Lebel et al., 2008),
and with the notion that motor experience increases the capacity
of the whole network to work in an integrated way (Fair et al.,
2009; Giedd et al., 2009; Boersma et al., 2011). Unfortunately, no
information on the relative position of the MEG sensor array and

the subject’s head could be collected, therefore we could not pre-
cisely ascribe the observed functional connections across MEG
signals to specific brain areas. Consequently, our observations on
the probability of functional connectivity should be interpreted
as global measures over the sensorimotor network.

To support the interpretation of these results, we used graph
theoretical concepts to examine the changes occurring in the
functional organization of the sensorimotor network across ages,
and found that all segregation and integration measures showed
a trend similar to SLMEAN : during the first year of life these
properties remained almost unchanged, whereas they increased
significantly across groups afterwards, as assessed by a marked
increase of both segregation parameters (C and Eloc), by a ten-
dency of L to decrease, and by a clear increase of Eglob across age
groups.

The age-related increase of the functional segregation param-
eters (C and Eloc) is compatible with the observation that the
widespread brain electrical activity typical of infants (8 months
of age) becomes more localized during early childhood (3 years of
age) (Bell and Wolfe, 2007). We hypothesize that the increase of
functional connections among adjacent cortical areas, which con-
tributes to the functional specialization of the sensorimotor net-
work and to the onset of a connection redundancy that protects
the network from local errors and failures (Latora and Marchiori,
2001), is due to brain maturation, a process that involves both
physical growth and the intellectual and/or emotional process of
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FIGURE 4 | Group-averaged values (mean ± SD) of the

segregation and integration measures for the five age

groups (G1–G5) and the two experimental conditions (rest

and prehension). (A) mean clustering coefficient C; (B) local
efficiency Eloc; (C) characteristic path length L; (D) global
efficiency Eglob. ∗p < 0.05.

development. Also, the increase of local efficiency over the senso-
rimotor cortex is in line with the findings by Wu et al. (2013),
who observed an age-related increase in the local efficiency of
the whole functional networks, which may contribute to the
development of modular information processing of functional
systems.

Although the findings on the functional integration proper-
ties over the sensorimotor cortex should be taken with caution
because the MEG sensor array covered only one hemisphere, it
is interesting to observe that also these properties increased with
age after the first year of life, and that the infant values were sig-
nificantly different from the adult ones. The irregular trend of
L is also worth noting, as it might be related to the occurrence
of growth spurts that coincide with periods of discontinuous
development in cognition (van Baal et al., 2001).

Overall, our findings on the functional segregation and inte-
gration properties over the sensorimotor cortex support the
notion that maturation contributes to both the functional spe-
cialization of the sensorimotor network, and the wiring of more
efficient long-range connections among different brain circuits.
This interpretation is in agreement with the observations by Gao
et al. (2011) on the increase of both local and global efficiency at

rest from newborns to infants, and with the findings of Damaraju
et al. (2014) that the connectivity strength between more distant
networks increases with age in infants between 4 and 9 months.
Conversely, our results are only partially compatible with the
notion that strong local connectivity in the young brain gradually
shifts toward stronger long-distance connectivity with matura-
tion (van Baal et al., 2001; Lebel et al., 2008; Fair et al., 2009;
Power et al., 2010; Yap et al., 2011).

Our results on the age-related increase of both local and global
efficiency are consistent also with the outcome of other studies
on the developing brain, which demonstrated a steady increase
of global efficiency after 1 year of age (Fransson et al., 2007; Fan
et al., 2011), a positive relationship between age and local effi-
ciency throughout the life span (Supekar et al., 2009; Dennis
et al., 2013; Wu et al., 2013), and the involvement of both seg-
regation and integration in the development of the adult fronto-
parietal network for adaptive online task control (Fair et al.,
2007; Sepulcre et al., 2010). Our findings seem to support this
interpretation of the functional evolution of the fronto-parietal
network, known to host sensorimotor processing (Pineda, 2005).
From this perspective, our results seem to fit well also with the
suggestion that perceptual and cognitive developments involve
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the simultaneous segregation and integration of information-
processing streams (Bunge and Wright, 2007), which in turn
support the learning processing in infants and children (de Klerk
et al., 2014).

Some authors have also suggested that the child brain has
a small-world organization that combines the high clustering
properties of an ordered network and the short path length
of a random network (Fair et al., 2009; Supekar et al., 2009;
Power et al., 2010; Boersma et al., 2011). Other authors have
observed that, in school children, the brain functional networks
evolve from more random toward a more ordered configuration
(Smit et al., 2010, 2012; Boersma et al., 2011). Although our
hemispheric recordings do not allow for general conclusions on
the functional organization of the whole brain, nonetheless our
results complement the above mentioned findings by suggesting
that, during infancy, the functional properties over the sensori-
motor network have a more random organization that, after 1
year of age, shifts toward a more efficient small-world config-
uration characterized by higher local and global efficiency. It is
interesting to observe that this change toward a more efficient
functional organization over the sensorimotor network contin-
ued throughout childhood until adulthood. The shift from a
more random to a small-world configuration could be ascribed
to brain maturation, which derives from changes at the struc-
tural level, with the thickening of long-range connections among
distant brain regions starting during the first year of life (Yap
et al., 2011) and with the emergence of inter-hemispheric con-
nectivity earlier than longer-range antero-posterior connections
(Bell and Fox, 1992), but is also shaped by experience, which can
support the capacity of the network to create long-range connec-
tions that are functional to goal-directed actions (Wu et al., 2013;
Rotem-Kohavi et al., 2014).

Unfortunately, we could not draw any conclusions on the
contribution of sensorimotor processing to the generation of
perceptual-motor coupling, since we did not find any significant
difference in the functional properties over the sensorimotor cor-
tex between rest and prehension. However, it is worth noting that
the pattern of functional organization over the sensorimotor cor-
tex seems to change around 1 year of age. All measures seem to
suggest that, during infancy, prehension could be characterized,
with respect to rest, by an increased probability of functional
connectivity and by increased segregation and integration. This
pattern seems to reverse after 1 year of age. These observations,
if confirmed in future studies on larger populations of infants
and children supported by measurements of motor experience,
could indicate that, in young infants, perceptual-motor cou-
pling is accompanied by an increased connectivity within the
sensorimotor network to compensate for the lack of functional
specialization to accomplish the given task (prehension). The
evolution of this functional pattern could be due to the develop-
mental timeline of the infant grasping or to the tight correlation
between grasping recognition and execution, which are poor until
6 months of age (Del Giudice et al., 2009), hence requiring the
recruitment of more functional resources in early infancy with
respect to later ages. On the other hand, the pattern reversal that
seems to occur after 1 year of age might indicate that maturation
had fostered a more efficient execution of goal-directed actions, in

line with the experience-dependent position on perceptual-motor
coupling development of the sensorimotor cortex (Heyes, 2001;
van Elk et al., 2008; Del Giudice et al., 2009; Cook et al., 2014),
and with the concept that sensorimotor experience contributes to
the development of more efficient functional networks to support
sensorimotor development (Fransson et al., 2011).

We are aware that the impact of our study is limited by a
number of factors. First, the shape and size of the MEG sensor
array allowed the recording of brain activity originating only from
one hemisphere. Consequently, our observations on the small-
world topology of the child brain cannot be referred to the whole
brain, and the interpretation of the integration measures needs
to be cautious. Second, we employed a cross-sectional design for
this study. Given that, during infancy and childhood, the brain
undergoes a remarkable development at both structural and func-
tional levels, the recorded brain activity could be influenced by
the size of the scalp at different ages, which fits differently on
the headrest covering the sensor array. Third, the measures of the
topological features of the developing sensorimotor network were
calculated in the sensor space rather than in the source space,
because anatomical information on the baby’s head and on its
position with respect to the MEG sensor array could not be col-
lected. This condition limits the interpretation of our results in
terms of specific cortical areas. Fourth, we are aware of the small
sample size of our age groups. However, study protocols like ours
are difficult to perform in children and even more so in infants,
and the analyses performed are extremely sensitive to noise and to
other signal features that further reduced the number of retained
subjects. Nonetheless, several research studies in adults and chil-
dren have been considered reliable even when based on a small
number of subjects (Nishitani and Hari, 2000; Simoes et al., 2004;
Lepage and Theoret, 2006; van Schie et al., 2008).

In light of these limitations, further work is needed to validate
our findings. However, we believe that our results add valuable
information to the current knowledge on the functional develop-
ment of the sensorimotor network during infancy and childhood.
The human brain performs its sensory, cognitive and motor func-
tions by dynamically employing highly complex and interwoven
neuronal networks, with the first year of life being the most
dynamic period of human postnatal brain development. Better
understanding of the functional development of these networks
during infancy may bring new insights on the pathophysiological
mechanisms of neurological development, such as Down syn-
drome, autism spectrum disorders and cerebral palsy. Further
studies employing whole head neuroimaging techniques during
motor task execution and complemented with motor experi-
ence measurements are therefore needed to support the present
findings, and to improve our understanding of the functional
development of the sensorimotor network and its contribution
to the generation of perceptual-motor coupling in infants.
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Previously published results from neonatal brain evoked response potential (ERP)
experiments revealed different brain responses to the single word “baby” depending
on whether it was recorded by the mother or an unfamiliar female. These results are
consistent with behavioral preference studies in which infants altered pacifier sucking
to contingently activate recordings of the maternal vs. an unfamiliar female voice, but
the speech samples were much longer and information-rich than in the ERP studies.
Both types of neonatal voice recognition studies imply postnatal retention of prenatal
learning. The preference studies require infant motor and motivation systems to mount
a response in addition to voice recognition. The current contingent sucking preference
study was designed to test neonatal motivation to alter behavior when the reward is the
single word “baby” recorded by the mother or an unfamiliar speaker. Results showed an
absent or weak contingent sucking response to the brief maternal voice sample, and they
demonstrate the complementary value of electrophysiological and behavioral studies for
very early development. Neonates can apparently recognize the maternal voice in brief
recorded sample (previous ERP results) but they are not sufficiently motivated by it to
alter sucking behavior.

Keywords: auditory, behavior, fetal, learning, motivation, neonatal, non-nutritive sucking, preference

Recent electrophysiological and brain imaging studies have advanced our understanding
of the development of very early perception and learning through measurement of brain
activity in response to specific events (May et al., 2011; Partanen et al., 2013; Kuhl et al.,
2014). When there are differential responses to familiar vs. novel stimuli, learning and
memory can be inferred. These methods permit localization to specific brain areas, and
they are valuable for mapping the immature brain as it undergoes rapid development. It
is, of course, ideal when brain activity can be linked to behavior, and the perception-action
circuit is illuminated. Documenting the link can be difficult in early development because
the competence-performance distinction (Chomsky, 1965) is particularly relevant. If the brain
shows that a stimulus is recognized, there may be no corresponding measurable behavior
because the individual cannot yet execute a motor response. A second consideration is
that the path to behavior includes not only motor competence but also motivation. The
newborn brain may detect an event, recognize it, and may be capable of rendering a motor
response, but if the event is not sufficiently motivating, the infant will not mount the response.
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Results of several experiments show that the newborn brain
responds differentially to even a brief snippet of the maternal
vs. a stranger female voice (Deregnier et al., 2000; deRegnier
et al., 2002; Siddappa et al., 2004; Therien et al., 2004). In
several studies, scalp recordings of brain activity in sleeping
newborns using evoked response potentials (ERPs) used the
brain’s mismatch detection response to show this discrimination.
This procedure requires that the stimuli be brief so the brain’s
rapid response can be time-locked to stimulus presentation.
In the newborn ERP studies, the mother and stranger voice
recordings were each limited to a brief sample of the word
‘‘baby’’ that averaged 750 ms. The midline brain response to both
the maternal and novel voices was a positive wave appearing
at 290 ms and that has been interpreted as reflecting auditory
stimulus detection of both types of stimuli. For the novel voices
only, the positive wave was accompanied by a negative slow
wave that was interpreted as a response to novelty (deRegnier,
2005). The lack of a similar response to the maternal voice
implies recognition of a familiar sound. The recognition response
has been detected in newborns from uncomplicated pregnancies
and births, whereas in newborns of iron-deficient (Siddappa
et al., 2004) mothers and in extremely premature newborns
(Therien et al., 2004), the differences are attenuated or absent.
These ERP differences were interpreted as showing compromised
recognition memory development in the infants of complicated
pregnancies or deliveries.

Prior to these ERP results, it was not known whether
newborns could even recognize their mothers’ voices without
the prosodic information present in lengthy and acoustically
rich samples of talking or reading. Doubt about the limits of
newborn voice recognition arose from analysis of intrauterine
voice recordings (Querleu et al., 1988) and from behavioral
experiments using only lengthy and acoustically rich voice
samples. For a review, see Moon and Fifer (2000). It is now
apparent that brief and relatively uninformative voice samples
are sufficient for a differential brain response.

There have been several behavior-based investigations of
maternal voice recognition. DeCasper and Fifer showed that
neonates alter their behavior to selectively activate the sound of
the mother reading a nursery rhyme (DeCasper and Fifer, 1980).
Because the results were based on infants who had had no more
than 12 h postnatal experience with their mother, their selective
response to the maternal voice implied postnatal retention
of prenatal learning. In the experiment, sound presentations
of the maternal voice were contingent on infants altering
their sucks on a pacifier. The authors compared the observed
behavior to that of non-human infants who express ‘‘perceptual
preference’’ and ‘‘proximity-seeking behavior’’ p.1176 (DeCasper
and Fifer, 1980). Developmental psychobiologists and cognitive
development researchers have described this kind of behavior as
a ‘‘listening bias’’ (Vouloumanos and Werker, 2004), ‘‘operant
choice’’ (Granier-Deferre et al., 2011), ‘‘operant learning’’
(Floccia et al., 1997) and ‘‘operant-choice preference’’ (Aldridge
et al., 2001). The latter terms presuppose differential reinforcing
value of the stimuli and motivation to respond. A contingent
sound-sucking experiment using yoked-control methodology
showed that the contingency is important in increasing sucking

rates (Floccia et al., 1997). Thus, a measurable difference in
neonatal preference or choice offers the opportunity to study
motivation at the beginning of life.

Since 1980, experiments using contingent pacifier sucking
have replicated and extended two main ideas: (i) humans learn
before birth; and (ii) prenatal learning can affect postnatal
behavior. The maternal voice preference has been robust in
demonstrating learning in the womb. It has held whether the
voice samples were highly melodic and rhythmic recordings of
mothers reading nursery rhymes (DeCasper and Fifer, 1980) or
relatively monotone adult conversation (Fifer and Moon, 1989).
Although neonates respond to a simplematernal voice recording,
they prefer a version that has been low pass filtered to simulate
the voice in utero (Fifer and Moon, 1995; Spence and Freeman,
1996). A newborn experiment with fathers’ and comparison
male voices failed to show a preference, despite newborn
discrimination of the two voices (DeCasper and Prescott, 1984).
During the neonatal period, infants have expressed preferences
for other sounds available in utero such as the mother’s native
vs. a foreign language (Mehler et al., 1988; Moon et al., 1993).
The native over foreign language preference was replicated and
extended in a study showing that, for infants of bilingualmothers,
her two languages receive equivalent responses (Byers-Heinlein
et al., 2010). Perhaps the most convincing example of prenatal
learning’s effect on postnatal preference are the results of an
exposure study in which mothers read a nursery rhyme out
loud during pregnancy. Newborns sucked more to activate the
familiar rhyme vs. a novel rhyme, regardless of whether the
voice was maternal (DeCasper and Spence, 1986). Thus, there is
converging evidence from 35 years of laboratory research that
shortly after birth infants are capable of employing prenatal
experience, motor control, and themotivational system tomount
a behavioral response when the consequence is hearing a familiar
sound.

What has not been known up to now is whether the brief and
recognizable sample of the maternal voice saying a single word
is sufficiently motivating for newborns to mount a preference
response. What follows is a description of an experiment using
the preference procedure in which the consequence of infant
sucking on a pacifier was the delivery through headphones of
brief maternal and non-maternal voice samples of the word
‘‘baby’’. Thirty-six infants were in the experimental group of
Mother-Stranger (MS) infants for whom the stimuli were the
maternal vs. a stranger female voice. Twenty-four infants were
in the Stranger-Stranger (SS) control group who heard two
different non-maternal female voices. If the brief snippets of
mother’s voice are sufficiently motivating for newborns to alter
sucking behavior to show a preference, then (Kuhl et al., 2014)
sucking during opportunities to produce the maternal voice
should exceed those for the stranger voice, and (May et al., 2011)
sucking by the MS group should exceed that of the SS group.

Materials and Methods

Participants
Sixty term neonates (M age = 31 h, SD = 10.3) each completed an
experimental session prior to discharge from the mother-baby
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postpartum unit of a military medical center. They had no
documented antenatal or birth complications, no risk factors for
hearing loss (American Academy of Pediatrics Joint Committee
on Infant Hearing, 2007), and English was the primary language
spoken in the home. Infants were assigned to one of two
conditions. In the MS Condition (N = 36), the stimuli were
mother’s and a stranger female’s voice. In the Stranger-Stranger
Condition (N = 24), the stimuli were two voices of unfamiliar
females. In order to be included in the analysis, infants were
required to complete a 10 min session with no more than two
consecutive or three non-consecutive minutes in which no
sucking occurred. Study sessions were terminated immediately
if the infant became excessively fussy or cried. The data from
29 infants were excluded from analysis due to drowsiness
(n = 18), crying/fussiness (n = 3), inconsistent sucking not
apparently due to arousal state (n = 7), or experimenter
error/equipment problems (n = 1).

Apparatus and Stimuli
Infants sucked on a Gerber Little Suzy Zoo pacifier fitted
with a plastic tube connected to a Becton-Dickinson P23 × L
pressure transducer that provided input to a Grass Telefactor
CP122 Strain Gage Amplifier. The analogue output of the
amplifier was converted to a digital signal by a Data
Translation DT2814 data acquisition board that was connected
to a Gateway 486 PC equipped with a ProAudio 16 sound
card. Custom software recorded sucking pressure, controlled
stimulus delivery, and created a summary data file. Analog
pressure changes were converted into digital signals and served
as input for a Gateway 486 PC. The computer delivered
stimuli to the infants via Grado SR225 earphones suspended
from a custom-made adjustable plexiglass frame that fit into
the infant’s bassinet. Voice stimuli were recorded using an
Electro-Voice PL88H Microphone on a laptop computer.
Analysis of the recorded speech samples was conducted using
Signalyze Speech and Sound Analysis software on an Apple
computer.

Each of 53 stimuli consisted of one naturalistic token of
the word ‘‘baby’’ spoken in a woman’s voice. Talkers had
been instructed to say the declarative sentence, ‘‘He’s/she’s a
baby’’ with a falling intonation contour. The statement was
followed by four repetitions of the word ‘‘baby’’ using the
same intonation contour. One voice token for each speaker
was chosen on the basis of absence of background sound,
clarity, loudness and presence of falling intonation contour.
The mean duration of voice stimuli was 480.0 ms (s.d.
92.3). For the MS group, the Mother and Stranger stimuli
did not significantly differ in duration, nor did the two
voices in the SS condition. Pairs of stimuli were matched
for loudness by two adult listeners and were presented
at about 66 dBA as measured by a sound level meter
(Bruel and Kjaer Model 2235) placed midway between the
headphones.

Design and Procedure
The study was conducted according to a protocol that was
approved by the medical center and university (PLU) ethics

boards. For the MS infants, the stimuli were available during
five one-minute periods of stimulus voice alternations for
a total of 10 min (Cowan et al., 1982; Sansavini et al.,
1997; Vouloumanos and Werker, 2007). The MS stimuli were
counterbalanced for order of presentation (Mother First, N = 17,
Stranger First, N = 19) and were delivered on a partial
reinforcement schedule of a minimum of two qualifying sucks
in quick succession for reinforcement. The Stranger-Stranger
infants (SS) heard two different unfamiliar female voices, the
availability of which alternated in one-minute intervals for
10 min. Each voice was thus available for five one-minute
periods.

Parental informed consent was obtained in the mother-
infant hospital room according to university- and medical
center-approved protocols. For infants in the MS group, a
recording of maternal voice was obtained at the bedside for
subsequent editing. Each mother received a walkie-talkie to
call when her infant appeared to be in a quiet and alert state.
Infants were transported to the study room in the mother-
baby unit where the headphone frame was placed in the
bassinette and headphones were fitted next to the infants’
ears. Prior to the beginning of the session, an experimenter
swaddled the infant either snugly or loosely, based on the
best judgment about supporting a quiet and alert state for
10 min. The experimental pacifier was given to infants and
was held in place by an experimenter who listened to masking
music through headphones during the session. After subjects
demonstrated consistent sucking on the pacifier, usually no
more than two to three minutes, the study session began by
recording 1 min of baseline sucking data at the conclusion of
which a threshold was established for stimulus delivery. The
threshold was set at the 30th percentile of sucking amplitudes
produced during the baseline minute. That is, sucks that were
above the lowest 30% of baseline suck amplitudes resulted in
stimulus activation. This is consistent with previous neonatal
contingent sucking studies in which amplitude threshold has
ranged from the 20th (Floccia et al., 2000; Vouloumanos and
Werker, 2007) to the 50th (Floccia et al., 1997) percentiles of
baseline.

Results

The dependent measure was the number of qualifying (above
threshold) sucks per minute. Analyses included the factor of
time (sequential minutes of the session) because previous studies
have shown the emergence of a preference response over
time (Sansavini et al., 1997; Vouloumanos and Werker, 2004,
2007). A D’Agostino-Pearson test of normality was conducted
on the mean number of sucks per minute for the sample
of 60 newborns, and results were consistent with a normal
distribution, K2 = 2.21, p > 0.05. A preliminary independent
samples t-test was conducted on sucks during baseline for
stimulus conditions MS vs. SS. There was a significant difference
with greater mean sucks per minute of baseline for theMS group,
M = 43.0, SD = 17.6 compared to the SS group, M = 31.9,
SD = 19.2, t(58) = 2.3, p = 0.025. Baseline sucks were entered as
a covariate in subsequent analyses.
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FIGURE 1 | Mean sucks per minute to the maternal vs. the stranger female voice. Voice stimuli were contingent on sucking, and the maternal and stranger
voices alternated in five one-minute intervals of a 10 min presentation period.

TABLE 1 | Analysis of variance results for the Mother-Stranger group
(N = 36).

Source Df F η2 p

Voice 1,33 0.36 0.01 0.55
Minutes 4,132 0.59 0.02 0.67
Order 1,33 2.63 0.07 0.11
Voice × Minutes 4,132 0.49 0.01 0.75
Voice × Order 1,33 2.28 0.07 0.14
Mins × Order 4,132 1.32 0.04 0.27
Voice × Min × Ord 4,132 0.93 0.03 0.45

Data from the MS group were used to test the hypothesis
that sucks during minutes of opportunity to hear mother’s
voice would exceed those of stranger voice minutes. For the
MS group (N = 36) a mixed 2 (Voice) × 2 (Order of voice
presentation) × 5 (Minutes) ANOVA was conducted. There
were no statistically significantmain effects of the within-subjects
variable Voice (Mother Voice sucks per minute: Mean = 28.7,
SD = 16.3, Stranger VoiceMean = 27.0, SD = 14.4 or the between-
subjects variable of Order. There was no main effect of Minutes
nor were there any significant interaction effects. See Figure 1;
Table 1.

An analysis was conducted with the entire sample comparing
the MS (N = 36) and SS (N = 24) groups to test whether infant
opportunities to suck to activate the maternal voice would result
inmore sucking overall during the 10min session, whether or not
a higher sucking frequency was confined to the maternal voice
periods. A mixed two factor ANOVA included Stimulus Group
(2) × Minutes (10). There was no main effect of Stimulus Group
(F(1,57) = 1.9, p = 0.18, ηp2 = 0.03), no main effect of Minutes
(F(1,513) = 1.33, p = 0.22, ηp2 = 0.02) and no interaction effect
of Group X Minutes (F(9,513) = 0.89, p = 0.22, ηp2 = 0.12). See
Figure 2.

Discussion

Neither the direct comparison of responses to the maternal
vs. stranger voices nor the indirect comparison in present vs.
absent maternal voice provides statistically significant evidence
for a preference for the maternal voice. Visual inspection of the
pattern of the two MS sub-groups in Figure 2 provides some
evidence for a preference response in the transitions mother-to-
stranger (Mother First group) and stranger-to-mother (Stranger
First group) over 10 min.

One possible explanation for the absent or weak behavioral
response to mother’s voice that can be ruled out is that infants
could not recognize the maternal voice in the brief sample.
Previously published ERP studies demonstrate otherwise, at least
in infants without complicated prenatal and birth histories.
Moreover, previous sucking experiments have shown that
neonates can respond differentially to brief speech samples such
as syllables or vowels (Moon and Fifer, 1990; Moon et al., 1992,
1993; Floccia et al., 2000).

Although the newborns were able to discriminate the
maternal and the stranger voices, the brief, repetitive sample of
the maternal voice was apparently not sufficiently motivating
for them to suck to activate it significantly more frequently
than the alternative. There are other published reports of
newborn failure to show a voice preference in contingent
sucking procedures. For example, infants did not differentially
suck to activate a recording of father’s vs. a stranger
male voice although they could discriminate the voices
(DeCasper and Prescott, 1984). Newborns did not show
a maternal voice preference when mother’s and stranger
voices were whispered (Spence and Freeman, 1996) and
they showed no preference when hearing recordings of
their bilingual mothers’ two languages (Byers-Heinlein et al.,
2010).
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FIGURE 2 | Mean sucks per minute in the 10 min presentation
period of the two MS groups (N = 36 total) and the
Stranger-Stranger Group (N = 24). For the MS-Mother first group, the

maternal voice was presented in minutes 1, 3, 5, 7, and 9. For the
MS-Stranger first group, the maternal voice was presented in minutes 2,
4, 6, 8, and 10.

Collecting behavioral data from neonates has limitations.
There are many sources of variability that are difficult to
control such as rapid changes in infant state, competing
infant behaviors, and internal perceptual events that are
often unspecifiable. In the current study, the attrition
rate was 33 per cent. Although this rate is typical or
even low for contingent sucking experiments (Floccia
et al., 1997, 2000; Vouloumanos and Werker, 2007), it
is an indicator of the inherent variability in behavior-
based data collection with neonates. Although the
current study was conducted by experienced neonatal
researchers using a standard contingent sucking protocol,
it certainly merits replication, at best with extension to
other forms of familiar and unfamiliar stimuli, especially
those of caregivers over time as newborns adjust to
postnatal life.

Taken all together, the current results add to the literature
on neonatal behavioral preferences for sounds, and they
complement previously published, electrophysiological
results. They inform us about incipient capacities in very
early development. In the absence of robust behavioral
evidence for discrimination and therefore recognition of
mother’s voice, the presence of differential ERP responses
confirms that the two auditory signals are, in fact, processed
differently by the neonatal brain, at least for infants with
uncomplicated pre- and early postnatal histories. Mother’s
voice is recognized, even in the impoverished form. The
presence or, in this case, the absence of overt behavior

informs about the relative salience of the signal and, perhaps,
its hedonic valence, something that electrophysiological
measures do not provide at present. Mother’s familiar
talking or reading voice with its unique and characteristic
changes over time in pitch, rhythm and loudness is
sufficiently salient and positively valenced that neonates
are motivated to act to produce more of it (DeCasper
and Fifer, 1980; Fifer and Moon, 1989). Without these
characteristics in the sound of the maternal voice, they
apparently are not. As newborn brain imaging techniques
advance, more will be known about the development of
brain organization for perception, memory, motivation and
motor control. It will be important to complement this
understanding with increasing knowledge about the actions
that result.
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A quantitative and objective assessment of background electroencephalograph (EEG) in

sick neonates remains an everyday clinical challenge. We studied whether long range

temporal correlations quantified by detrended fluctuation analysis (DFA) could be used in

the neonatal EEG to distinguish different grades of abnormality in the background EEG

activity. Long-term EEG records of 34 neonates were collected after perinatal asphyxia,

and their background was scored in 1 h epochs (8 h in each neonate) as mild, moderate

or severe. We applied DFA on 15min long, non-overlapping EEG epochs (n = 1088)

filtered from 3 to 8Hz. Our formal feasibility study suggested that DFA exponent can

be reliably assessed in only part of the EEG epochs, and in only relatively short time

scales (10–60 s), while it becomes ambiguous if longer time scales are considered. This

prompted further exploration whether paradigm used for quantifying multifractal DFA

(MF-DFA) could be applied in a more efficient way, and whether metrics from MF-DFA

paradigm could yield useful benchmark with existing clinical EEG gradings. Comparison

of MF-DFA metrics showed a significant difference between three visually assessed

background EEG grades. MF-DFA parameters were also significantly correlated to

interburst intervals quantified with our previously developed automated detector. Finally,

we piloted a monitoring application of MF-DFA metrics and showed their evolution during

patient recovery from asphyxia. Our exploratory study showed that neonatal EEG can be

quantified using multifractal metrics, which might offer a suitable parameter to quantify

the grade of EEG background, or to monitor changes in brain state that take place during

long-term brain monitoring.

Keywords: asphyxia, detrended fluctuation analysis, multifractal, background EEG, brain monitoring

Introduction

Development of neonatal care has led to an increasing interest in continuous brain monitoring for
individually optimized neurological treatment. Scalp electroencephalography (EEG) is the most
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commonly used, non-invasive method in the continuous mon-
itoring of brain function in the neonatal intensive care units
(NICU). While neonatal EEG monitoring is becoming a stan-
dard of care in many NICUs, the interpretation of continuous
EEG records in a 24/7 mode remains a global challenge, espe-
cially because of shortage of the special expertise required for
an adequate visual reading (Boylan et al., 2010). One solution
to this over the past decade has been the use of compressed
displays, especially the amplitude integrated EEG (aEEG, a.k.a.
CFM; De Vries and Hellström-Westas, 2005), which enables eas-
ier review of selected EEG features at bedside. However, it is
now well recognized that aEEG trends are susceptible to artifacts
that require special expertise in aEEG reading, and yet, the aEEG
interpretation is qualitative and subjective.

The current main challenge in the EEG interpretation is
to objectively and quantitatively characterize the spontaneous,
ongoing brain activity, often called “background activity” in the
EEG nomenclature. It has been shown that the EEG background
is most informative when it comes to assessing acute state or
predicting future outcome of the brain (Monod et al., 1972;
Watanabe et al., 1999; Menache et al., 2002). Several background
grading systems have been published over the years (Watanabe
et al., 1999; Murray et al., 2009; Cherian et al., 2011; Walsh et al.,
2011), and they combine visually (i.e., subjectively) observed EEG
properties to yield one, holistic EEG grade. Perhaps due to the
high interindividual variability and ambiguity in visual assess-
ments, the clinically used EEG grading is remarkably rough. For
instance, ranges of interburst intervals (IBI) between mild and
moderate EEG grades go in 5 s increments from <5 to 5–10 s
till >10 s, respectively (Murray et al., 2009; Cherian et al., 2011).

It is intuitively obvious, that so rough EEG grading can-
not adequately reflect the time-varying physiological state of the
brain, although it allows a technically straightforward translation
of the criteria into automated classifiers. Intriguingly, classifiers
based on these same criteria are not able to fully emulate the
visual grading (Murray et al., 2009; Korotchikova et al., 2011;
Stevenson et al., 2013), which indirectly calls for identification of
novel EEG features with clinical relevance.

Recent work in basic neuroscience has provided ample evi-
dence that many brain behaviors exhibit scale-free properties
where dynamics of a given feature have no distinct spatial or tem-
poral scale (Beggs and Plenz, 2003; Fransson et al., 2013; Iyer
et al., 2014; Roberts et al., 2014). This was also recently shown to
be the case for the EEG activity of full-term neonates that recover
from perinatal asphyxia (Iyer et al., 2014; Roberts et al., 2014), one
of the most common reasons for continuous EEG monitoring in
the NICUs.

Scale-free dynamics in a complex system can give rise to self-
similarity over temporal scales, i.e., long-range temporal cor-
relations (LRTC), which may be assessed from the EEG using
detrended fluctuation analysis (DFA; Peng et al., 1994; Hard-
stone et al., 2012). Recent work has shown that LRTC in brain
function is significantly affected by various clinical conditions
(Linkenkaer-Hansen et al., 2001; Parish et al., 2004; Stam et al.,
2005; Monto et al., 2007). Compared to the conventional, visu-
ally defined EEG features, LRTC reaches beyond the visually per-
ceived time scales, while it also integrates multiple time scales

(from seconds to minutes) into one mathematically and con-
ceptually transparent estimate. Moreover, DFA as a paradigm is
very strongly supported by theoretical, experimental and clini-
cal studies (for review, see Hardstone et al., 2012). In addition, a
small number of neonates have been studied and long-range tem-
poral correlations have been explored (Berthouze et al., 2010).
Recent development of signal analysis methods has extended
DFA to multifractal DFA (MF-DFA), which characterizes time
series with multiple co-existent dynamic processes that may give
rise to temporally local fluctuations including both extreme small
and large magnitudes. Several studies have reported MF-DFA to
offer additional insight in experimental and clinical neuroscience
contexts (Kantelhardt et al., 2002; Zorick andMandelkern, 2013).
The neonatal EEG is, indeed, an example of signal with extreme,
apparently erratic fluctuations in signal amplitudes, making it
potentially suitable for MF-DFA paradigm as well. Notably, a
recent study provided evidence of fractal behavior in time series
of interburst intervals in preterm babies (Hartley et al., 2012).

The present study was set out to examine the possibility that
neonatal EEG exhibits LRTC, which can be used as a feature to
assess brain condition in a clinically relevant context. This entails
answering the following questions: First, is it possible to assess
reliable DFA exponents from the neonatal EEG at clinically rele-
vant time scales from seconds to tens of minutes? Second, if DFA
is suboptimal, can metrics from an existing MF-DFA paradigm
reflect neonatal EEG in a meaningful way? Third, is it possi-
ble to use these measures to distinguish background grades of
the neonatal EEG? The last question offers a benchmark to the
existing analysis paradigms, while it is also directly relevant for
development of novel features for automated background EEG
classifiers.

Materials and Methods

The present study was designed to proceed sequentially. We first
examined the mathematical and physiological feasibility of the
DFA approach in neonatal EEG analysis, and we studied the
DFA fluctuation plots for differences in our clinical populations
(different EEG grades). After observing mathematical limitations
with the DFA paradigm, the work was continued to test MF-
DFA paradigm, and finally to benchmark MF-DFA metrics with
clinical EEG grading.

Dataset
We used altogether 1088 15min epochs (total 272 h) from 34
neonates that were recorded for clinical reasons at Sophia Chil-
dren’s Hospital, Erasmus MC (Rotterdam, the Netherlands).
These neonates were part of a larger cohort of term asphyxi-
ated neonates who were monitored from March 2003 till August
2007. Other results from this cohort have been published previ-
ously (Deburchgraeve et al., 2008; Cherian et al., 2011; De Vos
et al., 2011; Matic et al., 2014). The clinical inclusion criteria for
EEG monitoring were: gestational age of 37–43 weeks with clin-
ical features of encephalopathy, and having at least one of the
following features of birth asphyxia: (a) arterial pH of umbilical
cord blood≤ 7.1, (b) Apgar score≤5 at 5min, and (c) high clini-
cal suspicion (like fetal distress, umbilical cord prolapse, difficult
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labor, or a history of convulsions). Exclusion criteria were: con-
genital cardiac abnormalities or other multiple anomalies, inborn
errors of metabolism, and constantly isoelectric (<5µV) EEG
activity. The study had the approval of the Erasmus MC Medical
Ethical Review Board. Informed consent was obtained from the
parents/guardians prior to the onset of the registration. The EEG
recordings started 2–48 (median 19) h post-partum. The median
duration of EEG was 31 (range 20–96) h. Seizures were recorded
in 18 patients, however this clinical information was not consid-
ered in the later analyses further than confirming that distribu-
tion of DFA/MF-DFA metrics was not statistically significantly
different between babies with vs. without seizures (calculated
separately for each background category).

EEG Sampling
The EEG was recorded with NicOne EEG recorder (Cardinal
Healthcare, Madison, WI, USA) at sampling frequency of 256Hz
and our current data analysis was performed using bipolar mon-
tage with 12 derivations. Four epochs of 2 h continuous EEG
recordings were selected per neonate with a minimal distance
between them longer than 4 h.

Feasibility of DFA in the Neonatal EEG
Detrended Fluctuation Analysis (DFA), originally introduced by
Peng et al. (1994), is a widely applied method to quantify LRTC
in various biological time series that exhibit self-similarity over
multiple time scales. In the context of EEG analysis, DFA is typ-
ically computed by measuring amplitude dynamics of selected
frequency bands (cf. Hardstone et al., 2012). In the first step, after
band-specific amplitude extraction, the DFA procedure splits the
signal into time windows (time scale—s), detrends the EEG seg-
ment, and computes the variance of amplitude fluctuations. In
the second step, a DFA plot is generated by plotting the aver-
age signal variance per each window size on log-log coordinates
(time scale—s, Fluctuation function—F in Figures 1C,E). Finally,
a linear fit of this fluctuation function gives the DFA output, the
scaling exponent α (cf. Appendix A; Hardstone et al., 2012).

Use of DFA paradigm requires defining several parameters so
that they comply with the a priori known characteristics of the
given biological signal. These include definitions of (1) the fre-
quency band which is used for the signal envelope extraction (2)
the epoch lengths, time scales, that are used to calculate the fluc-
tuation function as well as (3) the range of time windows over
which the slope of the linear fit (exponent α) is calculated (see
Figure 1C).

Epoch Length
We analyzed data epochs of 300, 600, 900, and 3600 s duration,
but the final analysis was then carried out using 900 s (15min)
epochs. The choice was to strike a practical compromise between
obtaining enough data for a reliable DFA plot, yet having likely
a consistent background state in the given window. Our clini-
cal background grading was performed initially in 15min epochs,
hence 900 s was practical for benchmarking purposes.

Frequency Band
Neonatal EEG, especially in the acute state after asphyxic injury as
in our data series, is dominated by intermittent bursting activity

that consists of oscillations mostly at about 0.1–10Hz. The lowest
frequencies may be unpredictably contaminated by movement
and other artifacts, so they were filtered out using a FIR high-
pass filter at 3 Hz. We chose to use a lowpass FIR filter at 8Hz to
maximally limit our analysis to the previously described 3–8Hz
band (Palmu et al., 2010; Tokariev et al., 2012; Omidvarnia et al.,
2014). However, we also examined other frequency bands (1–3
and 1–5Hz), and we got qualitatively comparable findings (data
not shown).

Time Scale (DFA Window)
Feasibility of the DFA method requires that the signal does
exhibit genuine LRTC, which in an ideal case could be seen over
all time scales up to the limits of the recording time. The shortest
time scale is defined by the need to include multiple fluctua-
tion cycles of interest to really assess its temporal correlations
(cf. Hardstone et al., 2012). In the present context, the ampli-
tude fluctuations in the early recovering neonatal EEG consist
of intermittent bursting at multi-second scale. The selected fre-
quency band (3–8Hz) gives slowest fluctuations with a duration
of around 1 s (Tokariev et al., 2012), which suggested to use the
lowest time scale of 10 s. The upper range can be physiologi-
cally limited by the spontaneous changes in the brain state over
time, especially vigilance state cycling that occurs 1–3 times per
hour in the neonatal brain (Stevenson et al., 2014). However, the
upper limit of feasible scales can also be reasoned mathemati-
cally, since estimation of the DFA exponent α is based on linear
fitting in the DFA plot over the given time scale (see below;
Figure 1C).

Next, we continued quantitatively by analysing how well the
linear fitting suits to different ranges of windows (5–60, 10–60,
10–100, and 10–300 s) in the fluctuation functions. Two inde-
pendent techniques were used: The first method was developed
by Botcharova et al. (2013) based on the maximum likelihood
approach that compares a set of alternative models: linear, poly-
nomial, root, exponential, logarithmic, and spline functions. This
paradigm identifies the best fit model when the involved number
of parameters is minimal and over-fitting is penalized. The sec-
ond method was less strict, and adopted from prior studies (e.g.,
Linkenkaer-Hansen et al., 2001), based on computing the stan-
dard linear regression fit, R2., and using a predefined threshold
of 0.97 to indicate acceptance of the epochs for DFA analysis.
More details about both results are shown in the Supplemental
Data and they confirm that results obtained with the maximum
likelihood based approach are valid.

Feasibility Of MF-DFA in the Neonatal EEG
Various complex systems and physiological time series may show
LRTC although they cannot be characterized with a single param-
eter (monofractal; for a review, see Ihlen, 2012). For instance,
there may be clear monofractal dynamics at distinct, narrow time
scales bounded by deflections in the log-log fluctuation plot (so
called “crossover points”; Kantelhardt et al., 2002). Then, instead
of a single linear approximation, the fluctuation function can
be better described as a set of linear approximations, yielding
different scaling exponents for different time scales. They are
called multifractal time series, where the set of scaling exponents,
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FIGURE 1 | (A) An example of normal neonatal EEG signal with continuous

background pattern. (B) The signal is band-pass filtered between 3–8Hz

(blue), and the instantaneous amplitude envelope (red) is calculated using

Hilbert transform. (C) The DFA fluctuation function is presented along the Y

axis, whereas the size of the windows analyzed in the DFA method are

displayed in the X axis. The red line presents an example of linear fluctuation

function that is here fitted for the time scale 10–60 s to obtain its slope, the DFA

scaling exponent α. (D) DFA fluctuation functions are plotted for 15min EEG

epochs from different background EEG abnormalities (Mild-blue,

Moderate-red, Severe-black). Statistically significant differences can be

observed between different background EEG classes (**p < 0.01). This figure

only shows examples of such EEG epochs where linear fit (R2 > 0.97) was

confirmed. (E) Comparison of scaling exponent α between different

background EEG grades shows a significant difference between grades 2 and

3. (F) An example of the DFA fluctuation function (moderate EEG grade) where

clear existence of the crossover points are illustrated.

or parameters, are called q-order (generalized) Hurst exponents
(Ihlen, 2012). For monofractal time series, the q-order Hurst
exponents will have equal values, whereas in multifractal time

series, the q-order Hurst exponents will be significantly diver-
sified. A common reason for multifractality is that the signal
may exhibit different LRTC for temporally local small and large
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fluctuations. In contrast, monofractal time series aremainly noise
like (e.g., white noise; cf. Ihlen, 2012) and they do not show local
periods of either extremely small or large fluctuations. Hence,
the known non-stationarity of the fluctuations in the neonatal
EEG does, indeed, suggest that MF-DFA may offer better han-
dling of the temporal EEG dynamics (e.g., local suppression and
burst periods). Mathematically, MF-DFA differs from the DFA
only in the calculation of the q-order fluctuation functions, Fq
(Figures 2B1,B2), which is followed with the extraction of the q-
order Hurst exponents (Figures 2C1,C2; see also Appendix A).
Next, MF-DFA can be plotted as a so called multifractal spec-
trum, which can be quantified with mathematically robust met-
rics. The conventional MF-DFAmetrics includedmean hq, width
hq,meanDq, and height Dq (see Figure 3D for their graphical pre-
sentation). The width_hq is calculated as the difference between
maximal and minimal hq values, whereas height_Dqis calculated
as the difference between maximal and minimal Dqvalues (as
suggested in Zorick and Mandelkern (2013). Mean hqand mean
Dq are calculated by averaging all data points across spectra
and across 12 channels. The statistical results are presented in
Figures 3E–H.

In addition, the difference between DFA and MF-DFA can be
observed only within the relatively short time scales (e.g., less
than 100 s) and within MF-DFA concept the linear fitting from
1 s till 128 s was applied in this work.

Benchmarking with EEG Grades
The ultimate goal in the present study was to establish
the applicability of DFA or MF-DFA metrics in quantifica-
tion of background EEG abnormalities. To this end, we had
two benchmarking methods, visual and automated background
classification.

Both DFA exponent and four MF-DFA metrics were calcu-
lated exactly the same way for each 15min EEG epochs that also
had a known visually scored background EEG grade inherited
jointly for all four 15min epochs within the given hour of EEG.

The visual background grading was performed by an expe-
rienced clinical neurophysiologist (PJC), blinded to the clinical
details of the neonates. A three level EEG grading was adapted
from Murray et al. (2009) as follows: (a) normal/mild (IBIs <

5 s; poorly organized sleep-wake cycle; recovered, continuous
background EEG), (b) moderate (5 s ≤ IBIs < 10 s), and (c)
severe (10 s ≤ IBI s< 60 s; dominated by prolonged and marked
suppressions).

The automated background grading was taken from the auto-
matically computed inter-burst intervals (IBI). This was gen-
erated using the automated IBI detection method described in
Matic et al. (2012). The main steps of this algorithm are sum-
marized in the Appendix B. Subsequently, we used mean IBI
values and compared them with MF-DFA based parameters. All
data points were extracted from 15min cEEG epochs, thereby
providing for every neonate 32 data values= 4 (epochs of 2 h)×
2 (h)× 4 (15min segments in 1h cEEG).

Statistical Analysis
Group comparisons between background grades were performed
with the Kruskal-Wallis test, and we applied Bonferroni

correction for multiple comparisons for the post-hoc tests. There
were always three comparisons, hence the corrected significance
level were p = 0.05/3 = 0.01 and p = 0.005/3 = 0.001. Corre-
lations between MF-DFA metrics and IBI values were computed
using Spearman correlation coefficient, and here we used more
stringent significance level set to 0.01. Binomial statistics were
used to evaluate whether significant findings in individual sub-
jects can be considered statistically significant on the group level
(see also Vanhatalo et al., 2004; Palva et al., 2005).

Results

DFA
Visual Observations
DFA fluctuation function plots (an example shown in Figure 1C)
were computed and examined first visually from hundreds of
EEG segments. As a general observation, the ranges of window
lengths with possible linear relationships were variable and lim-
ited. Our systematic qualitative comparison of window lengths
ranging from 5–60 to 10–300 s (data not shown) suggested that
linear fit should preferably be attempted at time scales of up to
about 60 s. Then, we also reasoned that the lowest feasible limit
should be around 10 s to avoid measuring trivial autocorrelations
in the amplitude fluctuations (for further reasoning regarding the
choice of minimum length, please see Hardstone et al., 2012).
A direct comparison of hundreds of DFA fluctuation plots from
EEG epochs with different EEG backgrounds showed that they
all follow the same overall course, however, they also appear to
differ in the segment corresponding to the shorter time windows
(Figure 1E).

Testing the Feasibility of DFA
In above, we had defined the epoch length to 900 s, which was
a partly theoretical, partly practical choice. It is known that the
DFA fluctuation plots provide more stable estimates of vari-
ance when longer epochs are analyzed. The practical reason-
ing was that the epoch length could be chosen as a multiple
of our manual EEG grade classification that was set to 1 h.
Obviously, a 900 s long, fixed epoch lengths cannot follow the
more rapid dynamic changes known to take place in brain state
of these babies (see also Berthouze and Farmer, 2012). Hence,
other epoch lengths may be worth trying in future neonatal
applications.

The actual feasibility of conventional DFAwas tested by exam-
ining whether linear fit can adequately characterize the fluctua-
tion plot within the tested range of time scales.

First, our analysis of 1088 epochs using the “maximum
likelihood”-based technique suggested that onlyminority of them
could be modeled with a linear fit. This finding was consistent
even when we systematically varied frequency band (1–3, 1–5,
and 3–8Hz) or the range of fitting scale (5–60, 10–60, 10–100
and 10–300 s). The best set of parameters, which we fixed and
consistently used in the study, was 3–8Hz frequency band and
10–60 s window fitting size, and even then, only 200 out of 1088
15min cEEG epochs (18%) were successfully modeled as lin-
ear. We also found that continuous background EEG (grade 1)
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FIGURE 2 | Application of MF-DFA on two different neonatal EEG

signals, continuous (A1) and burst-suppression (A2), respectively. In

B1,B2, the q-order fluctuation function, Fq, is shown for two processes.

C1,C2 q-order Hurst exponent, Hq, is obtained as the linear fitting coefficient

of the Fq fluctuation lines from B1,B2. Wider range of Hq values is

associated with the larger multifractal dimension. In contrast, a constant line

is expected for monofractal time series. D1,D2. Multifractal spectra are

displayed for continuous and burst-suppression neonatal EEG periods.

Longer tails and wider width between the tails in D2 compared to D1 are

associated with a higher degree of multifractality.
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FIGURE 3 | (A–C) MF-DFA spectra lines are randomly selected and

displayed for various background EEG degrees of abnormality:

A-mild (blue), B-moderate (red) and C-severe (black). (D) Average of

all 1088 multifractal spectra lines is displayed for three background

EEG classes. (E–H) Results of Kruskal-Wallis mean value group

comparisons are displayed for mean hq (p < 0.01), width hq

(p < 0.001), mean Dq (p < 0.01) and height Dq(not significant).

**p < 0.01, ***p < 0.001.
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is most likely to fit linear model (data not shown). The detailed
results are presented in the Supplemental Figure S1.

Second, we also studied the more commonly applied mea-
sure, the linear fit R2 using the previously adopted threshold of
R2 = 0.97. We found that about two thirds (68%; 731 out of
1088) of EEG epochs passed this test. For detailed comparison
of R2 values and maximum likelihood—based models, please see
Supplemental Figure S4.

Benchmarking with Clinical EEG Grades
For benchmarking with clinical EEG grades, we chose only those
EEG epochs that had passed our linear fitting test (R2 > 0.97),
and we computed their DFA exponents (α). Group-wise compar-
ison of α shows a wide variation within all EEG grades, while the
mean α increases toward more severe EEG background. Notably,
the normal/mild EEG grade (continuous EEG activity) was close
to α = 0.5, Figure 1D, (an “uncorrelated” process; cf. Hardstone
et al., 2012), while the most severe EEG background approached
1.0. Statistical group comparison of α shows that group 3 is sig-
nificantly different from the other two groups (p < 0.01 after
post-hoc correction; Kruskal-Wallis test).

Crossover Points
Finally, we visually inspected a large number of DFA plots to
observe possible systematic differences between EEG grades.
Figure 1E shows an example where the plots have different over-
all forms: Those computed from the severe EEG grade epochs
(black) are at the top, and the plots from the mild EEG grades
(blue) are on the bottom of the group. It was also apparent,
that the range of linear-appearing trends varied between EEG
grades, and that they were often clearly multiphasic: short time
scales with steep rise, middle window lengths with flatter rise,
and again steep rise at the longest time scales. An example of an
EEG epoch with very clear “crossover points,” i.e., change of slope
in the fluctuation function (Hardstone et al., 2012) is shown in
Figure 1F. Finding such crossover points, suggests that the sig-
nal might exhibit multifractal behavior (Kantelhardt et al., 2002;
Ihlen, 2012; however, see Hu et al., 2001). Describing such sig-
nal with one exponent, as in the conventional monofractal DFA,
will overlook key dynamic properties, and the results will be
particularly sensitive to chance factors in the conventional DFA
analysis.

In our dataset, the crossover point in the burst-suppression
background (red and black DFA fluctuation functions in
Figure 1E) was usually encountered within 30–60 s time scale
[1.5–2 in log10(time) s]. Continuous EEG background (blue DFA
fluctuation functions) were successfully modeled as linear for
longer window sizes [up to 100 s or 2 in log10(time) s], and the
crossover points mainly appeared in the interval of 100–300 s [2–
2.5 in log10(time) s]. In comparing different EEG grades, the dif-
ferent crossover points hence preclude use of single, monofrac-
tal DFA exponent, and supports exploration of MF-DFA
metrics.

Multifractal DFA (MF-DFA)
We next studied the feasibility of MF-DFA in neonatal EEG by
applying a previously published method (Kantelhardt et al., 2002;

Ihlen, 2012). The special clinical attraction in MF-DFA comes
from its clear metrics that have been recently shown to aid dis-
crimination of brain states (Zorick and Mandelkern, 2013) and
pathologies (Zheng et al., 2005).

Feasibility of MF-DFA
The first step here was to show that neonatal EEG signal is char-
acterized by multiple rather than single exponents. The pres-
ence of multifractal behavior in at least some neonatal EEG
data becomes apparent when comparing the temporal behavior
of two common neonatal EEG patterns in asphyxiated infants,
the normal continuous EEG signal and the severely abnormal
EEG with marked intermittency called burst-suppression (see
Figures 2A1,A2). For those signals, we calculated the q-order
fluctuation functions Fq (Figures 2B1,B2) with q values from−5
till 5, equidistantly sampled with a 0.5 unit-step as suggested by
Ihlen (2012), notably, different range could be examined as well.
The q factor is able to detect mixed occurrence of large fluctu-
ations with periods of negligible fluctuations, which in our case
characterizes the burst-suppression background. In contrast, the
continuous EEG consists of neither very large nor very small
fluctuations (Figure 2A1).

Comparison of q-order fluctuation functions (Fq) taken from
these two different EEG patterns shows their fundamental differ-
ence. In the normal, continuous EEG activity, the slopes of the
fluctuation functions appear comparable to each other. Hence,
they could also be reasonably described with only one DFA fluc-
tuation function (Figure 2B1; q = 2), and be considered as
monofractal process. In contrast to this, EEG periods with burst-
suppression are much more variable, and different time epochs
exhibit a notably wide spread of Fq (Figure 2B2), suggestive of
an underlying multifractal process (see also Ihlen, 2012). Taken
together, these observations suggest that measuring LRTC in
neonatal EEG datasets like ours should require quantification of
multifractal dynamics.

Subsequently, we calculated q-order Hurst exponents, Hq

(Ihlen, 2012), which returns linear approximation of the Fq
fluctuation functions (Figures 2C1,C2). This again discloses a
clear difference between background EEG activity grades. In the
continuous EEG, the relation between Hq and q factor shows
a monotonic decrease (characteristic of a monofractal process;
Ihlen, 2012), whereas the Hq plot of burst-suppression EEG
(Figure 2C2) shows a relatively sharp and nonlinear decline
(characteristic of a multifractal process). These q-order Hurst
exponent functions can be readily transformed into a multifractal
spectrum (Figures 2D1,D2), which outlines the relation of local
temporal changes of the Hq and the distribution of its proba-
bility density function (see Ihlen, 2012). Multifractal spectrum
represents two measurable dimensions, theDq (q-order singular-
ity/fractal dimension) and the hq (q-order singularity exponent).
In the visual assessment of multifractal spectra, differences can
be noticed in a horizontal and vertical positioning (hq, Dq val-
ues), a width (width_hq), as well as in the general shape of the
multifractal spectra reflecting temporal variations of local Hurst
exponents.

The MF-DFA spectra were then computed for each (n =

1088) of the 15min long EEG epochs. Example of these spectra
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are plotted from each EEG background grade (Figures 3A–C).
Visual inspection of the spectra shows that worsening of EEG
background (from mild to severe) is associated with a shift to
the right (higher hq value). Grand averages of the spectra are
shown in Figure 3D (1088 epochs from 12 channels: total 13056
spectra).

Other differences among EEGs were also observed visually
within the tails of the spectra: the left tails, corresponding to pos-
itive q values, are longer in the EEG with local large fluctuations,
i.e., the severe EEG grade with IBIs > 10 s (Figure 3C). Moderate
andmilder EEG background traces do not have such pronounced
structural differences and the corresponding tails are respectively
shorter (Figures 3A,B). On the other hand, the right tails, reflect
the amplitude fluctuations within local periods of low activity
(e.g., suppressed EEG periods).

Benchmarking with Clinical EEG Grades
Comparison of MF-DFA metrics between EEG grades showed
highly significant differences between the three EEG grades. The
mean height of spectra, mean hq, was significantly (p < 0.01;
Kruskall-Wallis test) increased with EEG severity (mild 0.63 ±

0.10; moderate 0.67± 0.09; severe 0.70± 0.09). The width of the
spectra, width hq, was also significantly (p < 0.001) increased
with increasing severity of EEG background (mild 0.56 ± 0.13;
moderate 0.67 ± 0.16; severe 0.73 ± 0.19). At the same time,
the mean Dq decreased significantly (p < 0.01) with increas-
ing severity of EEG background (mild 0.75 ± 0.05; moderate
0.72 ± 0.05; severe 0.70 ± 0.06). Height of the MF-DFA spectra,
height_Dq, was significantly (p < 0.01) different between mod-
erate and severe EEG grades (moderate 0.70 ± 0.09; severe 0.76
± 0.11). These findings together suggest that MF-DFA is superior
to the conventional DFA in distinguishing between neonatal EEG
grades.

A further inspection of the shapes of MF-DFA spectra shows
additional qualitative spectral features that are different between
background grades. Namely, the mild/normal EEG grade does
typically correspond to asymmetric spectra with a longer right
side tail, whereas the spectra of severe EEG grade are more
asymmetric with longer left side tail. This asymmetry is not
measured by the currently used, established MF-DFA metrics.
It may, however, readily explain the lesser differences between
groups seen in mean_Dq and height_Dq, which are insensitive
to asymmetry. To examine this further in a quantitative man-
ner, we also computed the metrics from the right side tail only
(see below).

Benchmarking and Application into Intraindividual

Context
While the group level findings above are by themselves strong,
clinical applicability of any novel study paradigm requires per-
formance at individual level as well (see discussion in Ahtola
et al., 2014). In order to preliminarily probe this issue, we studied
those 34 neonates in our dataset that had four EEG epochs of 2 h
duration randomly selected at time points with at least 4 h inter-
vals. We then computed MF-DFA metrics from 15min segments
within each 2 h epochs (total 32 epochs in each infant). The long
intervals between epochs yielded us datasets where EEG grade,

or at least the mean IBI, was changing due to variation in the
clinical state of the patient. As a benchmark to MF-DFA metrics,
we calculated the mean IBI for each 15min epoch using our pre-
viously described automated detector (Matic et al., 2012). Nine
patients were excluded because their range of IBIs was too nar-
row to reasonably compute correlation coefficients with another
parameter, i.e., IBI range was only within 3 to 6 s interval. This
left 25 babies for our analysis. Finally, non-parametric, ranking
correlation (Spearman) was computed between mean IBI levels
and MF-DFA spectra metrics in each patient.

Measures of the full MF-DFA spectra
Individual results are shown in Supplementary Table 1, Supple-
mental Data. We observed that in 10 out of 25 babies there
was a significant (p < 0.01) correlation at the individual level,
which finding is statistically very significant at the group level
(p < 1e–10; Binomial statistics). As shown in Figure 4, for an
example infant (n = 21), a visually apparent temporal relation-
ship was observed between decreasing IBI trend and changes in at
least three of the MF-DFA parameters (mean_hq, width_hq, and
mean_Dq).

Measures of the right side tail of MF-DFA spectra
Closer inspection showed that the signs of correlation coefficients
(ρ) were inconsistent even for infants with statistically signifi-
cant correlations (Supplementary Table 1, Supplemental Data).
To search for reasons we inspected further the shapes of MF-DFA
spectra, and observed their asymmetry, especially in the severe
EEG grades. For instance, visual comparison of individual MF-
DFA spectra shown in Figure 4B from different time epochs dur-
ing recovery shows that the shape of spectra changes over time,
most notably as a shift from longer left tail to longer right tail
as well as the shift of the right tail to the left when going from
severe to normal EEG background, respectively. Since the cur-
rent MF-DFA metrics are insensitive to asymmetry of the multi-
fractal spectra, it is possible that change in symmetry with EEG
grades would confound the correlations. Hence, we investigated
the parameterization of the right tail of the MF-DFA spectra, and
we found these metrics to exhibit much stronger relationship to
the mean IBI values. In particular, for 13 out of 25 patients, we
found that at least 3 metrics namelywidth hq (ρ = −0.70±0.15),
mean Dq (ρ = 0.68 ± 0.13) and height Dq (ρ = −0.67 ± 0.11),
were significantly correlated with the mean IBI values, showing
consistent range of correlation coefficient values (ρ) as detailed at
subject level in Supplementary Table 2, Supplemental Data.

Additionally, we illustrate how the MF-DFA parameters
(extracted from the right tail of the spectra) are correlated
with IBI values for five infants that showed higher Spearman
correlation p-values (selected from the Supplementary Table 2,
Supplemental Data) (Figure 5).

Discussion

Our study shows that changes in long range temporal dynam-
ics in the early neonatal EEG may be characterized with the
DFA paradigm, however the conventional DFA is compromised
and the recently introduced multifractal DFA can better disclose
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FIGURE 4 | (A1–A3) Three examples of burst-suppression, tracé

discontinue, and continuous EEG periods are shown as aEEG trends and

EEG epoch in an infant who is showing recovery from initial severe hypoxic

insult. (B) Three multifractal spectra lines are shown for the corresponding

three states quantifying 15min of burst-suppression (black-recorded at 6 h

post-partum), tracé discontinu (red-recorded at 12 h post-partum) and

continuous EEG period (blue-recorded at 18 h post-natal age). (C1–C4) from

15min segments mean IBI, mean hq, width hqand mean Dq values are

represented as one data point [24 in total; 2 h × 4 (15min epochs in 1 h) × 3

epochs].

neonatal EEG dynamics in a way that correlates with the current
clinical EEG grading systems. Our clinical benchmarking of DFA
feasibility extends prior literature to include full-term neonatal
EEG as a potential application of DFA/MF-DFA paradigms. The
present findings corroborate earlier reports that DFA orMF-DFA
metrics can quantify brain dynamics associated with prematurity
(Hartley et al., 2012) and neurological conditions (Linkenkaer-
Hansen et al., 2001; Parish et al., 2004; Monto et al., 2007). We
also suggest a novel MF-DFA metric for EEG analysis based
on observing asymmetric change in MF-DFA spectra between
clinically relevant brain states.

The physiological underpinnings of multifractal behavior in
the neonatal brain remain elusive, and our dataset is suboptimal
for a tour de force exploration of the phenomenon of multifrac-
tality in the neonatal brain activity. However, our observations
provide some tentative ideas to how MF-DFA may be suitable in
such data: The well-known hallmark of both the early preterm
EEG and the severely abnormal EEG of a term newborn is a
salient intermittency (Vanhatalo and Kaila, 2006; André et al.,
2010): seemingly erratic ruptures of transient cortical activity
alternate with periods of relative quiescence. Considering the

structural immaturity of underlying brain networks (Kostović
and Judaš, 2010) and/or the pathological mechanisms related to
resource constraints (Roberts et al., 2014), it is conceivable that
they would readily compromise the extreme long range temporal
correlations previously shown in the adult brain (Linkenkaer-
Hansen et al., 2001). There is ample evidence from the neona-
tal EEG studies that cortical activity may continue even after
extensive structural lesions that lead to physical disconnection
of cortical areas. The multifractality could hence reflect a spa-
tial and/or temporal fragmentation of large scale brain activity,
resulting in multiple partly independent mechanisms in brain
activity. Nevertheless, more rigorous confirmation with more
extensive datasets and stringent mathematical testing of alterna-
tive models will be necessary to confirm fundamental behaviors
of this kind (for instance, see Clauset et al., 2009; Roberts et al.,
2014).

In addition to showing the significant discrimination of back-
ground grades with the established MF-DFA metrics, our closer
visual inspection of MF-DFA spectra suggested further differ-
ences. The highest difference between grades was achieved for the
relatively small window size values [<30 s or 1.5 in log10(time)s]
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FIGURE 5 | Five neonates in which mean IBI values are highly

correlated with the MF-DFA metrics (calculated from the right part of

the multifractal spectra). (A1–A4) respectively, represent the correlation

between mean hq, width hq, mean Dq and height Dq values with the mean

IBIs. This approach for calculation of MF-DFA based metrics avoids

insensitivity to the asymmetry which affects the originally proposed parameters

calculated for the complete spectra (see Zorick and Mandelkern, 2013).

(Figure 2B2), which is most sensitive to temporally local varia-
tions in signal fluctuations. We also observed that the different
background grades yield saliently different shapes, especially the
asymmetry, in their corresponding MF-DFA spectra. This is not
quantified by the established MF-DFA metrics (cf. Zorick and
Mandelkern, 2013), hence we proposed quantification of the right
side tail of the spectra for an improved sensitivity. These mea-
sures were, indeed, significantly correlating with IBIs in a large
proportion of infants. It is possible that the prominent intermit-
tency of the burst suppression signal has an important effect on
the MF-DFA metrics. Conceivably, burst suppression EEG con-
sists of two overlaid, but at least partly independent physiological
processes: intermittent bursting behavior and the varying levels
of spontaneous activity between the bursts, both with unique
scaling properties (Roberts et al., 2014). A similar situation is
also found during the early intermittent EEG activity of preterm

babies where two mechanistically different brain activities are
superimposed on each other (Vanhatalo and Kaila, 2006), giving
rise to unique long range temporal correlations in the inter-event
time series (Hartley et al., 2012). The physiological meaning of
asymmetry remains to be established in simulations and experi-
mental studies, however our data suggests that it relates to conti-
nuity and perhaps the relative shapes of bursts that interrupt the
interburst silence.

In search of clinical relevance, we benchmarked the MF-DFA
metrics with both visual and automated background EEG grad-
ing, and show that all our four metrics (mean hq, width hq, mean
Dq, height Dq) do significantly co-vary with the visually scored
EEG background grades. Three (mean hq, width hq, mean Dq) of
our metrics were significantly different between all EEG groups.
In addition, the application within patients showed that MF-DFA
metrics might even reflect temporal change of background EEG
states at individual level as suggested by the significant correla-
tions with IBI levels in 10 out of 25 infants. These correlations
suggest that MF-DFAmetrics and IBI would at least partly reflect
similar pathological brain dynamics, or at least the amplitude
fluctuations of burst suppression are reflected in the MF-DFA
spectra. However, despite the general correspondence with IBI
levels and its evolution, the match between IBI and MF-DFA
metrics is neither fully consistent nor complete. Such partial mis-
match are consistent with the idea that MF-DFA metrics reflect
some as yet latent EEG signal dynamics.

Beyond the physiological interest, our present findings have
potential implications in future construction of computational
classifiers for neonatal EEG. A number of studies have reported
development of various automated EEG background classifiers.
Some of them are designed to directly replicate the visual cri-
teria. Using this approach, the recent study by Korotchikova
et al., 2011, combined a larger set of quantified EEG features
and found them indiscriminative with respect to background
EEG classes, with special challenges in distinguishing mild vs.
moderate grades. A more recent attempt along this line was
able to discriminate normal vs. abnormal EEG backgrounds as
a dichotomous choice (Stevenson et al., 2013), which does not
yet support its use in EEG monitoring or for more refined
needs. Another approach has been to optimize a learning algo-
rithm with a smaller dataset to detect extreme classes of EEG
background, such as severe burst-suppression patterns (Löfhede
et al., 2010), which is further used to output IBI detections.
The design of such classifier will ideally allow accurate quanti-
tation of IBIs (Flisberg et al., 2011), however, it will not allow
constructing methods that can monitor evolution of EEG activ-
ity over background grade boundaries, which obviously hap-
pens among a majority of clinical patients during their brain
monitoring.

Prior extensive engineering works have mostly focused on
identifying discrete EEG states (e.g., burst suppression), or on
discrimination of normal from abnormal backgrounds as bench-
marked with visual criteria. One of the shortcomings in bench-
marking with visual EEG grading is its temporal coarseness.
Visual grades are commonly assigned hourly for slow changes
such as sleep-wake cycling (Murray et al., 2009; Matic et al.,
2014; Stevenson et al., 2014). Other EEG grading systems have
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been developed to include even longer term evolution, up to over
24 h, to characterize recovery from hypoxic insults (Cherian et al.,
2011), which as a principle reminds of the conventional approach
used in the aEEG assessment (Hellström-Westas and Rosén,
2006). We are not aware of objective computational, graded mea-
sures of background EEG activity although the clinical experience
shows that the key part of brain monitoring is the follow-up of
patients through different stages over hours. Our findings suggest
that measures based on MF-DFA metrics may offer an advan-
tage here: for instance, these metrics may distinguish moderately
abnormal EEG from the severe and normal backgrounds, which
is clinically very important. Brain states change more rapidly in
the real life, hence we wanted to compare MF-DFA-based met-
rics also with the automated algorithm that detects IBI levels in
15min epochs. This showed that MF-DFA metrics do co-vary
with IBI, and they do evolve over time. A systematic characteriza-
tion and benchmarking with existing trend paradigms, especially
aEEG (Hellström-Westas and Rosén, 2006) will help to identify
the clinical added value of MF-DFA measures.

We consider our study as exploratory, providing only proof
of concept. Further prospective and larger studies are needed to
determine the clinical robustness and added value obtained from
the proposed method, as well as to validate its use in the prospec-
tive clinical context. The first practical consideration is the age
range of infants. Our dataset was limited to full-term neonates,
but we do not see any a priori physiological or technical reason
why the same temporal dynamics could not be clinically mean-
ingful in the preterm babies as well. The second practical con-
sideration is the unknown relative sensitivity of our metrics to
artifacts that are unavoidably present in real life recordings from
intensive care units. This can be assessed formally by simulated
addition of real EEG artifacts (cf. Matic et al., 2009; De Vos et al.,
2011; Räsänen et al., 2013). The future artifact avoidance strate-
gies may include rejection by amplitude criteria (cf. Palmu et al.,
2013), although missing data segments may also introduce con-
founders. The third practical consideration is the added clinical
value relative to existingmeasures, especially the aEEG paradigm.
It is conceivable that ourmetrics provide a theoretically and func-
tionally complementary view on neonatal brain dynamics, yet
the actual added bedside value needs to be determined in future
clinical studies. There are also technical considerations for future
studies. First, the known alternative ways in the MF-DFA analy-
sis, such as wavelet transformmodus maxima (Muzy et al., 1993),
might be useful to further improve the robustness and consis-
tency (Zorick and Mandelkern, 2013). Second, our study demon-
strate as yet uncharacterized changes in the spectral shape, which

suggests that further theoretical and practical studies are needed
to define spectral measures that optimally reflect changes in the
neurophysiological and/or clinical state of the brain.
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Figure B1 | Steps of the automated IBI detection method are

illustrated. First, EEG signal is segmented using an adaptive

segmentation algorithm (A1) Next, the segments are classified into the

low amplitude class (approximately <10µV) and depicted in blue. (A2)

The temporal profile signal counts the prevalence of low amplitude

segments and it is used to detect IBI patterns (A3). The time that the

temporal profile signal exceeds the threshold determines the IBI duration

and the IBI is detected.
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A key feature of normal neonatal EEG at term age is interhemispheric synchrony (IHS),
which refers to the temporal co-incidence of bursting across hemispheres during trace
alternant EEG activity. The assessment of IHS in both clinical and scientific work
relies on visual, qualitative EEG assessment without clearly quantifiable definitions. A
quantitative measure, activation synchrony index (ASI), was recently shown to perform
well as compared to visual assessments. The present study was set out to test whether
IHS is stable enough for clinical use, and whether it could be an objective feature
of EEG normality. We analyzed 31 neonatal EEG recordings that had been clinically
classified as normal (n = 14) or abnormal (n = 17) using holistic, conventional visual criteria
including amplitude, focal differences, qualitative synchrony, and focal abnormalities. We
selected 20-min epochs of discontinuous background pattern. ASI values were computed
separately for different channel pair combinations and window lengths to define them
for the optimal ASI intraindividual stability. Finally, ROC curves were computed to find
trade-offs related to compromised data lengths, a common challenge in neonatal EEG
studies. Using the average of four consecutive 2.5-min epochs in the centro-occipital
bipolar derivations gave ASI estimates that very accurately distinguished babies clinically
classified as normal vs. abnormal. It was even possible to draw a cut-off limit (ASI∼3.6)
which correctly classified the EEGs in 97% of all cases. Finally, we showed that
compromising the length of EEG segments from 20 to 5 min leads to increased variability
in ASI-based classification. Our findings support the prior literature that IHS is an important
feature of normal neonatal brain function. We show that ASI may provide diagnostic value
even at individual level, which strongly supports its use in prospective clinical studies on
neonatal EEG as well as in the feature set of upcoming EEG classifiers.

Keywords: interhemispheric synchrony, biomarker, preterm infant, brain monitoring, neonatal EEG

INTRODUCTION
Recent progress in basic neuroscience, neuroimaging, and neona-
tal care has raised interest in the understanding of physiological
and pathological processes in the preterm and neonatal brain.
Electroencephalography (EEG) is a non-invasive and sensitive
tool for evaluating brain function in the neonatal period. A
key component in early brain functional development is the
emergence of functional networks, the long range connectivity
between and within brain hemispheres, which lay the basis for
the development of neurocognitive capabilities (Uhlhaas et al.,
2010; Lubsen et al., 2011; Omidvarnia et al., 2014). In this con-
text, it is intriguing that synchrony between hemispheres has been
considered as an important feature of normal neonatal brain

function since the seminal studies in the late 1970s (Lombroso,
1979).

Clinical classification of spontaneous neonatal EEG is
traditionally based on visual assessment of multiple features:
continuity, quality of sleep wake organization, interhemispheric
synchrony (IHS), symmetry and amplitude. However, visual
EEG interpretation requires expertise, and there are no objec-
tive standards for classification schemes, nor any other established
method to yield appropriate diagnostic accuracy to support mod-
ern neuroscience or evidence based medicine. This has greatly
compromised comparisons of results between different stud-
ies. A quantitative analysis of EEG activity, including automated
analysis of selected features of cortical function, could create
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an objective and appropriate classification scheme for neonatal
EEG. Moreover, it could also support and accelerate visual EEG
analyses in medical centers without access to highly skilled EEG
interpretation.

Visual estimation of IHS is based on observation of co-
incidence of bursts in spontaneous background EEG activity dur-
ing tracé alternant/discontinue (Holmes and Lombroso, 1993).
IHS is interpreted as a sign of connectivity or functional interac-
tion between hemispheres and is hence considered an important
feature of normal brain function, resulting from the development
of callosal connections (Kostovic and Jovanov-Milosevic, 2006;
Dudink et al., 2008).

Despite the long and widespread clinical use of IHS, there is no
physiologically plausible definition of IHS for visual EEG reading
(for more details, please see Räsänen et al., 2013). A quantita-
tive measure for IHS, the activation synchrony index (ASI), was
recently developed by Räsänen et al. (2013). The ASI is based
on statistically measuring the temporal delay between two sig-
nal energies, and was shown to correlate with visually rated IHS
grades. It was also shown to clearly outperform other methods
proposed for the same purpose in the recent literature (Räsänen
et al., 2013).

Our ultimate aim is to use ASI more widely as a clinical
biomarker or as a feature in EEG classifiers, which poses special
requirements for individual stability. In addition, the analysis set-
tings such as the epoch lengths need to be practical with respect
to clinical reality, where obtaining longer high quality epochs is
often challenging due to intermittent, trivial artifacts. The aim of
this study was to test the ability of the ASI to distinguish nor-
mal and abnormal neonatal EEG recordings. Therefore, we first
defined the optimal ASI parameters to maximize its intraindivid-
ual and technical stability, and then tested ASI as an input for a
classifier to identify abnormal EEG activity.

MATERIALS AND METHODS
The present study consisted of two discrete phases (see Figure 1).
First, we optimized the intraindividual stability of ASI. The ear-
lier development of ASI had aimed to optimize parameter settings
for maximal distinction between asynchrony grades as well as
robustness against artifacts. Our present study continued ASI
optimization by searching for EEG epoch lengths and channel
derivations that would strike a balance between technical reli-
ability and clinical practice. For clinical practice, an important
consideration is that the algorithm should work equally well on
EEG samples either with longer continuous epochs or with mul-
tiple shorter epochs. In addition, we tested our optimized ASI
protocol on a new EEG dataset that had been classified using con-
ventional clinical criteria, with the aim of seeing how well ASI
alone is able to distinguish normal and abnormal EEG record-
ings. This latter aim is also a rigorous test of the conventional,
albeit quantitatively untested assumption, that interhemispheric
asynchrony would be an essential property in the abnormal EEG
near term age.

SUBJECTS AND EEG RECORDINGS
A total of 31 neonatal EEG traces [postmenstrual age (PMA)
36–42 weeks], were retrospectively selected by an expert (A.D.)

to assess the spontaneous background EEG activity. These EEG
recordings were collected from a larger EEG dataset, recorded
for clinical purposes. All EEG data were recorded at 256 Hz with
a video-synchronized EEG device (BRAIN RT, OSG equipment,
Mechelen, Belgium). After skin preparation (Nuprep Gel), 10–17
Ag/AgCl cup electrodes were placed according to the interna-
tional 10–20 standard locations. The reference electrode was Cz.
Electrode impedance was below 10 k� at the start, and the sig-
nal quality was monitored visually throughout the recording. The
minimum recording time was 4 h to record multiple vigilance
states. The protocol was reviewed and approved by the relevant
Ethics Committee of the University Hospitals of Leuven, Belgium.

The EEG records were reviewed for clinical purposes by two
independent raters (A.D. and K.J.) who were not aware of the
later use of the EEG for this study. Hence, they were fully blinded
to both the overall design as well as the numerical ASI results.
The clinical assessment is based on holistic, conventional visual
criteria (see Table 1 in Supplementary Material). If there was
any difference in the interpretation of an EEG, a consensus was
reached after re-evaluation (2 patients, Table 1 in Supplementary
Material). The following parameters were assessed on the whole
measurement, according to standard developmental features in
preterm and term EEG (Scher et al., 2005; André et al., 2010;
Shellhaas et al., 2011; Hayashi-Kurahashi et al., 2012): (1) brain
activity cycling as being normal or abnormal for the age; (2)
grade of continuity; (3) age-specific landmarks: amplitude, dis-
organization, and dysmaturation patterns; and (4) qualitative
synchrony in quiet sleep. The overall clinical classification of the
EEG recording as normal (n = 14) vs. abnormal (n = 17) was
based on observing at least two features that were not appropriate
for age.

ACTIVATION SYNCHRONY INDEX
The ASI algorithm implemented in Matlab is described in full
detail in the original publication (Räsänen et al., 2013). It takes
two EEG-signals (e.g., bipolar derivations in left and right hemi-
spheres, respectively) as inputs to be processed through four main
stages (Figure 1C): (1) preprocessing; (2) computation of signal
amplitude envelope; (3) quantization of the amplitude envelope;
and (4) calculation of the ASI value, a single scalar value, from
the temporal relationship of the two quantized signals. Technical
details of the algorithm can be found in the Supplementary
Material. For as long as the peaks in energy envelopes are tem-
porally co-incident (clinically perceived as “synchronized”), their
dependency is highest at zero lag and diminishes with increasing
relative lag between the two channels, thereby leading to a high
ASI value. On the other hand, lack of temporal co-incidence, the
signature of low-synchrony, will result in low ASI (for example
signals, see Figure 1B or Räsänen et al., 2013).

PARAMETER OPTIMIZATION
The prior work on ASI development defined the main param-
eter settings, the most important of which appeared to be the
definition of the frequency band, and the weighting of higher
frequencies (a.k.a. “pre-emphasis”). These yielded an ASI that
can discriminate between different visually rated IHS grades, and
which clearly outperforms the other methods proposed earlier in
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FIGURE 1 | (A) Schematic overview of the presented method. (B)

EEG tracks with Normal and Abnormal synchrony. (C) Schematic
view of the ASI algorithm (Räsänen et al., 2013). (D) Two 10-min

quiet sleep epochs are subdivided into shorter epochs of 2.5, 5,
and 10 min for analysis, which gives respectively ASI2.5, ASI5, and
ASI10 values.

the literature (Räsänen et al., 2013). However, it was not shown
(1) how stable the ASI is technically and physiologically within an
individual; (2) what window length would allow the most practi-
cal setting in clinical practice where selecting longer data epochs
is always challenged by the intermittent, trivial artifacts; and (3)
which of the bipolar EEG derivations would produce the best
results.

Stability over time
It is commonly assumed by clinicians that IHS is a fairly stable
property of a given brain function, at least at the scale of multi-
ple hours. Thus, the IHS measure should be comparable between
successive sleep cycles, and at least between few-minute epochs
within a given QS period. Theoretically and physiologically think-
ing, it is also possible, and may even be more likely, that subtle
fluctuations occur in the IHS over time. The clinically required
intraindividual stability of our measure by a test-retest paradigm
is technically straightforward, but the differences to be seen in
repeated measures are affected by multiple factors. First, there is a
numerical uncertainty in the measure itself when recorded from
typically noisy neonatal recordings. Second, the feature quanti-
fied by ASI may change due to subtle fluctuations in brain state

at multi-minute scale. The former possibility is typically tackled
by using longer data epochs, while the latter possibility is better
assessed by looking at multiple shorter data epochs. Hence, we
decided to study the whole range of epoch lengths and numbers
that we felt could be practical in future clinical implementations.

To this end, we divided the original 10-min data epochs into
10, 5, and 2.5-min epochs, and examined ASI in each. The aim
was to define the epoch length with the smallest possible intra-
patient deviations. This was assessed by searching for the lowest
mean-squared difference (MSD) between the (average) ASI value
of the first 10-min epoch (ASI1) and the (average) ASI value
of the second 10-min epoch (ASI2). In formula 1 this differ-
ence is squared, summed and averaged over all patients, with n
representing the number of patients.

MSD = 1

n

n∑
i = 1

(ASI1,i − ASI2,i)
2 (1)

MSD measures the difference between the different ASI values
within an individual. The optimal ASI parameters were expected
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to give the lowest MSD. In this way, a MSD minimization prob-
lem is solved as a function of different channel pair combinations
and different ASI window lengths.

A further issue to investigate was the stability of ASI between
different quiet sleep epochs. In clinical practice, it may not always
be possible to find long epochs of undisturbed and good sig-
nal quality epochs of quiet sleep. Therefore, more data could be
readily gathered from successive sleep cycles. Hence, we analyzed
either continuous 20-min epochs from one cycle or two 10-min
epochs from successive cycles.

ASI window length
ASI is a statistical estimate of synchrony, and its numerical
accuracy (“technical reliability”) will increase when the analysis
epochs get longer. Our earlier work showed that an ASI estimate
becomes more stable when the epochs grow longer than about
2 min (Räsänen et al., 2013). Longer EEG epochs are needed to
statistically quantify temporal co-incidence of pseudoperiodic,
intermittent cortical activity. In this work, we searched for the
optimal window by calculating the ASI feature for window lengths
of 2.5, 5, and 10 min. To have a fair comparison between differ-
ent window lengths, we studied two manually-selected epochs of
10 min. First, we divided each epoch into 4 equal parts of 2.5 min
from which we separately computed the ASI value (ASI2.5), and
then averaged them (Figure 1D upper part). Similarly, the 10-min
epoch was split into two equal parts of 5 min and the ASI val-
ues (ASI5) were estimated and averaged (Figure 1D middle part).
These average ASI values were compared to the single ASI value
from the 10-min analysis (ASI10) (Figure 1D lower part).

Channel pair combination
IHS is traditionally analyzed from bipolar derivations (Lombroso,
1979) rather than from individual EEG signals (Omidvarnia et al.,
2014). To comply with this idea, we also analyzed ASI from
symmetric bipolar derivations. We wanted to define the deriva-
tion with least intraindividual variability. Hence, we computed
ASI from the following symmetric combinations; Fp1C3-Fp2C4,
C3O1-C4O2, Fp1O1-Fp2O2, Fp1T3-Fp2T4, T3O1-T4O2.

CLASSIFICATION
After optimization of the ASI parameters, we examined the abil-
ity of ASI to distinguish normal and abnormal EEG recordings
classified by clinical criteria. To this end, we used 20 min of data,
channel pair combination C3O1-C4O2, and 2.5-min ASI analysis
windows (ASI2.5). This gave us two average ASI estimates in each
patient, derived from the two 10-min epochs (Figure 1D upper
part). The lower of these was used to represent the lowest possible
synchrony level in the given patient (ASIclass).

ASIclass = minimum (mean1 ASI2.5, mean2 ASI2.5) (2)

Next, we searched for a threshold that could distinguish normal
and abnormal EEG records. The optimal ASI settings were found
to yield nearly non-overlapping distributions of ASI values in the
two groups, so the ASI threshold can be readily drawn between
the distributions. However, we then wanted to see how much ASI-
based classification would be compromised if the user has only a

limited amount of data available for the ASI computation. In this
situation, distributions between ASI values in the two groups are
overlapping. Hence, all thresholds will have their own classifier
performance, i.e., levels sensitivity and specificity. Their depen-
dence on the threshold can be readily visualized using receiver
operating characteristic (ROC) curves that were computed to
assess the classifier performance as a function of thresholds.

AGE DEPENDENCE OF ASI
Finally, we studied the dependence of ASI on PMA to know
whether it should be taken as a confounder in babies near term
age. It is known that both anatomical and electrical cortico-
cortical connectivity increases toward term age (Kostovic and
Judas, 2010; Omidvarnia et al., 2014). The previous study with
ASI showed a modest age-dependence in a much younger group
of preterm babies compared to our present group of fullterm
newborns (Räsänen et al., 2013). This could be a biologi-
cal confounder when using ASI on babies with a wider age
range.

RESULTS
OPTIMAL PARAMETERS FOR ASI STABILIZATION
In Figure 2, we show the ASI comparison of 10-min epochs for
two clinically relevant channel pair combinations (Fp1C3-Fp2C4

and C3O1-C4O2). Visual inspection of the scatter plots shows that
least scatter is found for C3O1-C4O2 in combination with smaller
ASI windows (2.5 min). Quantitation of the scatter with MSD
is summarized in Table 1 for all channel pair combinations and
ASI window lengths. Out of all channel pairs tested, C3O1-C4O2

yielded the lowest MSD values. Out of all combinations of ASI
windows tested, the average over 4 windows of 2.5 min led to the
lowest MSD.

Next, we tested how stable the ASI value is for different selec-
tions of epochs in the whole EEG recording. We could find
uninterrupted 20-min epochs of “artifact-free” quiet sleep in only
a few patients, while in most of them the EEG was interrupted
by arousals, movements or care procedures. Therefore, a scatter
plot is shown for the analysis of an epoch of the same quiet sleep
period (20 min) and of two epochs of different quiet sleep peri-
ods (2 × 10 min) (Figure 3). There is no significant difference in
the MSDs between the epochs taken from the same vs. different
quiet sleep epochs (mean MSD_subsequent = 1.061 and mean
MSD_separated = 1.066, respectively; p = 0.12; Mann–Whittney
U-test).

CLASSIFICATION
Using the two epochs of 10 min, we plotted the ASI values
using the best channel pair (C3O1-C4O2) and window lengths
(4 × 2.5 min), and labeled them according to clinical EEG judg-
ments. As shown in Figure 4, the distributions of ASI values in
the two groups are distinct. Comparison of the smaller of the
two ASI values in each baby shows that the difference is highly
significant (p < 0.001, t-test). A tentative cut-off set at ASI =
3.6 gives only one misclassified normal baby (pt #28) having an
ASI below that limit, yielding a very high classification accuracy
(96.77%). This patient was clinically classified as normal due to
age-specific transients interpreted as “borderline” for the PMA
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age of 37.6 weeks (i.e., “immaturity”), which as a clinical finding
does not need to be associated with globally abnormal function
detected by ASI.

After observing such high classification accuracy using 2 ×
10 min EEG epochs, we finally wanted to do a post-hoc analysis
to see how the classification accuracy is affected by reduction in
EEG data. This is important for clinical studies where the ideal
20 min of good quality EEG from quiet sleep is usually not avail-
able. Hence, we systematically examined a range of EEG lengths
(5, 10 or 20 min), ASI window lengths (2.5, 5, and 10 min), as
well as the way of combining the ASI values from multiple win-
dows. Instead of attempting formal statistical comparisons, we
aimed to provide useful practical answers by visually analyz-
ing how the ROC curves change when the underlying data and

FIGURE 2 | Difference in mean-squared difference (MSD) between two

analyzed periods of 10-min EEG, every dot representing a different

patient. Results are shown for Frontal-Centro (Fp-C) and Centro-Occipital
(C-O) derivations for different analyzing window lengths (2.5/10 min). Best
result with lowest MSD is shown in the upper right plot, obtained for
average ASI values over 4 × 2.5 min analysis on C-O derivations.

analysis settings are changed. As an expected finding in the visual
comparison of ROC curves, using more EEG data led to a gen-
erally better overall classification (Figure 5). We also observed
that the length of the ASI window made a difference such that
shorter ASI windows tended to yield higher classification accu-
racy. Moreover, the way of combining ASI estimates of multiple
windows (mean vs. minimum vs. maximum) also appeared to
affect the classification accuracy. Taking the mean ASI value from
several windows seemed to produce more accurate classifications.
However, qualitative comparison of ROC curves based on subse-
quent 5-min epochs showed that the classification accuracy varies
considerably.

AGE DEPENDENCE OF ASI
ASI was not found to significantly correlate with PMA in infants
near term age (PMA >36 weeks) (Figure 6), and the slopes of the
linear regression lines are very small. Hence, the same cut-off can

FIGURE 3 | ASIs for subsequent 10-min epochs from the same quiet

sleep period or for separate 10-min epochs from two different quiet

sleep periods.

Table 1 | Mean squared difference (MSD) for different channel pairs and different ASI analyzing window lengths shown as an average for all 31

patients.

Fp1C3-Fp2C4 C3O1-C4O2 Fp1O1-Fp2O2 Fp1T3-Fp2T4 T3O1-T4O2 Mean MSD_ch

ASI_10 min 4.84 3.58 6.05 4.76 5.22 4.89

ASI avg_4 × 2.5min 2.99 1.06 1.63 1.15 2.02 1.77

ASI avg_2 × 5 min 9.90 4.23 8.60 5.51 5.25 6.70

ASI avg_2 × 2.5 min 3.21 2.22 3.82 2.91 3.74 3.18

ASI_5 min 7.59 4.71 5.71 5.38 9.05 6.49

Mean_MSD ASIwindows 5.71 316 5.16 3.94 5.06

Grand averages of the MSD values over all channel pair combinations and window lengths are shown as well. Examples shown in Figure 2 are underlined in this

table.
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FIGURE 4 | (A) ASI2.51 and ASI2.52 for both 10-min EEG segments from 31
patients for C-O derivation with the lowest MSD value. Two groups are
specified: normal patients (black labels) and abnormal patients (gray labels).

(B) Discrimination between normal and abnormal ASI taking the minimum
ASI of ASI2.51 and ASI2.52 and thresholding (Th_ASI = 3.6). (C) ROC curve
for classification, AUC = 0.971.

be applied to distinguish normal and abnormal EEG throughout
this age range, and no correction for PMA is needed.

DISCUSSION
Our study shows that IHS is a very robust feature of normal
neonatal EEG, and that it can be readily quantified by using the
novel metric ASI. We further show that ASI is able to reach the
same classification that has been traditionally reached by a skilled
EEG clinician when combining multiple visually-identified signal
features. To the best of our knowledge, this study provides the first
quantitative evidence in support of the old clinical thinking that
disturbance of neonatal brain function is readily reflected in the
interaction between hemispheres. We extend the earlier work with
ASI by providing detailed assessment of how ASI performance is
affected by variations in data length or analysis settings. As a con-
clusion, the results provide guidance for future employment of
ASI in clinical work and research as well as in the development of
automated EEG classifiers.

INTRAINDIVIDUAL STABILITY AND MEASUREMENT STABILITY:
SELECTION OF SMALL EPOCHS
We found that the most stable ASI value was obtained by using
the mean of multiple short-term ASI values, each estimated from
a 2.5-min epoch. Physiologically, this observation suggests that
long-range temporal correlations in the IHS are limited over time.
Temporal correlations in amplitude fluctuations over several min-
utes have been shown in the adult brain (Linkenkaer-Hansen
et al., 2001). Our recent observations in neonatal EEG datasets
suggest, however, that only limited temporal correlations can be
seen in the neonatal EEG signals (Matic et al., submitted), indi-
rectly supporting the idea that ASI analyses may also best operate
when using limited window lengths. Clinically and methodolog-
ically, using short segments offers several advantages in future
studies and for possible implementation in brain monitoring

algorithms. It is relatively easy to find several 2.5-min long undis-
turbed and sufficiently high quality (cf. Räsänen et al., 2013) EEG
segments from neonatal recordings, while requesting longer (e.g.,
10 min) continuous and undisturbed EEG epochs would pose a
serious limitation in the future use of ASI. We suggest that the
minimum duration of the recordings should be long enough to
improve the statistical value and to overcome technical artifacts
and subtle fluctuations in brain state at the multi-minute level.
To this end, one should aim to collect a total of up to 20 min of
quiet sleep data, which may come from successive sleep cycles.
Reduction of the total data to 10 min will compromise indi-
vidual diagnostic accuracy; however, it would only moderately
decrease the utility of ASI at group level analyses (e.g., as an early
biomarker).

CHANNEL PAIR COMBINATION AND CUT-OFF VALUE
We found that the best intraindividual stability is obtained from
using central-occipital derivation. Despite decades of clinical
visual assessment of IHS, there are no established practices as
to which derivations should be used. A common clinical expe-
rience is that temporal co-incidence of activity bursts varies
between brain areas, especially when the IHS is decreased in
sick babies. It is also common to have disturbing movement
and muscle artifacts in the frontal and temporal channels. Our
finding suggests that ASI is optimally measured from a deriva-
tion that, by co-incidence, also happens to be usually clean of
artifacts. This helps implementation of ASI in future studies.
Physiologically, this finding is compatible with current knowl-
edge of neonatal brain networks. It is well established that
anatomical neonatal networks grow first in post-central regions
(Kostovic and Judas, 2010), and that neonatal EEG activity mostly
occurs in posterior regions (André et al., 2010). It was also
shown recently that there is a prominent posterior-parietal net-
work in the newborn brain created by long-range amplitude
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FIGURE 5 | ROC curves for different ASI window lengths and different epoch lengths.

correlations (Omidvarnia et al., 2014), which as a coupling
mechanism comes close to what is measured by ASI. Taking
these together, our observations suggest that the post-central
networks may be the key driver of interhemispheric connectiv-
ity, and the traditionally observed loss of IHS in sick babies is
probably due to changes in these posterior networks. Further
studies are warranted to study whether different structural
pathologies could give rise to altered IHS in a spatially selective
manner.

AGE INDEPENDENCY OF ASI
We found a clear cut-off across the whole age range of babies,
which suggests that future ASI implementation can disregard
PMA when studying babies near term age. The younger infants
in our group (PMA 36–38 weeks) showed more interindividual
variability, which may reflect the as yet poorly established brain

networks at that age. It has been shown that both the anatom-
ical growth of callosal connections (Kostovic and Judas, 2010)
and the appearance of visually observed IHS (Tharp et al., 1989;
André et al., 2010) take place only a few weeks earlier, up to
the 35th week of gestation. It is commonly seen in the clinic
in these younger babies (data not shown) that the onset of
quiet sleep may be markedly asynchronous and that synchrony
increases within the quiet sleep period. Such dynamics could
arise from functional instability in the young networks, which
would readily explain a larger variability both within and between
individuals.

FUTURE DIRECTIONS
Finding a high correlation between ASI and the traditional
clinical visual EEG classification suggests that ASI may pro-
vide an objective and quantified global biomarker for neonatal
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FIGURE 6 | ASI value is independent of postmenstrual age of the term

infant (PMA >36 weeks). Black labels represent healthy patients with
synchronous patterns; gray labels are patients with asynchronous patterns.
The mean ASI value is calculated for manually-selected 20-min periods
(8 × 2.5 min).

brain function. Its design makes it physiologically reasoned; our
current work makes it clinically benchmarked; and its technical
properties make it transparent and straightforward to imple-
ment. Hence, it holds promise for becoming a useful feature in
future clinical work and research, as well as in the construc-
tion of automated classifiers of neonatal EEG. In this context,
finding quiet sleep periods in an automated way would be
beneficial.

This research has potential value, as prematurity-associated
injury of the subplate, early extrauterine environmental stim-
ulation, and acquired brain lesions may induce a structural
adaptation of synapses and, consequently, alter the normal dif-
ferentiation of cortical connectivity or even disruption of the
cortical network development. These altered brain functions,
expressed as levels of inter- and intrahemisperic synchrony, may
reflect transiently or permanently disturbed connectivity of the
cortico-cortical and cortico-basal ganglia connections, even in
the absence of standard neuroimaging abnormalities. Further
work for clinical research may include ASI as an outcome
parameter in standardized neurodevelopment follow-up data and
may also include quantitative analyses of synchrony in preterm
and term infants, to identify normative and altered patterns of
development.
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