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Abstract

Asymmetry characterizes the brain in both structure and function. Anatomical asymmetries explain only a fraction of
functional variability in lateralization, with structural and functional asymmetries developing at different periods of life
and in different ways. In this work, we perform a scoping review of the cerebral asymmetries in the first brain development
phases. We included all English-written studies providing direct evidence of hemispheric asymmetries in full-term neo-
nates, foetuses, and premature infants, both at term post-conception and before. The final analysis included 57 studies. The
reviewed literature shows large variability in the used techniques and methodological procedures. Most structural studies
investigated the temporal lobe, showing a temporal planum more pronounced on the left than on the right (although not all
data agree), a morphological asymmetry already present from the 29th week of gestation. Other brain structures have been
poorly investigated, and the results are even more discordant. Unlike data on structural asymmetries, functional data agree
with each other, identifying a leftward dominance for speech stimuli and an overall dominance of the right hemisphere in all
other functional conditions. This generalized dominance of the right hemisphere for all conditions (except linguistic stimuli)
is in line with theories stating that the right hemisphere develops earlier and that its development is less subject to external
influences because it sustains functions necessary to survive.
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Introduction be functionally relevant, having been demonstrated to be

advantageous in the execution of verbal tasks regardless of

Asymmetry characterizes the brain, with the right frontal
and the left occipital lobes extending across the midline, a
phenomenon often called the Yakovlevian torque (LeMay
1976). Asymmetries are present at all levels of structure and
function, including regional volumes (Esteves et al. 2019),
cortical thickness (Kong et al. 2018), connectivity (Thiebaut
de Schotten et al. 2011), cellular and molecular organization
(Chance 2014), neurite density (Schmitz et al. 2019) and
surface area and gyrification (Chiarello et al. 2016). The
most studied asymmetrical function is language, processed
in more than 80% of individuals in the left hemisphere (Este-
ves et al. 2020). This hemispheric specialization appears to
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the direction of asymmetry (Hirnstein et al. 2014). Process-
ing asymmetry has been observed in a broad range of func-
tions, such as episodic memory (Habib et al. 2003), pseu-
doneglect (Zago et al. 2017), emotional valence (Brunoni
et al. 2016), impulsivity (Gordon 2016), risk-taking (Telpaz
and Yechiam 2014), and face processing (Zhen et al. 2015).

However, the process of specialization in one cerebral
hemisphere (lateralization) is poorly understood. The hemi-
spheric specialization is grounded in intra-hemispheric white
matter connections, supported by associative bundles and
inter-hemispheric connections between cortical areas located
in mirrored positions (homotopic) through the corpus cal-
losum fiber tracts (Ocklenburg et al. 2016). The possibility
of associating these structural characteristics with functional
correlates has only become possible relatively recently, with
the advent of non-invasive neuroimaging methods. However,
anatomical asymmetries explain only a fraction of functional
variability in lateralization, and this may be associated with
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the fact that structural and functional asymmetries develop
at different periods of life and in different ways.

The presence of asymmetries early in development
have been investigated by observing foetuses’ or neonates’
movements, one of the most important manifestations of
lateralization. Behavioral studies using ultrasound (US)
observations of arm movements suggest the existence of
motor lateralization as early as 12-27 weeks of gestation
(McCartney and Hepper 1999). Furthermore, evidence for
motor lateralization in the neonatal period has been asso-
ciated with handedness (Cioni and Pellegrinetti 1982) and
grasping strength (Tan et al. 1993).

Structural asymmetries were established in the foetal
period in the 1970s, when neuropathological studies high-
lighted some larger areas (Heschl’s gyrus and planum tem-
porale) in post-mortem foetuses on the left side (Witelson
and Pallie 1973; Chi et al. 1977; Wada 1977).

In recent years, functional image-mapping techniques
have emerged as a more sophisticated methodology, allow-
ing researchers to study in vivo brain development; hemi-
spheric asymmetries throughout the life span have been
reported, with leftward and rightward asymmetries chang-
ing among brain structures at various ages (Matsuzawa et al.
2001; Andescavage et al. 2017). The emergence of asym-
metries in the temporal lobes’ morphological development
has been described as a major sign of lateralization. The
most prominent asymmetry involves the peri-Sylvian region
and superior temporal sulcus. Interhemispheric differences
have been noted in newborn and young infants (Seidenwurm
et al. 1985), with dynamic changes through childhood and
adulthood (Sowell et al. 2002; Shaw et al. 2009; Fu et al.
2020).

However, most neuroimaging studies have been con-
ducted in children older than age 4 due to the inherent chal-
lenge of acquiring data from younger infants. Furthermore,
most studies have focused on cortical structures, while deep
subcortical grey and white matter have been neglected.
Thus, important questions about early brain maturation and
hemispheric asymmetries remain unaddressed.

The third trimester of gestation and the neonatal period
are the most important developmental periods for the for-
mation of cerebral pathways in terms of path finding, target
selection, and growing into the cortical plate (Suppiej et al.
2012). An essential feature of the third trimester of gestation
is the transient organization of neuronal circuitry and foetal
brain lamination (Kostovi¢ and Judas 2006). This transient
organization is supported by the subplate’s presence, the
most prominent lamina on foetal brain histology, known to
disappear at the end of the first year of postnatal life. At this
stage of development, the major foetal zones are the cortical
plate, subplate, intermediate zone, germinal matrix, deep
grey nuclei, and ventricles.
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The third trimester comprises the period between 20
and 45 weeks’ gestation; based on the major characteristic
of the transient pattern of organization, it can be divided
into four broadly defined phases: foetal (below 24 post-
conception weeks [PCW]), early preterm (24-32 PCW),
late preterm (33-35 PCW), and neonatal phases (36-45
PCW).

In this work, we aim to provide an overview of the evi-
dence on cerebral asymmetries in the early development
stage. We will review all published articles on the neona-
tal period (1-28 days of life, 36-45 PCW) and the third
trimester of gestation (studies on foetuses during preg-
nancy and infants born preterm in the absence of medi-
cal or neurological complications). Premature infants are
in vivo models of foetuses in the third trimester of gesta-
tion. However, in the absence of medical or neurological
complications, “healthy” premature infants do not exist:
Prematurity is a risk factor per sé. Therefore, studies on
premature infants will be analyzed separately.

Methods

Scoping reviews are ideal to determine the coverage of a
body of literature on a given topic and give a clear indica-
tion of the volume of literature and studies available as
well as an overview (broad or detailed) of its focus (Munn
et al. 2018). Furthermore, scoping reviews can report on
the types of evidence in a specific field and how further
research may be done on a more specific question. Accord-
ing to the general purpose of scoping reviews, we aimed
to identify and map the available evidence on hemispheric
asymmetries in the earliest developmental stages.

Our scoping review focused on published works con-
ducted on the first phases of brain development in the third
trimester of gestation (studies on foetuses and infants born
preterm) and the neonatal period (1-28 days of life or up to
45 PCW). Studies on at-risk populations or children suffer-
ing from pathological conditions were not included; pre-
maturity is an at-risk condition. Still, studies on premature
infants were included regardless of whether participants
reported additional medical or neurological complications
(e.g., intrauterine growth restriction, genetic syndromes,
neonatal encephalopathy, intraventricular hemorrhage,
periventricular cystic leukomalacia, or the occurrence of
seizures).

The scoping review was performed using the PRISMA-
ScR checklist for preferred reporting items for systematic
reviews and meta-analysis extension for scoping reviews
(Tricco et al. 2018). The resources obtained from this
study are available as supplementary material.
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Assessment of methodological quality

In the current study, we included all papers investigating
hemispheric asymmetries in foetuses and premature and
full-term neonates, regardless of the technique, methodol-
ogy of acquisition, pre-processing, or processing algorithms
used. Where possible, structural and functional studies were
divided into separate sections.

According to the scoping review aims, we did not produce
a critically appraised and synthesized result/answer to a par-
ticular question; we rather aimed to provide an overview of
the evidence in the field. Therefore, we did not perform a
structured assessment of methodological limitations or risk
of bias of the studies included. However, each work was
assessed critically, and the weaknesses and strengths guided
us in interpreting the results.

Eligibility criteria

To be included in the review, papers needed to measure
hemispheric asymmetries. Peer-reviewed journal papers
were included if participants were foetuses or premature
or full-term infants from birth to 45 PCW or 28 days of
life; cerebral asymmetries were measured independently of
the methodology used; and they were written in English.
Behavioral studies on motor lateralization, single cases,
animal studies, or studies on at-risk populations or children
suffering from pathological conditions were excluded (for
the same reason, post-mortem studies were not included).
We also excluded works that did not fit into the revision’s
conceptual framework and those that did not include hemi-
spheric asymmetries in the title, keywords, or abstract.
Finally, studies on a wider range of ages than that selected
were only included if the results at various ages were clearly
stated and differentiated. No limitations were put on the pub-
lication year range.

Information sources

We conducted our search in September 2020, and the search
strategies were drafted by two independent neuropsycholo-
gists (P.B. and E.C.). We searched PubMed and SCOPUS
(Elsevier API) bibliographic databases (which include most
of the EMBASE database, https://www.elsevier.com/solut
ions/embase-biomedical-research). The search was con-
ducted using the following string: (“asymmetry” OR “lat-
erality”) AND (“cerebral” OR “brain” OR “hemispheric”)
AND (“newborn” OR “neonatal” OR “preterm” OR “fetal”
OR “foetal”), which returned a total of 2238 results on

Scopus and 1712 on PubMed. There were no internal dupli-
cates within either database. The final search results were
exported for storage and remotion of duplications into the
Mendeley bibliographic software package. External dupli-
cates between the databases were removed from the list. The
electronic database search was supplemented by screening
the reference lists of each retrieved paper and scanning rel-
evant reviews, obtaining an additional 10 works. A total of
2,403 results were screened.

Selection of sources of evidence

Figure 1 summarizes the following workflow.

The 2403 results were screened based on the article’s
titles, and 2194 were excluded because they did not focus
on cerebral asymmetries, were not original research, or were
animal studies. The full texts of the remaining 210 papers
were screened, and further exclusion criteria led to the
exclusion of 153 additional works. Articles were excluded
based on not being original quantitative research (n=16),
involving older participants (n=16), being animal studies
(n=13), involving participants with pathological conditions
or post-mortem studies (n=24), not focusing on hemispheric
asymmetries (n=>59), being irretrievable (n=9), having only
an abstract in English (n=12), or having only the abstract
available (n=4). The final analysis included 57 studies.

Data charting process and data items

A data-charting form was jointly developed by two review-
ers (P.B. and E.C.) to determine which variables to extract.
The two reviewers independently charted the data, discussed
the results, and continuously updated the data charting form
in an iterative process. Any disagreements were resolved
through discussion between the reviewers. Data from eligi-
ble studies were charted using a standardized data abstrac-
tion tool designed for this study (see Appendix 1). The tool
captured the relevant information on key study character-
istics and all techniques used to investigate hemispheric
asymmetries.

Data items

The extraction form is comprised of general and specific
characteristics of the articles: reviewer identity, date of
reviewing, first author’s name, publication year, the title
of the article, the journal, the technique used, paradigm
and analysis (for functional studies), number of partici-
pants, age at recording, participants’ status (full-term,
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Fig. 1 Workflow of the selection of sources of evidence

premature, or gestation), and a short description of results
(see Appendix 1).

Results

Of the 57 articles eligible for review, 33 were conducted in
the neonatal period, 11 during gestation, and 10 before 40
post-conception age (PCA); 3 additional works cover both
the neonatal period and the weeks before term PCA.

Figure 2 shows an overview of the number of studies and
methodologies used.

Figure 3 shows an overview of the findings on brain
asymmetries.
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Neonatal period

Thirty-six studies investigated hemispheric asymmetries
in the neonatal period; 8 were mixed studies on preterm
infants at term PCA and/or full-term infants, 3 of which
covered both the neonatal period and the weeks before term
PCA. This section contains the results obtained from full-
term neonates; results obtained from premature infants at
term PCA were reported separately in a dedicated paragraph.
Articles are reported in Table 1.

The number of studies and methodologies used are shown
in Fig. 2 (Panel A and B, “neonates™).

The following paragraphs contain the results of studies
on structural and functional asymmetries. Results obtained
for premature infants will be discussed separately at the end.



Brain Structure and Function (2022) 227:479-496

483

A NEONATES FOETUSES

PRETERMS

Us I
MEG —
ERP

EP

EEG

oT

NIRS

fMRI

TBM

DTI

MRI HARDI

MRI

o
»

c | I I

5

B NEONATES

FOETUSES

PRETERMS

TASTE -

TACTILE

VISUAL

AUDITORY (NON-LINGUISTIC)
AUDITORY (LINGUISTIC) — [ —
NO SENSORY (RESTING-STATE) msssssssssms

0 2 R 6

mEEG

= fMRI
NIRS
ERP
MEG

nOT

>
~N
E
.

Fig.2 The number of studies and structural methodologies used in
neonates (red represents studies on full-term neonates; blue repre-
sents studies on both full-term and preterm neonates at term PCA),
foetuses, and preterms (Panel a). The number of studies and func-
tional methodologies used in neonates, foetuses, and preterms (with-
out sensory modality [resting state], auditory [linguistic and non-
linguistic] visual, tactile, and taste stimuli) (Panel b). DTI diffusion

Structural asymmetries in the neonatal
period

Sixteen studies reported structural asymmetries in the brains
of full-term neonates. These asymmetries were variable
across regions.

Most studies showed a rightward asymmetry of whole
subcortical grey matter (Dean et al. 2018) or the hippocam-
pus (Thompson et al. 2009; Ratnarajah et al. 2013) and the
putamen (Ratnarajah et al. 2013), but leftward asymmetry
has also been reported (Gilmore et al. 2007).

A leftward asymmetry was found for white matter (Gil-
more et al. 2007; Dean et al. 2018), but a study focused on
arcuate fasciculus found a rightward asymmetry (Wilkinson
et al. 2017b); the same author did not find asymmetries on
the thalamic-cortical tracts (Wilkinson et al. 2017a).

Data focusing on cortex showed high variability. The tem-
poral lobe is certainly the most investigated, but still with con-
trasting results: rightward asymmetry was found in the whole
temporal lobe (Lehtola et al. 2019), in the superior temporal
sulcus (Hill et al. 2010; Li et al. 2014; Lehtola et al. 2019),
and the medial temporal and insula (Li et al. 2015). The other
authors found a global leftward asymmetry (Gilmore et al.
2007) or one specific to areas such as the planum temporale
(Hill et al. 2010; Li et al. 2014), entorhinal cortex, fusiform

tensor imaging, EP evoked potential, EEG electroencephalogram,
JMRI functional magnetic resonance imaging, HARDI high-angular
resolution diffusion imaging, MEG magnetoencephalography, MRI
magnetic resonance imaging, NIRS near-infrared spectroscopy, OT
optical topography, PCA post-conception age, TBM tensor-based
morphometry, US ultrasound

gyrus, insula (Ratnarajah et al. 2013), and the superior tempo-
ral sulcus (Duan et al. 2019).

Vannucci and colleagues (2019) found global rightward
asymmetry for the frontal lobe, while other researchers indi-
cated a leftward one (Gilmore et al. 2007; Li et al. 2015). Rat-
narajah and colleagues found a rightward asymmetry in the
cingulate cortex and the gyrus rectus, but a leftward one in the
precentral gyrus (Ratnarajah et al. 2013).

A global leftward asymmetry was found for the parietal
(Gilmore et al. 2007; Lehtola et al. 2019) and occipital (Gil-
more et al. 2007; Lehtola et al. 2019; Vannucci et al. 2019)
cortices or specific to the precuneus in the parietal lobe (Rat-
narajah et al. 2013). Li and colleagues (2014) found a right-
ward asymmetry of the parieto-occipital sulcus.

A leftward asymmetry of the ventricles was found in two
studies by Gilmore and colleagues (2004, 2007).

Results on structural brain asymmetries are shown in Fig. 3
(above, “neonates”).
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Fig.3 Overview of the findings on structural and functional brain asymmetries in neonates, foetuses, and preterms

Functional asymmetries in the neonatal
period

Studies on functional asymmetries can be conducted under
stimulation or without sensory stimulation, reflecting the
brain’s endogenous activity (resting state).

We found six studies investigating endogenous cerebral
activity without sensory stimulation and 10 with sensory
stimulation at full-term.
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Functional studies of endogenous activity

fMRIs demonstrated a stronger correlation of the medial tem-
poral gyrus with other cerebral areas in the left hemisphere
compared to the right (Barttfeld et al. 2018). Spectral analysis
of the EEGs revealed significantly higher absolute power in the
left central region and the right occipital and temporal areas
(Corsi-Cabrera et al. 2020), the right centro-occipital areas
(Eiselt et al. 1997), or a general rightward dominance in power



Brain Structure and Function (2022) 227:479-496

485

Table 1 All studies investigating hemispheric asymmetries in the neonatal period in full-term neonates and healthy preterm infants as they reach

term

Structural asymmetries in the neonatal period

Authors, year Technique Participant number Participant status Age at recording Study design
Gilmore et al. (2004) 3 T MRI DTI 20 Full-term Newborn Right/left and sex
within-subjects
comparison
Gilmore et al. (2007) 3 T MRI 74 Full-term 42.8+1.6 PCA Right/left within-sub-
jects comparison
Thompson et al. 1.5 T MRI 32 full-term Full-term (39+1.2 At term PCA Right/left within-sub-
(2009) 184 preterm GA) jects comparison
Preterm (27.6 +1.9 Preterm/full-term
GA) between-subjects
comparison
Hill et al. (2010) 3T MRI 12 Full-term 39 PCA Right/left within-sub-
jects comparison
Liu et al. (2010) 1.5 TMRI DTI 37.5+1.5PCA 27 30.0+2.3 GA Right/left and age
within-subjects
comparison
Ratnarajah et al. 1.5 TDTI 124 Full-term 5-17 days Right/left within-sub-
(2013) jects comparison
Lietal. (2014) 3T MRI 73 Full-term 27.3+13.1 days Right/left and age
1, 2 years within-subjects
comparison
Meng et al. (2014) 3T MRI 73 Full-term 27.3+13.1 days Right/left and age
1, 2 years within-subjects
comparison
Lietal. (2015) 3T MRI 73 Full-term 27.3+13.1 days Right/left and age
1, 2 years within-subjects
comparison
Wilkinson et al., 3TMRIHARDIof 83 Full-term 40 PCA-28 years Right/left within-
(2017a, b) arcuate fasciculus subjects comparison
Age between-sub-
jects comparison
Wilkinson et al. 3TMRIHARDIof  83in vivo Full-term 40 PCA-28 years Right/left within-
2017a, b thalamus 11 post-mortem foetuses Post-mortem foetuses subjects comparison
foetuses Age between-sub-
jects comparison
Dean et al. (2018) 3T MRI 143 Full-term 1 month Right/left within-sub-
jects comparison
Lehtola et al. (2018) 3T MRI 68 Full-term 2-5 PCA Right/left within-
subjects comparison
Age between-sub-
jects comparison
Duan et al. (2019) 3T MRI 595 Full-term 36.7-46.5 PCA Right/left within-sub-
jects comparison
Vannucci et al. (2019) 1.5 and 3 T MRI 121 Full-term 0-18 years Right/left within-sub-
jects comparison
Age and sex between-
subjects comparison
Functional asymmetries in the neonatal period
Croweell et al. (1973) EEG repetitive visual 97 Full-term - Right/left within-sub-
stimulation jects comparison
Spectral analysis
Molfese and Nunez AEP 14 Full-term Within 48 hof birth  Right/left within-sub-
(1976) jects comparison
Fox and Davidson EEG 16 Full-term 2-3 days Right/left within-sub-
(1986) Taste stimuli jects comparison

Spectral analysis
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Table 1 (continued)

Structural asymmetries in the neonatal period

Authors, year Technique Participant number Participant status Age at recording Study design
Majnemer and Rosen- SEP 9 Full-term 2-3 days Right/left and age
blatt (1992) 2 months within-subjects
6 months comparison
Eiselt et al. (1997) EEG 12 6 full-term 3-8 days Right/left within-sub-
Resting state 7 preterm jects comparison
Spectral analysis (<32 GA) Preterm/full-term
between-subjects
comparison
Scher et al. (1997) EEG 55 preterm Preterm At term PCA Right/left within-sub-
Resting state 45 full-term (£32GA) jects comparison
Spectral analysis Full-term Preterm/full-term
between-subjects
comparison
Pena et al. (2003) Optical topography 14 Full-term 2-5 days Right/left within-sub-
Infant-directed speech, jects comparison
reversed, and silence
Ehberrich et al. (2006) 1.5 T fMRI 42 newborn Newborn Mean 42 (38-49) Right/left within-sub-
Cutaneous and 6 infants infants (3-9 months) PCA jects comparison
proprioceptive Newborn/infants
stimulation between-subjects
comparison
Telkemeyer et al. EEG 34 Full-term 2-6 days Right/left within-sub-
(2009) NIRS jects comparison
Structured non-speech
stimuli
Kotilahti et al. (2010) NIRS 13 Full-term 37.3-42.3 PCA Right/left and condi-
Infant-directed speech tion within-subjects
and music comparison
Gonzales et al. (2011) EEG 21 7:33-34 3940 PCA 39-40 Right/left within-sub-
Resting state 7:38-39 PCA jects comparison
Connectivity 7: 38-39 44-45 PCA Age between-subjects
GA comparison
Minagawa-Kawai NIRS 29 Full-term 0-5 days Right/left and condi-
etal. (2011) Auditory stimuli (vari- tion within-subjects
ous durations) comparison
Perani et al. (2011) fMRI 15 full-term Full-term 2 days Right/left within-sub-
Female voice adults Adult jects comparison
Connectivity Age between-subjects
DTI comparison
Lin et al. (2013) FDNIRS 70 55 preterm (24-42 3.6 weeks Right/left within-sub-
DCS GA) jects comparison
Resting state 15 full-term Preterm/full-term and
sex between-subjects
comparison
Myers et al. (2012) EEG 252 171 preterm 35-52 PCA Right/left and preterm/
Resting state 81 full-term full-term between-
Spectral power subjects comparison
Burst detection
Bouchon et al. (2015) NIRS 24 Full-term 1-3 days Right/left within-sub-
Artificial and random jects comparison
grammar
Kwon et al. (2015) 3T tMRI 26 preterm Preterm (500-1500 g) At term PCA Right/left within-sub-
Resting state 25 full-term Full-term jects comparison
Connectivity Preterm/full-term

between-subjects
comparison
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Table 1 (continued)

Structural asymmetries in the neonatal period

Authors, year Technique Participant number Participant status Age at recording Study design
Arimitsu et al. (2018) NIRS 80 60 preterm 33-41 PCA Right/left and
Phonetic changes (2641 GA) Age between-subjects
20 term comparison
Barttfeld et al. (2018) 1.5 T fMRI 24 Full-term 41.1+1.08 PCA Right/left within-sub-
Resting state jects comparison
Corsi-Cabrera et al. EEG 60 Full-term 41,42,43,44, 45 Right/left within-sub-

(2019) Resting state

Spectral analysis

PCA jects comparison
Age between-subjects

comparison

AEP auditory-evoked potentials, DCS diffuse correlation spectroscopy, EEG electroencephalogram, FDNIRS frequency domain near-infrared
spectroscopy, GA gestational age, HARDI high-angular resolution diffusion, MRI magnetic resonance imaging, PCA post-conception age, SEP

somatosensory-evoked potentials

below 13 Hz between 35 and 45 PCW (Myers et al. 2012). The
behavioral state seems to affect spectral content in the right
and left hemispheres: During active sleep, spectral power is
higher in right posterior regions. During quiet sleep, spectral
power is higher in the frontal areas of both hemispheres than
the posterior (Scher et al. 1997). A rightward dominance in
the temporal and parietal metabolism has been found using
NIRS and diffuse correlation spectroscopy (Lin et al. 2013).

Functional studies under stimulation

Speech stimuli (grammar and infant-directed speech) evoked
leftward responses using NIRS (Kotilahti et al. 2010; Bou-
chon et al. 2015), optical topography (Pefia et al. 2003), and
auditory-evoked potentials (Molfese et al. 1976). By contrast,
using fMRI and female voices, Perani and colleagues found
a rightward asymmetry (2011). In addition, non-linguistic
aspects of speech stimuli, such as prosody, evoked a rightward
dominance based on fNIRS (Arimitsu et al. 2018).

Non-speech auditory stimulation evoked a rightward asym-
metry using auditory-evoked potentials and NIRS (Telke-
meyer et al. 2009) as well as auditory-evoked potentials alone
(Molfese et al. 1976). By contrast, using NIRS, Minagawa-
Kawai and colleagues did not find asymmetries (2011).

Finally, spectral EEG in response to rhythmic visual stim-
uli (Crowell et al. 1973) and taste (Fox and Davidson 1986)
showed rightward asymmetry.

Results on functional brain asymmetries are shown in Fig. 3
(below, “neonates”).

Gestational period

We found 11 studies exploring hemispheric asymmetries
in foetuses during pregnancy (Table 2). All but one were
structural investigations of hemispheric asymmetries. Arti-
cles are reported in Table 2.

The number of studies and methodologies used are
shown in Fig. 2 (Panel A and B, “foetuses”).

Structural asymmetries in the gestational
period

Data showed that during primary gyrogenesis, the right
hemisphere undergoes cortical folding earlier than the
left (Rajagopalan et al. 2011, 2012; Kasprian et al. 2011;
Habas et al. 2012), with the appearance of the right supe-
rior temporal sulcus by 23 (Kasprian et al. 2011) or 24
gestational weeks (Habas et al. 2012). However, some
specific areas of the left parahippocampal cerebral mantle
have been reported to be larger on the left than the right
(Rajagopalan et al. 2011), and a certain asymmetry pat-
tern has been established with a longer left temporal lobe
(Kasprian et al. 2011).

However, there is also contrasting evidence. A small but
significant number of larger left hemispheres have been
noted, both in cortical grey matter and deep subcortical
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Table 2 Studies investigating hemispheric asymmetries in foetuses during pregnancy

Structural asymmetries in the gestational period

Authors, year Technique Age atrecording  Participant number  Study design
Hering-Hanit et al. (2001)  US 20-22 GA 102 Right/left within-subjects comparison
Kivilevitch et al. (2010) us 19-28 GA 406 Right/left within-subjects comparison
Kasprian et al. (2011) 1.5 TMRI 18-37 GA 197 Right/left within-subjects comparison
Age between-subjects comparison
Rajagopalan et al. (2011) 1.5 TMRI 20-28 GA 38 Right/left within-subjects comparison
Age between-subjects comparison
Scott et al. (2011) 1.5 TMRI 20.57-31.14GA 39 Right/left within-subjects comparison
Age between-subjects comparison
Habas et al. (2012) 1.5 TMRI 20-28 GA 38 Right/left within-subjects comparison

Rajagopalan et al. (2012) Tensor-based morphometry

Song et al. (2015) 3T MRIHARDI

Andescavage et al. (2017) 1.5 TMRI

Vasung et al. (2019) 3TMRI
Functional asymmetries in the gestational period

Schleussner et al. (2004) MEG
500 Hz

20.57-27.86 GA
15 GA-3 years
18-39 GA

16.43-36.86 GA 42

3rd trimester

Age between-subjects comparison

38 (40 scans) Right/left within-subjects comparison
Age between-subjects comparison

23 (11 post-mortems, Right/left within-subjects comparison
12 foetuses) Age between-subjects comparison

166 Right/left within-subjects comparison
Age between-subjects comparison

Right/left within-subjects comparison

38 (53 scans) Right/left within-subjects comparison

GA gestational age, HARDI high-angular resolution diffusion, MEG magnetoencephalography, MRI magnetic resonance imaging, US ultrasound

sonography

structures (Andescavage et al. 2017). The larger volume
of the left hemisphere was also confirmed by ultrasound
examinations (Hering-Hanit et al. 2001; Kivilevitch et al.
2010).

Other cerebral areas, such as some regions of the fron-
tal and parietal lobes (the inferior frontal gyrus and frontal
operculum) showed leftward dominance (Rajagopalan et al.
2011, 2012; Vasung et al. 2020), while the orbitofrontal cor-
tex showed a rightward one (Vasung et al. 2020).

A leftward hemispheric asymmetry was found in the
inferior longitudinal fasciculus of the white matter. In con-
trast, asymmetry of pathways associated with higher-order
cognitive functions, such as the arcuate fasciculus, was not
observed (Song et al. 2015).

No significant differences in brain hemispheric symme-
tries were found by Scott and colleagues (2011).

Results on structural brain asymmetries are shown in
Fig. 3 (above, “foetuses”).

Functional asymmetries in the gestational
period

In a unique study, researchers investigated the functional
asymmetries in foetuses by recording magnetoencephalog-
raphy during auditory stimulation (Schleussner et al. 2004).
Researchers found a delay in the latency of the cortical
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auditory responses in the left hemisphere, suggesting earlier
maturation of right brain areas.

Results on functional brain asymmetries are shown in
Fig. 3 (below, “foetuses”).

Premature infants before term PCA

We found 13 studies on hemispheric asymmetries in prema-
ture infants before term PCA. These studies showed great
variability in methodologies and techniques.

In contrast to studies conducted in the neonatal period or
during pregnancy, most studies on premature infants before
term PCA were based on functional asymmetries. Articles
are reported in Table 3.

The number of studies and methodologies used are shown
in Fig. 2 (Panel A and B, “preterms”).

Structural asymmetries in premature infants
before term PCA

We found three studies investigating structural asymmetries
in premature infants. A larger right hemisphere has been
reported, as well as the fact that gyral complexity emerges
earlier on the right, particularly in the superior temporal
sulcus (Dubois et al. 2008, 2010). The same author also
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Table 3 Studies investigating hemispheric asymmetries in premature infants before term PCA

Structural asymmetries in premature infants before term PCA

Authors, year Technique Age atrecording  Participant number Gestational age Study design
Dubois et al. (2008) 1.5 TMRI 31.1+2.4 PCA 35 30.0+2.5 GA Right/left within-sub-
jects comparison
Age and sex between-
subjects comparison
Dubois et al. (2010) 1.5 TMRI 31.5+24 PCA 25 26-36 GA Right/left within-sub-
jects comparison
Age between-subjects
comparison
Guo et al. (2015) 1.5 TMRI on the hip-  Birth 197 24-32 GA Right/left and age
pocampus at term PCA within-subjects com-
parison
Functional asymmetries in premature infants before term PCA
Eiselt et al. (1997) EEG 12 6 full-term 3-8 days Right/left within-sub-
Resting state 7 preterm jects comparison
Spectral analysis (<32 GA) Preterm/full-term
between-subjects
comparison
Mento et al. (2010) ERP 35 PCA 34 24-34 GA Cluster analysis
Auditory oddball
Lin et al. (2013) FDNIRS 70 55 preterm (2442 3.6 weeks Right/left within-sub-
DCS GA) jects comparison
Resting state 15 full-term Preterm/full-term and
sex between-subjects
comparison
Barlow et al. (2014) aEEG orocutaneous st. 32 PCA 22 28.56 GA Right/left within-sub-
Non-stimulation jects comparison
Spectral analysis Conditions between-
subjects comparison
Maitre et al. (2014) ERP >32 PCA 57 24-40 GA Right/left and outcome
Speech within-subjects com-
Psychomotor assess- parison
ment GA/PCA between-sub-
jects comparison
Song et al. (2014) EEG 322+1.09PCA 22 28.6+2.1GA Right/left within-sub-
Pulsed orocutaneous 1,230+338 g jects comparison
stimulation Condition between-
Spectral edge fre- subjects comparison
quency (SEF)
Kaminska et al. (2017) EEG-MRI 30-38 PCA 30 26-36 GA Right/left within-sub-
Auditory stimuli jects comparison
(click) Age between-subjects
Evoked potentials comparison
Arimitsu et al. (2018)  NIRS 33-41 PCA 80 60 preterm Right/left within-sub-
Phonetic changes of (2641 GA) jects comparison
speech 20 full-term Age between-subjects
comparison
Cainelli et al. 2019 EEG 35 PCA 16 8:23-28 GA Right/left within-sub-
Resting state 8:34-35 GA jects comparison
Connectivity GA between-subjects
comparison
Daneshvarfard et al. EEG 29.57-34.14 PCA 16 29.57-34.14 GA Right/left within-sub-

(2019)

Repetitive syllables
Spectral analysis

jects comparison
Age between-subjects
comparison

aEEG amplitude-integrated electroencephalogram, DCS diffuse correlation spectroscopy, ERP event-related potentials, FDNIRS frequency

domain near-infrared spectroscopy, GA gestational age, MRI magnetic resonance imaging, PCA post-conception age
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reported larger regions posterior and anterior to the Sylvian
fissure (respectively close to planum temporale and Broca’s
region) on the left side (Dubois et al. 2010). The right hip-
pocampus showed a rightward asymmetry (Guo et al. 2015).

Results on structural brain asymmetries are shown in
Fig. 3 (above, “preterms”).

Functional asymmetries in premature
infants before term PCA

We found three studies investigating endogenous cerebral
activity without sensory stimulation and seven under sensory
stimulation (auditory [speech and non-speech] and tactile)
in premature infants. Some studies have been conducted to
investigate the presence of functional asymmetries in the
resting state and under stimulation.

Studies investigating cerebral activity at rest converged
to identify a rightward dominance, supported by the use of
various techniques (spectral and connectivity analysis of the
EEG, NIRS, and DCS) (Eiselt et al. 1997; Lin et al. 2013;
Cainelli et al. 2020b). Results were mainly found in central-
posterior and temporal areas, but not in frontal areas, accord-
ing to the slower development rate of the frontal areas (Lin
etal. 2013).

In addition, the response to stimulation appeared to evoke
a greater response in the right hemisphere for non-speech
stimuli (such as oddball paradigms and auditory clicks)
(Mento et al. 2010; Kaminska et al. 2018) or non-linguistic
aspects of speech stimuli, such as prosody, but only pre-
term at later PCAs (Arimitsu et al. 2018). Phonemic con-
trast (Arimitsu et al. 2018) and consonant—vowel syllable
(Maitre et al. 2014) stimulation evoked leftward dominance.
Furthermore, the asymmetry correlated with communicative
abilities at 6 and 12 months (Maitre et al. 2014). However, a
rightward asymmetry has also been found to detect repetitive
syllabic stimuli (Daneshvarfard et al. 2019). Orocutaneous
stimulation gave divergent results in terms of left (Barlow
et al. 2014) or right (Song et al. 2014) dominance.

Results on functional brain asymmetries are shown in
Fig. 3 (below, “preterms”).

The case of premature infants
at term-corrected age

Preterm and full-term infants demonstrated rightward hip-
pocampal asymmetry (Thompson et al. 2009; Guo et al.
2015), but preterm infants tended to have less asymmetrical
hippocampi than full-term infants (Thompson et al. 2009).
A white-matter tract investigation using DTI in premature
infants at term showed a leftward asymmetry in the parieto-
temporal part of the superior longitudinal fasciculus and a
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trend toward leftward asymmetry in diffusion indices in the
corticospinal tract. Furthermore, a leftward volume asym-
metry has been found in the motor part of the superior tha-
lamic radiations (Li et al. 2015).

From a functional point of view, it has been reported that
premature infants at term-corrected age show lower spectra
compared to full-term neonates in specific regions, particu-
larly in the left parasagittal and the sagittal regions (Scher
et al. 1997). Furthermore, they showed lower coherence in
the left frontopolar—centrotemporal and right occipital-cen-
trotemporal regions in the beta band during active sleep
(Gonzélez et al. 2011). Using fMRI connectivity measures
at rest in very preterm subjects (birth weight 500-1500 g) at
term equivalent age, premature neonates revealed more sig-
nificant differences in cerebral lateralization in the left hemi-
sphere language regions than controls (Kwon et al. 2015).

Results on brain asymmetries are shown in Fig. 3 (above,
“preterms”).

Sex differences

Of the 57 works, 22 explored the presence of sexual dimor-
phism in hemispheric asymmetries explicitly (10 on full-
term infants, 6 on foetuses, and 6 on premature infants).
Only five found sex-based differences. The differences
detected are difficult to compare because studies focused on
different targets, but the results appear to be quite contrast-
ing. For example, it has found a more predominant leftward
lateralization during gestation for males (Kivilevitch et al.
2010), rightward in premature infants for females (Dubois
et al. 2008), and males (Lin et al. 2012).

Discussion

We performed a scoping review of the existing literature
on hemispheric asymmetries in the first brain development
phases. We reviewed studies using neuroimaging methods,
which provide direct evidence on hemispheric, structural,
and/or functional asymmetries, in full-term neonates, foe-
tuses during pregnancy, and premature infants, both at term
PCA and before. Given the low number of studies, we did
not select a specific year range. Rather, we collected all the
available evidence, yielding 57 studies.

The reviewed literature shows high variability in tech-
niques and methodological procedures. Most studies based
on the neonatal period and gestation were structural investi-
gations, while most of those conducted in premature infants
were functional. Finally, we searched for sexual dimor-
phisms, but the large majority of the studies did not find dif-
ferences in hemispheric asymmetries in males and females.
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A high discordance between results emerged in reviewing
studies on structural asymmetries. The discordance is not
explainable by a low number of participants because most
studies had large sample sizes. Furthermore, the participant
numbers between the studies may differ significantly. Brain
asymmetries may be quite small, depending on the meas-
urement (for example, see Kong et al. 2018), which in turn
might lead to differences between studies, especially when
the sample sizes differ. The temporal lobe is the most stud-
ied cerebral structure—the first neuropathological reports
describe a larger left temporal hemisphere. Despite incom-
plete agreement between studies, evidence supports a larger
planum temporale on the left side and a deeper superior
temporal sulcus on the right. It has been reported that dur-
ing primary gyrogenesis, the right superior temporal sulcus
undergoes cortical folding earlier (Rajagopalan et al. 2011,
2012; Kasprian et al. 2011; Habas et al. 2012) and shows
larger gyral complexity (Dubois et al. 2008, 2010). In addi-
tion, here, differences in sample size may perhaps justify
some differences between studies.

The temporal planum on the left is often included in the
Wernicke’s area (Tremblay and Dick 2016), responsible for
understanding spoken language. These data are in line with
studies on the adult brain, showing that the temporal planum
is more pronounced on the left than on the right in most
individuals (Geschwind and Levitsky 1968).

Most results on the parieto-occipital cortex and subcorti-
cal grey matter exhibit a rightward asymmetry in full-term
and premature infants. Brain structures with slower devel-
opmental rates, such as white matter and frontal lobes, have
been poorly investigated, and the results are even more
discordant.

Studies during gestation are scarce (n=11), and all but
one structural. Compared to studies on premature infants,
those on foetuses are mainly conducted in earlier gestational
weeks (late second and initial third trimester of gestation
vs. the end of the third), when the brain is very immature.
Therefore, anatomical investigations are less refined. As
asymmetry emergence is mainly characterized by enlarg-
ing of the regions surrounding the Sylvian fissure in the
left hemisphere (Dubois et al. 2008, 2010; Liu et al. 2010;
Habas et al. 2012), these studies usually detected only a
global enlargement of the left hemisphere. Results agree
substantially with the first reports on the left-sided tempo-
ral lobe being significantly larger in post-mortem foetuses
(Witelson and Pallie 1973; Chi et al. 1977), a morphological
asymmetry already present from the 29th week of gestation
(Wada et al. 1975).

Unlike data on structural asymmetries, functional data
obtained in full-term infants, premature infants, and foetuses
show a more harmonious pattern of results. Studies con-
verge to identify a leftward dominance for speech stimuli;
interestingly, this functional asymmetry correlates with

communicative abilities at 6 and 12 months (Maitre et al.
2014), supporting the specificity of the left temporal lobe
for language.

The other main finding of our revision is an overall
dominance of the right hemisphere in all other functional
conditions: sensory stimulations, non-linguistic character-
istics of speech, and endogenous activity obtained during a
resting state. The dominance of the right hemisphere for all
conditions except linguistic stimuli is in line with the right-
hemisphere conservatism theory (Geschwind and Galaburda
1985), stating that the right hemisphere develops earlier and
that its development is, therefore, less subject to external
influences. The delay in maturation of the left hemisphere
may allow higher plasticity in terms of environmental stim-
ulation, such as language exposure and motor movements
(Dubois et al. 2008). Compelling support has also been
provided by Sun et al. (2005), who found significant asym-
metries of gene expression in embryos as early as 12-week
gestational age.

In humans, as in animals, the right hemisphere sustains
those functions necessary to survive, including visuospa-
tial or emotional processes, which render its early develop-
ment adaptive (Geschwind and Galaburda 1985). It has been
shown, for example, that the right hemisphere systematically
prevails over the left hemisphere in recognition of faces and
facial expressions, mental rotation, and para-verbal stimuli,
such as prosody and recognition of the connotative and
affective tone of spoken language (see, e.g., George et al.
1996). Furthermore, right lateralization is established for
the ventral frontoparietal network, which acts as a detector
of relevant stimuli (especially if salient and unexpected) in a
model by Corbetta and Shulman (2002). All these functions
are crucial for a neonate.

Initial investigations of hemispheric asymmetry con-
sisted of post-mortem explorations of aborted foetuses or
dead newborns. Advances have come more quickly in the
era of neuroimaging, overcoming the problem of small sam-
ple sizes and increasing the data availability also of healthy
subjects; however, the increase in available data has rather
complicated the evidence. Our data suggest that functional
asymmetry regarding language is correlated with the peri-
sylvian regions’ structural asymmetry, but other associations
between structural and functional findings are hard to estab-
lish. It is noteworthy that the relationship between structural
and functional asymmetries is still far from being fully char-
acterized also in adult studies (Dos Santos Sequeira et al.
2006). Rather more in agreeance are results on functionally
critical morphological asymmetries, such as microstructural
organization. For example, dendritic arborisation is usually
greater in the language areas of left hemisphere than in the
corresponding areas on the right (Scheibel et al. 1985).

Our review also highlights another dissociation between
structural and functional results: while a broad agreement
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was found in functional studies, structural findings showed
a low concordance among themselves. This appears particu-
larly curious, considering the higher variability in techniques
(EEG, fMRI, ERP, EP, NIRS, and MEG) and conditions (at
rest or under stimulation) used in functional studies com-
pared to structural ones. The reason is unclear, but functional
studies may allow the cerebral functionality to emerge using
appropriate tasks targeted to the immature brain. On the
other side, structural investigations are static photographs of
the whole brain. They provide information on the areas that
mature later and exhibit higher plasticity in terms of experi-
ence, which may justify a higher inter-individual variability.

Interestingly, studies on older children and adults born
prematurely have shown that volumetric and microstructural
abnormalities are scarcely associated with neurodevelop-
ment outcomes (Nosarti et al. 2008; Mathur et al. 2010;
Seghier and Hiippi 2010). In contrast, functional connectiv-
ity data have been highly correlated with intelligence and
task performance measures (Seeley et al. 2007; Van Den
Heuvel et al. 2009; Nosarti et al. 2009; Myers et al. 2010).
Connectivity analysis has been suggested to be particularly
revealing when assessing hemispheric specialization (Ste-
phan et al. 2007).

Finally, our review of the literature showed that prema-
ture infants had altered asymmetry measures compared to
full-term infants, also in the absence of other risk factors.
These data are in line with other studies on the develop-
mental trajectories of premature infants (Suppiej et al. 2015,
2017; Cainelli et al. 2020a, 2021). Furthermore, lateraliza-
tion abnormalities have been shown to persist over the long
term: prematurely born adolescents exhibit fundamental
alterations in the cerebral lateralization for language that
significantly correlate with language scores (Wilke et al.
2014; Scheinost et al. 2015). Lateralization is implicated in
language development, handedness, and higher-order rea-
soning and processing (Steinmetz et al. 1991; Turner et al.
2015). Therefore, the study of early abnormalities may help
explain typical neurodevelopment and the origin of disor-
ders, given the increased vulnerability to many extrinsic and
intrinsic influences at this developmental phase (Andersen
2003). Abnormalities in structural and functional lateraliza-
tion are suspected of contributing to various neuropatholo-
gies in humans, as several neurodevelopmental pathologies,
such as schizophrenia (Oertel-Knochel and Linden 2011;
Ribolsi et al. 2014), obsessive—compulsive disorder (Rao
et al. 2015), autism spectrum disorder (Gabard-Durnam
et al. 2015), attention-deficit and hyperactivity disorder (Sigi
Hale et al. 2014), and dyslexia (Brandler and Paracchini
2014) are associated with atypical patterns of functional and
structural asymmetries.

Scoping reviews are useful for examining emerging
evidence when it is still unclear what other, more specific
questions can be posed and valuably addressed by a more
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precise systematic review (for guidance, see Tricco et al.
2018; Munn et al. 2018). As such, scoping reviews cannot
uncover the international evidence, confirm current prac-
tice/address or any variation/identify new practices, iden-
tify and investigate conflicting results, produce statements
to guide decision-making, as systematic reviews do (Munn
et al. 2018). In particular, the provision of implications for
practice is a key feature of systematic reviews that lacks
in scoping reviews, given its absence of an assessment of
methodological limitations or risk of bias of the evidence.

Investigating the emergence of early asymmetries, scop-
ing review is the best choice, given the current literature in
this research field. We hope that our work may be the start-
ing point for future research and systematic reviews, which
may, respectively, address unexplored areas or systemati-
cally reviews specific questions. For example, our work
highlights several fields that request further investigation:
sexual dysmorphisms, the development of structural and
functional brain asymmetries in healthy foetuses, the pres-
ence of asymmetries in less explored brain regions, such
as frontal and subcortical structures.

In conclusion, all but one study agreed on the existence
of hemispheric asymmetry as early as the first appearance
of cerebral structures. Functional asymmetry for language
is correlated with the structural asymmetry of perisylvian
regions. However, studies do not agree on the develop-
mental direction, and the structural locations of several
other asymmetries emerged, while most consistent results
came from functional data. Globally, data related to a gen-
eral dominance of the right hemisphere, accompanied by
a selective leftward dominance for language, are in line
with the assumption of an early-maturing right hemisphere
and less genetic control over the left hemisphere, which
would be influenced more by the in utero environment
(Geschwind and Galaburda 1985; Geschwind et al. 2002).
Understanding normative development is necessary to
understand abnormalities in diseases and how they affect
early-life experiences. We are still far away from a clear
understanding of developmental trajectories and the sig-
nificance of potential disorders later in neurodevelopment.
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