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Early life adversity (ELA) in childhood is a major risk factor for borderline intellectual
functioning (BIF). BIF affects both adaptive and intellectual abilities, commonly leading to
school failure and to an increased risk to develop mental and social problems in the
adulthood. This study aimed to investigate the neurobiological underpinnings of ELA
associated with BIF in terms of global topological organization and structural connectivity
and their relation with intellectual functioning. BIF (N=32) and age-matched typical
development (TD, N=14) children were evaluated for intelligence quotient (IQ),
behavioral competencies, and ELA. Children underwent an anatomical and diffusionweighted MR imaging (DWI) protocol. Global brain topological organization was assessed
measuring segregation and integration indexes. Moreover, structural matrices, measuring
normalized number of ﬁbers (NFn), were compared between the 2 groups using networkbased statistics. Finally, a linear regression model was used to explore the relationship
between network parameters and clinical measures. Results showed increased
behavioral difﬁculties and ELA, together with decreased network integration in BIF
children. Moreover, signiﬁcantly lower NFn was observed in the BIF group (p=.039) in a
sub-network comprising anterior and posterior cingulate, the pericallosal sulcus, the
orbital frontal areas, amygdala, basal ganglia, the accumbens nucleus, and the
hippocampus. Linear regression showed that NFn signiﬁcantly predicted IQ (p<.0001).
This study demonstrated that ELA in children with BIF is associated with a decreased
information integration at the global level, and with an altered structural connectivity within
the limbic system strictly related to the intellectual functioning.
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The aim of this study was then to investigate the brain
network connectivity of children exposed to adverse social
environments showing a BIF and its relationship to intellectual
functioning. The answer to these questions can have a great
impact for the planning of appropriate rehabilitative intervention
to prevent the many risks this population faces in the adult age.
We therefore created an ad hoc checklist, the environmental
stress check list (ESCL), to assess the adversity that children
with BIF were exposed to and compared children with BIF
with children with typical development (TD) in terms of
brain connectivity and topological organization. Finally, to
explore the relationship between intellectual functioning and
clinical, environmental, and brain connectivity indices, a linear
regression approach was used.

INTRODUCTION
There is compelling evidence that Early Life Adversities (ELA) in
childhood, such as low socio-economic status (SES), maltreatment,
neglect, and high levels of parental/family stress, are major risk factors
for mental health disorders (1, 2). Moreover, several neuroimaging
studies investigating the impact of ELA revealed that low SES,
maltreatment and neglect, if experienced during childhood, are
associated with abnormal brain function and development in
several regions, particularly within the limbic system (3–5). These
data have been considered as part of the biological substrate of the
“latent vulnerability” (6) according to which the alterations observed
at the structural and functional level in several neurobiological
systems reﬂect the (mal)adaptation to neglectful and/or abusive
early environments. These changes are likely to be beneﬁcial within
the maladaptive context but represent a long-term cost for the
subject, thus increasing vulnerability to future stressors (6).
In this context, a particularly vulnerable population is
represented by children with borderline intellectual functioning
(BIF). BIF is a neuropsychiatric condition characterized by an
intelligence quotient (IQ) in the borderline range (70 to 85)
associated with adaptive difﬁculties in social participation (7, 8).
The major risk factor for the development of BIF is represented by
ELA (9–12). In primary school age, BIF is characterized by
limitations in social (13, 14), emotional and behavioral capacities
(15, 16). According to recent studies, the prevalence of BIF has been
established to be as high as 7 to 12% (7, 17). Children with BIF have
a risk as adults to develop mental health problems (e.g., antisocial
personality disorder, depression, psychosis, suicide and substance
abuse), physical problems and poverty compared to people with
average or above average IQ (18–20). Moreover, the presence of BIF
negatively impacts the prognosis of all psychiatric diseases (21).
Taken together, these data show that BIF is a highly relevant
condition for the prognosis and treatment of neuropsychiatric
disorders in childhood.
Recently, neuropsychiatric disorders are increasingly being
investigated at the level of distributed brain networks rather than
in the context of individual brain regions (22, 23). The networkbased approach to the study of brain connectivity, so-called brain
connectomics, allows the investigation of the topology of the
brain as a network. According to graph theory, the brain can be
viewed as a complex network constituted of nodes, i.e., the cortical
and subcortical gray matter (GM) structures, with pairs of nodes
connected by edges, i.e., the white matter (WM) ﬁbers that connect
them. This framework allows for the investigation of several
properties of the network that deﬁne its efﬁcacy and complexity.
According to Friston et al. (24) there are two fundamental principles
of brain organization: functional specialization (segregation) and
functional integration according to which complex behaviors derive
from the integration of functionally specialized areas that are highly
interconnected to form clusters and modules. Graph theory enables
the measurement of the metrics exploring this type of organization
from a topological point of view.
BIF is a condition characterized by a heterogeneous behavioral
phenotype and therefore it is reasonable to think that a distributed
network is involved in its clinical manifestations.
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METHODS AND MATERIALS
Participants
Forty-two children with BIF associated with signiﬁcant ELA
(see later for more details) were recruited from the Child and
Adolescent Neuropsychiatry Unit of IRCCS Don Carlo Gnocchi
Foundation and the ASST S. Paolo and S. Carlo Hospital.
Inclusion criteria were: (1) age range comprised between 6 to
11 years old; (2) attendance of a primary mainstream school; (3)
a Full Scale Intelligence Quotient (FSIQ) score ranging from 70
to 85 determined with the Wechsler Intelligence Scale for
Children-III (WISC-III) (25).
A group of eighteen age and sex-matched TD children with a
negative history for neurodevelopmental, behavioral or
emotional disorders and a FSIQ >85 was also included in the
study. The recruitment of the healthy controls was made through
the advertisement of the study among the workers of
our Institute.
All subjects underwent a clinical evaluation with a detailed
medical history of the child and of his/her family, and clinical
observations. Moreover, all subjects underwent also a CBCL
evaluation (26). All neuropsychiatric diagnosis were made
according to the DSM 5 criteria.
To exclude children with BIF due to biological and/or genetic
causes, the presence of any of the following represented an exclusion
criteria: (1) major neuropsychiatric disorders (such as ADHD, and
autism spectrum disorder); (2) neurological conditions such as
epilepsy, traumatic brain injury, brain malformation, infectious
disease involving the central nervous system and perinatal
complications such as prematurity or other adverse events; (3)
systemic diseases such as diabetes or dysimmune disorders, genetic
syndromes such as Down syndrome or Fragile X syndrome.
Furthermore, a positive history for psychoactive drugs, particularly
referring to current or past use of psychostimulants, neuroleptics,
antidepressants, benzodiazepines, and antiepileptic drugs were also
considered exclusion criteria.
All children underwent a neuropsychological evaluation
including: the WISC-III (25); the Child Behavioral Checklist
(CBCL 6-18) (26); the SES (27); the ESCL, an ad hoc developed
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check list to explore the environmental stress the children were
exposed to (See Supplementary Table S1). The ESCL comprised
a listing of the V-codes from DSM-5, and Z-codes from ICD-10,
exploring Relational, Neglect, Physical, Sexual, and/or Psychological
Abuse, Educational and Occupational, Housing and Economic,
Social Exclusion, or Rejection Problems, plus the presence of the
following three conditions: social services intervention, major
psychiatric diagnosis, and/or substance abuse within the family
members. The presence of each condition and its relevance for
the clinical manifestations was considered and a 0 (absence) to 1
(presence) score was attributed to each item. The ESCL total
score could range from 0 to 24. The considered conditions were
not weighted for their severity, thus in general higher scores do
not represent a more adverse environment.
All subjects underwent a magnetic resonance imaging (MRI)
evaluation (see MRI Acquisition section).
The Study was approved by the Ethics Committees of the Don
Gnocchi Foundation and of the ASST S. Paolo and S. Carlo
Hospital. All parents signed a written informed consent at the
ﬁrst meeting.

cortical and subcortical parcels (nodes) were reconstructed with
TrackVis software5.
The connectivity matrices were derived by computing the
edges as the number of the reconstructed ﬁbers normalized by
the sum of the nodes volumes (NFn) in order to consider the
effect of anatomical variability. The matrices were successively
employed both for graph and network-based analyses as
explained in details in the following sections.

Graph-Based Analysis
The connectivity matrices were thresholded and binarized. The
matrices were thresholded in a way that at least 1/3 of TD
children shared the same connections. In order to investigate the
topological organization, whole brain network metrics of
segregation and integration were derived (31). Speciﬁcally,
average clustering coefﬁcient (CC), characteristic path length
(CPL), and global efﬁciency (GE) were computed for each subject
by means of the Brain Connectivity Toolbox (brain-connectivitytoolbox.net). Furthermore, the density of the matrices was
extracted (see Table 1). The resulting indices were compared
between the two groups by means of a Mann-Whitney test. All
the computed measures (except for the clustering coefﬁcient
which was derived for each node and then averaged to have a
single value for each matrix, i.e., average clustering coefﬁcient)
are global ones which means that a single value is derived for
each subject. Therefore, the Bonferroni correction was applied
considering the number of indices computed.

MRI Acquisition
MRI was performed on a 1.5 T Siemens Magnetom Avanto
(Erlangen, Germany) scanner equipped with a 12-channels
head coil. The acquisition included: (1) a 3D T1-weighted
Magnetization Prepared Rapid Gradient-Echo (MPRAGE)
image, (repetition time (TR)/echo time (TE)=1900/3.37 ms,
Filed of View (FoV) = 192x256 mm2, voxel size = 1 mm
isotropic, 176 axial slices); (2) a diffusion-weighted (DW) EPI
image along 30 directions with b-value=1,000 s/mm2 and one
without diffusion weighting (TR/TE = 6,700/100 ms, FoV =
200x200 mm2, voxel size 1.6x1.6x2.5 mm3, 40 axial slices, two
runs); (3) two conventional anatomical sequences (axial PD/T2
and coronal FLAIR) to exclude gross brain abnormalities.

Network-Based Analysis
Potential group differences were computed using the NetworkBased Statistics toolbox (NBS) (32), using an ANCOVA design with
age and sex as covariates. The threshold used to identify connections
was set to 3.1 (p=.0017), with family-wise error (FWE)-correction
using permutation testing (10,000 permutations, p=.05). The results
were visualized using a circular representations [connectograms,
http://circos.ca/ (33)], according to (34, 35). Finally, to correlate the
results deriving from the NBS analysis with the clinical data, the
cluster strength (CS) was calculated as the mean strength (weights
average) of the sub-network of signiﬁcant difference between the
two groups. A partial correlation (Spearman) with the clinical
variables, FSIQ, SES, CBCL, ESCL, and the CS, with age and sex
as covariates, was then performed. The variables showing a
signiﬁcant correlation were considered as independent variables in
a regression model predicting the FSIQ score. All statistical analyses
were performed by means of SPSS (Version 25; IBM, Armonk, New
York) software.

MRI Data Analysis
The 3D-T1 images were segmented and parcellated using FreeSurfer
version 5.31 into 148 cortical areas (74 for each hemisphere)
according to the Destrieux atlas (28). Furthermore, the FreeSurfer
automatic labeling process was used to extract seven subcortical
regions per hemisphere (thalamus, caudate, putamen, pallidum, and
nucleus accumbens, amygdala and hippocampus) and the brain
stem for a total of 163 parcels. The quality of recon-all parcellation
was assessed in each subject according to ENIGMA guidelines2 for
cortical and subcortical areas.
Using FMRIB’s Software Library tools3, the DW images were
corrected for eddy current distortion (29). The motion
evaluation was performed by checking the relative movement
estimated by eddy toolbox and excluding subjects exciding a
threshold ﬁxed to 0.5. Then, using the FSL DTIFIT toolbox4 the
tensor was estimated for each voxel. The cortical/subcortical
parcels were registered to the DW space using the FSL ﬂirt tool
(30). Finally, the WM tracts connecting each pair of registered

RESULTS
Sample and Clinical Assessment
Due to excessive head movement during the MRI evaluation, 10
children with BIF and 4 TD were excluded from the data

1

https://surfer.nmr.mgh.harvard.edu/
http://enigma.ini.usc.edu/enigma-vis/
3
FSL; http://www.fmrib.ox.ac.uk/fsl
2
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https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://trackvis.org
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TABLE 1 | Graph indices description.
Index

Graphical
Representation

Mathematical
Expression

Average
Clustering
coefﬁcient (CC)

CC =

Characteristic
path length
(CPL)

Deﬁnition

1
2ti
o ki (ki − 1)
n i∈N

Sj∈N,j≠i dij
1
CPL = o
n−1
n i∈N

Global
Efﬁciency
(GE)

GE =

Sj∈N,j≠i
1
o n−1
n i∈N

dij−1

Density (D)
K
D= 2
(n − n)=2

The Average Clustering coefﬁcient (CC) is a measure of segregation expressing the degree of
connection of the nodes neighborhood.

The characteristic path length (CPL) is a measure of integration, expressing the average shortest
path between nodes pair.

The global efﬁciency (GE) is a measure of how efﬁciently the information travel through the whole
network. It is the average inverse of the characteristic path length.

The density (D) is a measure of sparsity of the matrix: it represents the number of actual
connections (K) with respect to the number of possible connections (n).

The table shows an overview of the computed global indices (31): speciﬁcally for each index a graphical, mathematical and theoretical description is provided. Legend: t=number of
triangles of a node neighborhood; d=distance between a pair of nodes; k=number of actual connections (edges different from zero); n=number of possible connections.

analyses, and thus the ﬁnal sample consisted of thirty-two BIF
and fourteen TD children.
Among the 32 children with BIF, 25 had an Adjustment
Disorder, 4 had a Generalized Anxiety Disorder and 1 had a
Disruptive, Impulse-Control, and Conduct Disorder. Moreover,
in 14 children a Speciﬁc Learning Disorder was associated, in 14
there was a history of Language Development Disorder.
Demographic data relative to the 32 BIF and 14 TD children
are shown in Table 2. No signiﬁcant differences were found for
age, sex, and SES, while the CBCL (p=0.005), the ESCL and as
expected the FSIQ (p<0.0001) were signiﬁcantly different
between the two groups (see Table S2 for ESCL detailed score).

the CC, the CPL, and the GE indices were calculated for each
subject and compared between the two groups. The density (D)
of the matrices was also computed. Table 3 shows results of the
Mann Whitney analysis showing signiﬁcantly increased CPL
(p<0.001), and signiﬁcantly reduced GE (p=0.001) and D
(p=0.006) in the group of children with BIF. The CC index,
measuring the network segregation, was not different between
the two groups.

Network-Based Analysis Results
The NBS analysis comparing the two groups of children in terms
of structural connectivity (number of ﬁbers normalized for the
volume of the GM parcels) at the network level revealed a subnetwork comprising 67 edges and 51 nodes for which the group
of children with BIF had a signiﬁcantly lower NFn compared to

Graph-Based Analysis Results
To determine the topological organization of the brain in the two
groups, whole brain metrics were derived globally. Speciﬁcally,

TABLE 3 | Graph-based indexes.
TABLE 2 | Demographic variables.

Age in yrs, median (IQR)
Male n,(%)
FSIQ, median (IQR)
CBCL, median (IQR)
SES, median (IQR)
ESCL, median (IQR)

TD (n=14)

BIF (n=32)

p-value

9.2 (8.5 - 9.6)
7 (50%)
119 (111.5 - 121.5)
49.5 (41 - 53)
25 (25 - 48.8)
0.0 (0.0 – 1.0)

8.6 (8.2 - 9.9)
17 (53%)
80 (75 - 84)
59 (52 - 66.5)
23.5 (16.6 - 31.4)
2.0 (1.0 – 4.0)

0.543a
0.9b
<0.0001a
0.005a
0.119a
<0.0001a

Clustering Coefﬁcient, median
(IQR)
Characteristic Path Length,
median (IQR)
Global Efﬁciency, median (IQR)
Density, median (IQR)

IQR, Interquartile range. aNon-parametric (Mann-Whitney test), bChi-squared test. FSIQ,
Full Scale Intelligence Quotient; CBCL,Child Behavior Checklist, SES, Socio-Economic
Status; ESCL, Environmental Stress Check List. The correction for multiple comparisons
was implemented with the Bonferroni Correction, setting the signiﬁcance threshold at
p ≤ 0.0125. Signiﬁcant p-values are highlighted in bold.
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TD (n=14)

BIF (n=32)

pvalue

0.75 (0.74 - 0.75)

0.74 (0.74 - 0.76)

0.252

1.56 (1.54 - 1.56)

1.58 (1.57 - 1.61)

0.0002

0.72 (0.71 - 0.73)
0.69 (0.64 - 0.69)

0.71 (0.70 - 0.72)
0.63 (0.61 - 0.65)

0.001
0.006

Global indices derived from the thresholded and binarized whole brain network matrices
for the two groups and their comparison (Non-parametric, Mann-Whitney tests). IQR,
Interquartile range. The correction for multiple comparisons was implemented with the
Bonferroni Correction, setting the signiﬁcance threshold at p ≤ 0.0125. Signiﬁcant pvalues are highlighted in bold.
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FIGURE 1 | Sub-network cortical/subcortical labels. The ﬁgure shows the sub-network of signiﬁcant difference between the two groups of children obtained with
network-based statistic (NBS). (A) shows the cortical nodes while (B) shows basal ganglia belonging to the sub-network. 1=L and R vPCC G, 2=L and R Middle
occipital G, 3=L and R Superior occipital G, 4=L and R Lingual part of the medial occipito-temporal G, 5=L and R Subcallosal G, 6=L and R Occipital Pole, 7=L and
R Calcarine S, 8= L and R Intraparietal and tansverse parietal S, 9=L and R Middle Occipital and Lunatus S, 10=L and R Collateral and Lingual S, 11=L and R
Pericallosal S, 12=L ACC G and S, 13=L pMCC G and S. 14=L Cuneus G, 15=L Middle Frontal G, 16= L Long Insular G and central S of the Insula, 17=L Short
Insular G, 18=L Fusiform G, 19=L Parahippocampal part of the medial occipito-temporal G, 20=L Orbital G, 21=Precuneus G, 22= L Inferior Segment of the Circular
S of the Insula, 23=L Anterior Transverse Collateral S, 24=L Medial Orbital (Olfactory) S, 25= L Orbital (H Shaped) S, 26=L Suborbital S, 27=L Subparietal S, 28=L
Superior Temporal S, 29=R Transverse Frontopolar G and S, 30=R Planum polare of the Superior Temporal G, 31=R Temporal Pole, 32=R Posterior Transverse
Collateral S, 33= R Superior occipital and Transverse Occipital S. G=Gyrus/i, S=Sulcus/i; R=right hemisphere, L=left hemisphere, ACC=anterior cingulate cortex,
pMCC=middle posterior cingulate cortex, vPCC=ventral part of the posterior cingulate cortex.

the TD group (p=.045 FWE-corrected, see Supplementary Table
S3). No signiﬁcant differences were found in the opposite
comparison, TD versus BIF children. The nodes identifying the
sub-network comprised the posterior ventral cingulate (vPCC),
the striate and extrastriate occipito-temporal cortices, the
pericallosal sulcus, the subcallosal gyrus, the hippocampus, the
accumbens nucleus, and the intraparietal sulcus, bilaterally.
The orbital cortex, the insula, the putamen, and the anterior
and middle posterior cingulate were involved on the left side
while the amygdala, the pallidum, and the superior temporal
gyrus (planum polare) on the right side (see Figure 1).
In Figure 2, the 67 edges connecting the nodes of the
identiﬁed sub-network are represented on a connectogram (see
Supplementary Table S3 for a complete listing).
The partial correlation analysis between the clinical variables
FSIQ, SES CBCL total score, ESCL and the CS, with age and sex
as covariates, resulted signiﬁcant for the FSIQ and the CS (r=
0.71; p<0.0001), FSIQ, and CBCL (r=-0.47; p=0.003) and FSIQ
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and ESCL (r=-0.45, p=0.004). The correlation between FSIQ and
SES did not survive statistical threshold (r=0.24, p=0.144)
According to the correlation results, the linear regression
model comprised FSIQ as the dependent variable and CS,
CBCL, and ESCL as independent variables. Results revealed
that only the CS had a signiﬁcant predictive value for the FSIQ
(R2 = 0.58; beta=0.6; t=5.0; p<0.0001).

DISCUSSION
Our study focused on the neurobiological underpinnings of ELA
associated with BIF. To this purpose we investigated brain
network topological organization and connectivity in 32 children
with BIF and 14 age-matched TD children. All children were
clinically characterized for exposure to environmental stress,
intellectual functioning and behavioral characteristics.
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FIGURE 2 | Connectogram-based edges representation. The ﬁgure shows the circular representation of the edges belonging to the sub-network of signiﬁcant
difference derived from network-based statistic (NBS). For a complete listing of the nodes involved see Supplementary Table 2.

up away from their parents. In few cases, the low SES resulted in
inadequate housing in a way that was considered relevant to the
diagnosis. This is in line with data from recent studies, one of
which investigated a very large cohort (14,000 children) and
showed that children from low SES families scored on average
6 IQ points lower at age 2 than children from high SES
families; by age 16, this difference had almost tripled (37).
Moreover, it has been demonstrated that low SES affects both
learning abilities and brain development in regions critical for
memory and emotion regulation such as the hippocampus and
the amygdala (3). In our study, the SES was not statistically
different between the two groups of children but the BIF group
was exposed to signiﬁcantly greater environmental stress. Since
previous neuroimaging studies have demonstrated that
maltreatment and/or neglect in childhood can impact brain
development (4, 38–40) our study investigated the neural bases
of the BIF condition. In a previous study from our group,
abnormal brain development of the parahippocampal, temporal
and sensory-motor cortices in children with BIF was found with a
single brain region approach (41). In this study, we used a brain
connectomics approach, and the whole brain topological

The interest in children with BIF condition is in line with
the emerging concept of a preventative psychiatry oriented
towards the development early intervention models for
mental health making it a priority to intervene in the
developmental period. This approach can beneﬁt from the
understanding of the neurocognitive mechanisms involved in
psychiatric disorders that share common ethiopatogenetic
mechanisms rather than conventional diagnostic boundaries
(36). Children with BIF indeed represent a population highly
vulnerable to the development of major psychiatric conditions
as adults (19, 21) with environment-related etiopathogenetic
factors (9–12).
The results of this study showed that the children with BIF
were characterized by signiﬁcantly more environmental
stressful elements and behavioral difﬁculties compared to
the TD children. The major sources of stress in the group of
children with BIF were related to educational problems, family
disaggregation and/or the intervention of social services for
impossibility of the parents to cope. Moreover, in few cases
there was a history of parents’ drug abuse, or abandonment of
children by the father, or father in prison. Some children grew

Frontiers in Psychiatry | www.frontiersin.org
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organization was investigated to capture indices of global
organization by using a graph-based analysis. Results showed
signiﬁcant differences between the two groups in the CPL and
in the GE. Both indices explore the level of integration of
the information coming from different brain structures and the
observed differences indicate lower levels of integration in the group
of children with BIF. The lower level of integration reasonably
reﬂects the broad range of cognitive and behavioral difﬁculties
observed in children with BIF ranging from speciﬁc learning
disorder to difﬁculties in higher order functions such as executive
functions, planning, inhibition, attention, and behavior (7). These
data are in line with a study on healthy adult subjects showing that
higher intelligence scores corresponded to a shorter CPL and a
higher GE of the networks, indicating a more efﬁcient parallel
information transfer in the brain (42).
Beside the graph-based analyses, we further investigated
structural connectivity using a network-based approach.
Results revealed signiﬁcant between-group differences in a
sub-network connecting several cortical and subcortical
areas, mostly related to the limbic system. Speciﬁcally, the
anterior and posterior cingulate cortices, the hippocampus and
the parahippocampus, the pallidum, the putamen, and the
accumbens nucleus, the subcallosal and pericallosal cortices,
the frontal-orbital regions, and the extra-striate visual cortices
were part of the network. To our knowledge this is the ﬁrst
report of the involvement of the limbic system connectivity in
children exposed to ELA showing a BIF and is in line with
consistent data from neuroimaging studies showing that abuse,
maltreatment, and neglect in childhood are associated with
speciﬁc epigenetic and neural signatures related to long lasting
structural and functional changes in brain areas belonging to
the limbic system (4, 36, 43) together with alteration in the
structural connectivity at the network level (38). In particular,
it has been shown that adults who experienced maltreatment
during childhood show hyper-responsiveness of the amygdala
to fearful stimuli (44, 45), even during pre-attentive conditions
(46, 47), hypo-reactivity of the hippocampus to pleasant
autobiographical stimuli, and hyper-reactivity during
unpleasant stimuli (46), and abnormal reactivity to reward in
the nucleus accumbens (48). Moreover, at the morphometric
level reduced cortical thickness in the anterior cingulate,
superior frontal gyrus, and orbitofrontal cortex, reduced
cortical surface area in the left middle temporal area and
lingual gyrus, and gyriﬁcation deﬁcits in the lingual gyrus
and the insula were demonstrated (4). Finally, altered
structural brain network topology was found at the global
and lobar level in maltreated children with normal IQ, with
signiﬁcant reductions of the connectivity strength and
increment in the CPL, both related to neural integration
capacity (38). These data thus showed functional and
structural alterations in the neurocognitive systems involved
in fear – emotion regulation, motivation – reward, and
learning processes, which have been considered a sort of
early developed adaptive calibration of these systems to
adverse environments. In turn, these changes may represent
a “latent vulnerability” to future stressors associated with an
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increased risk of developing mental health disorders later in
life (6).
In the present study, the clinical population involved children
exposed to several environmental stressors associated with BIF in the
presence of clinical manifestations ranging from neurodevelopmental
disorders such as speciﬁc learning disorder, language, and movement
development disorders to adjustment or behavioral or anxiety
disorders. Therefore, BIF cannot be considered a latent condition
but a clinically manifest one that necessitates immediate
interventions. Moreover, the involvement of the whole limbic
system is in line with the clinical manifestations of these children
ranging from the emotion regulation/behavioral problems, difﬁculty
in inhibiting impulsive responses, and the motivational problems (8)
and with the poor prognosis in terms of risk to develop psychiatric
disorders in the adult age (18–20). The limbic system has a pivotal
role in all these aspects (49).
To investigate the causal relationship between the IQ and the
clinical, neural, and environmental aspects a linear regression
approach was used. Results showed that the cluster strength of the
altered network was a predictor of the IQ of the children, while the
clinical (CBCL) and environmental (ESCL) variables were not. These
data demonstrate a strict relationship only between the network
connectivity and the intellectual functioning of our children. This
could be due either to a non-linear relation between the other
variables or to the absence of such a relationship. Moreover, the
ESCL was not a weighted measure and thus did not reﬂect the
severity of the environmental condition. In the interpretation of these
results, the link between the BIF condition with several
neuropsychiatric conditions has to be considered. Indeed, children
with BIF are characterized also by their difﬁculties in adaptive
abilities. For this reason, the association between the network
connectivity and the IQ is likely to be mediated also by the clinical
characteristics of the children participating in the study.
Despite the great innovativeness of the present study in shedding
new light on the pathways associated with BIF, our study is not free
from some limitations. In particular, the number of diffusion
directions in the DWI sequence might appear as limited when
compared to the state-of-the-art MRI acquisitions. However,
considering the particular cohort of subjects included, more prone
to movement during the examination (14 DWI datasets were
discarded for elevated head motion), the chosen DTI sequence
represents a good trade-off between having qualitatively good data
and acquisition time. Another limitation is represented by the
above-mentioned link between the intellectual functioning and
the neuropsychiatric conditions that prevents the possibility to
clearly distinguish between the two factors in the interpretation of
the results. However, this limitation is hardly avoidable when
investigating children exposed to ELA presenting with BIF.
Finally, characterizing brain network is particularly challenging
especially when applied to brain development because of the
dramatic changes occurring. In this regard, the small number of
healthy controls included represents a limitation to the power of the
study. Nevertheless, the comprehension of brain maturation
mechanism and the neural plasticity is warranted by the accurate
and relevant normalizations of MRI data that allow for comparisons
between groups, especially regarding neurodevelopmental disorder
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for which gross brain abnormalities are lacking (50) as in the case
of BIF.
Taken together all these data indicate that the neurobiological
underpinning of the clinical manifestations of children exposed to
ELA associated with BIF is represented by the reduced GE in
information integration and by the altered structural connectivity in
the circuitry crucial for the regulation of emotions, behavior,
motivation, and memory. These abnormalities are closely related
to the IQ of children. We consider these data extremely relevant for
the understanding of the cognitive and behavioral manifestations of
these children and for the implementation of appropriate
rehabilitative interventions able to reduce the risk of future
psychiatric disorders in these children.

AUTHOR CONTRIBUTIONS
All authors contributed to the article and approved the submitted
version. VB, MCle, and FB designed and supervised the research,
interpreted the results, and drafted the manuscript. AP and MCab
performed MRI data analysis and drafted the manuscript. ST and
ML performed the statistical analysis. AG, GB, MZ, MCan, and
MW recruited patients. Furthermore, AG and GB performed the
behavioral and neuropsychological evaluations. MZ also
contributed in the analysis of the clinical data.

FUNDING
This study was funded by Regione Lombardia (to VB, Ricerca
Indipendente 2014-2017) and the Italian Ministry of Health
(Ricerca Corrente).

DATA AVAILABILITY STATEMENT
The datasets generated for this study will not be made publicly
available because: The informed consent approved by the Ethics
committee did not include any statement regarding the
possibility to share the data.

ACKNOWLEDGMENTS
The authors wish to thank Dr. Niels Bergsland for his careful
revision of the English language, and all the children and their
families for participating in the study.

ETHICS STATEMENT
The studies involving human participants were reviewed and
approved by the Ethics Committees of the Don Gnocchi
Foundation and of the ASST S. Paolo and S. Carlo Hospital.
All parents signed a written informed consent at the ﬁrst
meeting. Written informed consent to participate in this study
was provided by the participants’ legal guardian/next of kin.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fpsyt.2020.497116/
full#supplementary-material

REFERENCES

9. Aicardi J. The etiology of developmental delay. Semin Pediatr Neurol (1998)
5:15–20. doi: 10.1016/S1071-9091(98)80013-2
10. Marcus Jenkins JV, Woolley DP, Hooper SR, De Bellis MD. Direct and
Indirect Effects of Brain Volume, Socioeconomic Status and Family Stress on
Child IQ. J Child Adolesc Behav (2013) 1. doi: 10.4172/2375-4494.1000107
11. Bradley RH, Corwyn RF. Socioeconomic status and child development. Annu
Rev Psychol (2002) 53:371–99. doi: 10.1146/annurev.psych.53.100901.135233
12. Fenning RM, Baker JK, Baker BL, Crnic KA. Parenting children with
borderline intellectual functioning: a unique risk population. Am J Ment
Retard (2007) 112:107–21. doi: 10.1352/0895-8017(2007)112[107:PCWBIF]
2.0.CO;2
13. Baglio G, Blasi V, Sangiuliano Intra F, Castelli I, Massaro D, Baglio F, et al.
Social Competence in Children with Borderline Intellectual Functioning:
Delayed Development of Theory of Mind Across All Complexity Levels.
Front Psychol (2016) 7:1604. doi: 10.3389/fpsyg.2016.01604
14. Kavale KA, Forness SR. Social skill deﬁcits and learning disabilities: a metaanalysis. J Learn Disabil (1996) 29:226–37. doi: 10.1177/002221949602900301
15. Emerson E, Einfeld S, Stancliffe RJ. The mental health of young children with
intellectual disabilities or borderline intellectual functioning. Soc Psychiatry
Psychiatr Epidemiol (2010) 45:579–87. doi: 10.1007/s00127-009-0100-y
16. Hassiotis A, Strydom A, Hall I, Ali A, Lawrence-Smith G, Meltzer H, et al.
Psychiatric morbidity and social functioning among adults with borderline
intelligence living in private households. J Intellect Disabil Res (2008) 52:95–
106. doi: 10.1111/j.1365-2788.2007.01001.x
17. Hassiotis A. Borderline intellectual functioning and neurodevelopmental
disorders: Prevalence, comorbidities and treatment approaches. Adv Ment
Health Intellectual Disabil (2015) 9:275–83. doi: 10.1108/AMHID-06-20150028

1. WHO and Calouste Gulbenkian Foundation. Social determinants of mental
health. Geneva: World Health Organization (2014).
2. Repetti RL, Taylor SE, Seeman TE. Risky families: family social environments
and the mental and physical health of offspring. Psychol Bull (2002) 128:330–
66. doi: 10.1037/0033-2909.128.2.330
3. Hair NL, Hanson JL, Wolfe BL, Pollak SD. Association of Child Poverty,
Brain Development, and Academic Achievement. JAMA Pediatr (2015)
169:822–9. doi: 10.1001/jamapediatrics.2015.1475
4. Kelly PA, Viding E, Wallace GL, Schaer M, De Brito SA, Robustelli B, et al.
Cortical thickness, surface area, and gyriﬁcation abnormalities in children
exposed to maltreatment: neural markers of vulnerability? Biol Psychiatry
(2013) 74:845–52. doi: 10.1016/j.biopsych.2013.06.020
5. van Harmelen AL, van Tol MJ, van der Wee NJ, Veltman DJ, Aleman A,
Spinhoven P, et al. Reduced medial prefrontal cortex volume in adults
reporting childhood emotional maltreatment. Biol Psychiatry (2010)
68:832–8. doi: 10.1016/j.biopsych.2010.06.011
6. McCrory EJ, Viding E. The theory of latent vulnerability: Reconceptualizing
the link between childhood maltreatment and psychiatric disorder. Dev
Psychopathol (2015) 27:493–505. doi: 10.1017/S0954579415000115
7. Salvador-Carulla L, Garcia-Gutierrez JC, Ruiz Gutierrez-Colosia M, ArtigasPallares J, Garcia Ibanez J, Gonzalez Perez J, et al. Borderline intellectual
functioning: consensus and good practice guidelines. Rev Psiquiatr Salud
Ment (2013) 6:109–20. doi: 10.1016/j.rpsm.2012.12.001
8. Peltopuro M, Ahonen T, Kaartinen J, Seppala H, Narhi V. Borderline
intellectual functioning: a systematic literature review. Intellect Dev Disabil
(2014) 52:419–43. doi: 10.1352/1934-9556-52.6.419

Frontiers in Psychiatry | www.frontiersin.org

8

September 2020 | Volume 11 | Article 497116

Blasi et al.

Limbic-System in Early Life Adversity

37. von Stumm S, Plomin R. Socioeconomic status and the growth of intelligence
from infancy through adolescence. Intelligence (2015) 48:30–6. doi: 10.1016/
j.intell.2014.10.002
38. Puetz VB, Parker D, Kohn N, Dahmen B, Verma R, Konrad K. Altered brain
network integrity after childhood maltreatment: A structural connectomic
DTI-study. Hum Brain Mapp (2017) 38:855–68. doi: 10.1002/hbm.23423
39. Hanson JL, Nacewicz BM, Sutterer MJ, Cayo AA, Schaefer SM, Rudolph KD,
et al. Behavioral problems after early life stress: contributions of the
hippocampus and amygdala. Biol Psychiatry (2015) 77:314–23. doi: 10.1016/
j.biopsych.2014.04.020
40. De Brito SA, Viding E, Sebastian CL, Kelly PA, Mechelli A, Maris H, et al.
Reduced orbitofrontal and temporal grey matter in a community sample of
maltreated children. J Child Psychol Psychiatry (2013) 54:105–12. doi: 10.1111/
j.1469-7610.2012.02597.x
41. Baglio F, Cabinio M, Ricci C, Baglio G, Lipari S, Griffanti L, et al. Abnormal
development of sensory-motor, visual temporal and parahippocampal
cortex in children with learning disabilities and borderline intellectual
functioning. Front Hum Neurosci (2014) 8:806. doi: 10.3389/fnhum.2014.
00806
42. Li Y, Liu Y, Li J, Qin W, Li K, Yu C, et al. Brain anatomical network and
intelligence. PloS Comput Biol (2009) 5:e1000395. doi: 10.1371/journal.
pcbi.1000395
43. McCrory E, De Brito SA, Viding E. The link between child abuse and
psychopathology: a review of neurobiological and genetic research. J R Soc
Med (2012) 105:151–6. doi: 10.1258/jrsm.2011.110222
44. McCrory EJ, De Brito SA, Sebastian CL, Mechelli A, Bird G, Kelly PA, et al.
Heightened neural reactivity to threat in child victims of family violence. Curr
Biol (2011) 21:R947–8. doi: 10.1016/j.cub.2011.10.015
45. van Harmelen AL, van Tol MJ, Demenescu LR, van der Wee NJ, Veltman DJ,
Aleman A, et al. Enhanced amygdala reactivity to emotional faces in adults
reporting childhood emotional maltreatment. Soc Cognit Affect Neurosci
(2013) 8:362–9. doi: 10.1093/scan/nss007
46. McCrory EJ, Puetz VB, Maguire EA, Mechelli A, Palmer A, Gerin MI, et al.
Autobiographical memory: a candidate latent vulnerability mechanism for
psychiatric disorder following childhood maltreatment. Br J Psychiatry (2017)
211:216–22. doi: 10.1192/bjp.bp.117.201798
47. McCrory EJ, De Brito SA, Kelly PA, Bird G, Sebastian CL, Mechelli A, et al.
Amygdala activation in maltreated children during pre-attentive emotional
processing. Br J Psychiatry (2013) 202:269–76. doi: 10.1192/bjp.bp.112.116624
48. Goff B, Gee DG, Telzer EH, Humphreys KL, Gabard-Durnam L, Flannery J,
et al. Reduced nucleus accumbens reactivity and adolescent depression
following early-life stress. Neuroscience (2013) 249:129–38. doi: 10.1016/
j.neuroscience.2012.12.010
49. Catani M, Dell’acqua F, Thiebaut de Schotten M. A revised limbic system
model for memory, emotion and behaviour. Neurosci Biobehav Rev (2013)
37:1724–37. doi: 10.1016/j.neubiorev.2013.07.001
50. Tymoﬁyeva O, Hess CP, Xu D, Barkovich AJ. Structural MRI connectome in
development: challenges of the changing brain. Br J Radiol (2014)
87:20140086. doi: 10.1259/bjr.20140086

18. Douma JC, Dekker MC, de Ruiter KP, Tick NT, Koot HM. Antisocial and
delinquent behaviors in youths with mild or borderline disabilities. Am J Ment
Retard (2007) 112:207–20. doi: 10.1352/0895-8017(2007)112[207:AADBIY]
2.0.CO;2
19. Gigi K, Werbeloff N, Goldberg S, Portuguese S, Reichenberg A, Fruchter E,
et al. Borderline intellectual functioning is associated with poor social
functioning, increased rates of psychiatric diagnosis and drug use–a cross
sectional population based study. Eur Neuropsychopharmacol (2014) 24:1793–
7. doi: 10.1016/j.euroneuro.2014.07.016
20. Ali A, Hassiotis A. Illness in people with intellectual disabilities. BMJ (2008)
336:570–1. doi: 10.1136/bmj.39490.543137.80
21. Hassiotis A, Tanzarella M, Bebbington P, Cooper C. Prevalence and predictors
of suicidal behaviour in a sample of adults with estimated borderline
intellectual functioning: results from a population survey. J Affect Disord
(2011) 129:380–4. doi: 10.1016/j.jad.2010.10.002
22. Deco G, Kringelbach ML. Great expectations: using whole-brain
computational connectomics for understanding neuropsychiatric disorders.
Neuron (2014) 84:892–905. doi: 10.1016/j.neuron.2014.08.034
23. Bassett DS, Xia CH, Satterthwaite TD. Understanding the Emergence of
Neuropsychiatric Disorders With Network Neuroscience. Biol Psychiatry
Cognit Neurosci Neuroimaging (2018) 3:742–53. doi: 10.1016/j.bpsc.2018.03.015
24. Friston K. Beyond phrenology: what can neuroimaging tell us about
distributed circuitry? Annu Rev Neurosci (2002) 25:221–50. doi: 10.1146/
annurev.neuro.25.112701.142846
25. Wechsler D. WISC-III: Wechsler intelligence scale for children: Manual.
Springer, Boston, MA: Psychological Corporation (1991).
26. Achenbach TM, Rescorla LA. Manual for the ASEBA School-age Forms &
Proﬁles: Burlington, VT: University of Vermont, Research Center for
Children, Youth, & Families (2001).
27. Hollingshead AB. Four factor index of social status. Yale University: New
Haven, CT. Unpublished Manuscript (1975).
28. Destrieux C, Fischl B, Dale A, Halgren E. Automatic parcellation of human
cortical gyri and sulci using standard anatomical nomenclature. Neuroimage
(2010) 53:1–15. doi: 10.1016/j.neuroimage.2010.06.010
29. Andersson JLR, Sotiropoulos SN. An integrated approach to correction for
off-resonance effects and subject movement in diffusion MR imaging.
Neuroimage (2016) 125:1063–78. doi: 10.1016/j.neuroimage.2015.10.019
30. Jenkinson M, Smith S. A global optimisation method for robust afﬁne
registration of brain images. Med Image Anal (2001) 5:143–56. doi:
10.1016/S1361-8415(01)00036-6
31. Rubinov M, Sporns O. Complex network measures of brain connectivity: uses
and interpretations. Neuroimage (2010) 52:1059–69. doi: 10.1016/j.neuroimage.
2009.10.003
32. Zalesky A, Fornito A, Bullmore ET. Network-based statistic: identifying
differences in brain networks. Neuroimage (2010) 53:1197–207. doi: 10.1016/
j.neuroimage.2010.06.041
33. Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, et al.
Circos: an information aesthetic for comparative genomics. Genome Res
(2009) 19:1639–45. doi: 10.1101/gr.092759.109
34. Lagana MM, Pirastru A, Pelizzari L, Cabinio M, Castagna A, Blasi V, et al. The
Impact of a Connectogram Based Visualization of the Motor Network in a Case of
Cervical Dystonia: Role in the Clinical Interpretation and Therapeutic Approach.
Biosyst Biorobotics (2019) 21:764–8. doi: 10.1007/978-3-030-01845-0_152
35. Irimia A, Chambers MC, Torgerson CM, Van Horn JD. Circular
representation of human cortical networks for subject and population-level
connectomic visualization. Neuroimage (2012) 60:1340–51. doi: 10.1016/
j.neuroimage.2012.01.107
36. McCrory EJ, Gerin MI, Viding E. Annual Research Review: Childhood
maltreatment, latent vulnerability and the shift to preventative psychiatry the contribution of functional brain imaging. J Child Psychol Psychiatry (2017)
58:338–57. doi: 10.1111/jcpp.12713

Frontiers in Psychiatry | www.frontiersin.org

Conﬂict of Interest: The authors declare that the research was conducted in the
absence of any commercial or ﬁnancial relationships that could be construed as a
potential conﬂict of interest.
Copyright © 2020 Blasi, Pirastru, Cabinio, Di Tella, Laganà, Giangiacomo, Baglio,
Zanette, Canevini, Walder, Clerici and Baglio. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

9

September 2020 | Volume 11 | Article 497116

