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Vulnerability of the developing brain associated with 
Very Preterm birth - functional deficits

• 5-10% major neurological deficits
• Severe cognitive delay, cerebral palsy and/or neurosensory 

impairments 

• 25-50% less severe neurodevelopmental 
• Clumsiness
• Executive Functions deficits
• Language problems, learning difficulties
• Behavioral preterm phenotype : emotional,       

attention/hyperactivity, anxiety, peer relationship difficulties 
• Risk factor for psychiatric diseases

• 40–60% of VPT children will require support from special education 
services by school age 

Aarnoudse-Moens, et al. 2009; Brydges, et al. 2018 ; Pritchard, et al. 2014; Bhutta, et al. 2002; Saigal and Doyle 
2008, Johnson and Marlow 2011;  Arpi and Ferrari 2013; MacKay, et al. 2010; Johnson and Marlow 2011

Complications neurologiques 
de la prématurité

Complications neurologiques 
de la prématurité

Dr C. Dr C. MenacheMenache StarobinskiStarobinski
NeuropNeuropéédiatriediatrie

Hôpital des EnfantsHôpital des Enfants--GenGenèèveve



Why PT children are at risk for neurodevelopmental 
impairment?

F abienne never found out why she 
went into labour three months too 
early. But on a quiet afternoon in 
June 2007, she was hit by accelerat-
ing contractions and was rushed to 

the nearest hospital in rural Switzerland, near 
Lausanne. When her son, Hugo, was born at 
26 weeks of gestation rather than the typical 40, 
he weighed just 950 grams and was immedi-
ately placed in intensive care. Three days later, 
doctors told Fabienne that ultrasound pictures 
of Hugo’s brain indicated that he had had a 
severe haemorrhage from his immature blood 
vessels. “I just exploded into tears,” she says. 

Both she and her husband understood that 
the prognosis for Hugo was grim: he had a very 
high risk of cerebral palsy, a neurological con-
dition that can lead to a life of severe dis ability. 

The couple agreed that they did not want to 
subject their child to that. “We immediately told 
the doctors that we did not want fierce medical 
intervention to keep him alive — and saw the 
relief on the doctors’ faces,” recalls Fabienne, 
who requested that her surname not be used. 
That night was the most tortured of her life. 

The next day, however, before any change 
had been made to Hugo’s treatment, his doc-
tors proposed a new option to confirm the 
diagnosis: a brain scan using magnetic reso-
nance imaging (MRI). This technique, which 
had been newly adapted for premature babies, 
would allow the doctors to predict the risk of 
cerebral palsy more accurately than with ultra-
sound alone, which has a high false-positive 
rate. Hugo’s MRI scan showed that the damage 
caused by the brain haemorrhage was limited, 

B Y  A L I S O N  A B B O T T

T H E  B R A I N ,  
I N T E R R U P T E D

Babies are increasingly 
surviving premature 
birth — but researchers 
are only beginning to 
understand the lasting 
consequences for their 
mental development.
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Proliferation

Migration 

Weeks of pregnancy

10 15 20 25 30 35 40

Disruption in the typical progression of Brain development

Cortical folding

Myelinisation

Organisation: Orientation of neurons, 
interconnections, synaptogenesis

Subplate Neurons

Radial Glia

Preterm birth

Glial differentiation



Injury in the developing brain
The“encephalopathy of 

prematurity” 

• Diffuse injury of the white matter 
accompanied by neuronal and axonal 
disruption in up to 50% of VP neonates

• Regions such, thalamus, basal ganglia, 
cerebral cortex, brainstem, and cerebellum 
are also involved

• MRI analyses: 

• Decrease volume of these structures at TEA, 
as well as in childhood and adolescence

• Decreased connectivity

Figure 2. Main neuronal/axonal structures affected in premature infants with periventricular
leukomalacia
Coronal sections of the cerebrum, pons, cerebellum, and medulla (inferior olivary nuclei) are
shown. The frequency of gliosis by neuropathological study and the major abnormalities
detected by advanced MRI (volumetric and diffusion-based MRI) are shown. See text for
details. BP=basis pontis. C=caudate. CC=corpus callosum. CCx=cerebellar cortex.
De=dentate. GP=globus pallidus. ION=inferior olivary nuclei. P=putamen. T=thalamus.

Volpe Page 26

Lancet Neurol. Author manuscript; available in PMC 2009 July 8.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Volpe JJ Lancet Neurol 2009;8:110-24



ØVisualization and Quantification of changes in 
the developing brain by new quantitative 
neuroimaging techniques

÷

Magnetic resonance techniques :
non invasive method to study brain 

development and injury



Advanced MRI: 
Multimodal tools to study brain development 

and injury 

MACROSTRUCTURE MICROSTRUCTURE

T1-T2; 3D MRI DWI-DTI f-MRI

FUNCTION



Brain growth & cortical development 

• Twofold increase in 
total brain volume

• Fourfold increase in 
absolute cortical 
gray matter volume

Hüppi, PS et al Ann Neurol 1998 

T2-weighted MR



Myelination
(“birth” – years postnatal)

• Fivefold increase in 
absolute myelinated 
white matter volume

Hüppi, PS et al Ann Neurol 1998 

T1-weighted MR

40 wks31 wks



Longitudinal study of neonatal brain t issue 
volumes in preterm infants

Brain development between birth and TEA 

 

 
 
 
Figure 2. Absolute and relative cerebral tissue volumes measured at birth and at TEA 
(expressed as medians with 25/75 centile box, 10th/90th centile error bars, and outliers). 
 

Absolute tissue volumes at birth adjusted for gender showed a significant positive 
association of all brain tissues with GA at birth (Table 3). The repetition of the analysis using 
relative tissue volumes at birth (in percentages of IC volumes at birth) showed that only CGM 
and CB volumes at birth were significantly positively associated with GA at birth, while relative 
UWM at birth was significantly negatively associated with GA at birth. Associations with GA at 
birth were no longer significant for relative SGM, CSF and total tissue volumes. 
 

Correlations between GA at birth and absolute volumes at TEA adjusted for gender 
and GA at 2nd MRI showed that only CSF volumes were significantly negatively correlated 
with GA at birth (Table 3). The repetition of the analysis using relative tissue volumes (in 
percentages of IC volumes) at TEA showed positive correlations of relative volumes of UWM 
and total tissue with GA at birth, and negative correlations of relative CSF volumes with GA at 
birth. There was no significant correlation between the relative volumes of CGM, SGM and 
CB and GA at birth.  

 
Table 3. Correlations between GA at birth and absolute/relative tissue volumes at birth on 
one hand and between GA and absolute/relative tissue volumes at TEA on the other hand. 
 
Tissue 
type 

Birth TEA 
Absolute volume Relative volume Absolute volume Relative volume 
r P-value* r P-value* r P-value** r P-value** 

CGM .884 <.001 .765 <.001 -.041 .718 .037 .738 
UWM .796 <.001 -.678 <.001 .103 .356 .322 .003 
SGM .845 <.001 .058 .601 -.008 .940 .089 .424 
CB .863 <.001 .730 <.001 -.002 .984 .045 .688 
CSF .543 <.001 -.075 .500 -.235 .034 -.277 .012 
Total 
tissue 

.855 <.001 .075 .500 .026 .816 .277 .012 

IC .825 <.001   -.066 .558   
* Correlations between absolute and relative tissue volumes at birth and GA at birth were adjusted for 
gender 
** Correlations between absolute and relative tissue volumes at TEA and GA at birth were adjusted for 
gender and for GA at 2nd MRI 
 

Absolute and relative cerebral tissue volumes measured at birth and 
at TEA (expressed as medians with 25/75 centile box, 10th/90th 
centile error bars, and outliers) 

• Rapid increase of the relative 
volumes of CGM, CB and CSF 
with respect to total intracranial 
volume 

• Decrease of relative volumes of 
UWM and SGM 

Gui L et al. Neuroimage 2018



Moreover, our cohort presented moderate to strong positive correlations between 
absolute tissue volumes at birth and absolute tissue volumes at TEA, adjusted for gender, GA 
at birth and GA at the 2nd MRI: CGM: r .526, p<.001; UWM: r .707, p<.001; SGM: r .452, 
p<.001; CB: r .629, p<.001; CSF: r .489, p<.001; total tissue: r .662, p<.001; IC: r .655, 
p<.001). 
  
3.2.2 Tissue volume GR  
  

Table 4 presents average absolute tissue GR, and tissue GR relative to birth volumes, 
the latter allowing the comparison of growth rates among tissues. We observe that the fastest 
growing tissues are the CB (22 ± 7 % of its birth volume / week) and the CGM (21 ± 5 % of its 
birth volume / week), followed by the CSF (17 ± 9 % of its birth volume / week).  

 
Table 4. Averages of tissue absolute and relative GRs 
 

Variable Tissue type 
CGM UWM SGM CB CSF Total 

tissue 
IC 
 

Absolute GR*, mean 

(SD) in ml / week 
11.94 
(2.1) 

6.51 
(1.3) 

1.05 
(0.2) 

1.76 
(0.3) 

5.77 
(1.9) 

21.44 
(3) 

27.22 
(3.7) 

Relative GR**, mean 

(SD) in % / week 
21 (5) 7 (2) 9 (3) 22 (7) 17 (9) 12 (3) 13 (3) 

* Tissue absolute growth rates were computed as: (TEA volume – birth volume) / (GA TEA – GA birth) 
** Tissue relative growth rates were computed as: absolute growth rates x 100 / birth volume. 
 

In Figure 3 we display individual tissue volume trajectories from birth to TEA in our PT 
born children. Line colors indicate relative tissue growth rates, with red lines depicting faster 
growth, and blue lines – slower growth.  
 

  
(a) (b) 

  
(c) (d) 

 

Figure 3: Individual volume growth trajectories from birth to TEA: (a) CGM volume; (b) CB 

Individual volume growth trajectories from birth to TEA: (a) CGM volume; (b) CB volume; . Line colors indicate tissue 
growth rates relative to birth volumes (faster and slower growth are represented by red and blue colors, respectively) 

Longi tudinal  study of neonatal  brain t issue volumes 
in preterm infants

Volumes growth rate between birth and TEA 

• CGM and the CB were the fastest 
growing tissues between birth and TEA

• Lower GA at birth was associated with 
lower growth rates of CGM, CB and total 
tissue



Early cortical folding process in the 
preterm newborn brain

Dubois J et al. Cerebral cortex 2008; 18: 1444-54.
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T h e  n e w  e ng l a nd  j o u r na l  o f  m e dic i n e

n engl j med 355;7 www.nejm.org august 17, 2006688

were completed by an ophthalmologist and an 
audiologist, respectively, or were recorded from 
recent hospital evaluations. A visual defect was 
defined by a requirement for corrective lenses, sur-
gery, or both for strabismus or blindness. A hear-
ing defect was defined as a sensorineural hearing 
loss of more than 30 db.

Statistical Analysis
The associations between white-matter and gray-
matter abnormalities on MRI and adverse neuro-
developmental outcomes at two years of age were 

examined with the use of either one-way analysis 
of variance for continuously distributed variables 
or the Mantel–Haenszel chi-square test for dichot-
omous variables, with tests for linear trend. Odds 
ratios (and 95 percent confidence intervals) from 
chi-square analyses were reported as measures of 
the strength of associations between early risk 
factors and subsequent neurodevelopmental out-
comes. Logistic-regression models were then used 
to assess the associations between the MRI mea-
sures and subsequent neurodevelopmental abnor-
malities, after adjusting for other factors, including 

A

B

DC

None Mild Moderate Severe

Figure 1. Representative MRI Scans of Children in the Study. 

Representative coronal T2-weighted MRI (Panel A) and T1-weighted MRI (Panel B) show the four grades of white-
matter abnormality (none, mild, moderate, or severe). With increasing grade of white-matter abnormality, there 
was increasing ventricular size, decreasing white-matter volume, increasing intensity of white-matter signal on 
T2-weighted imaging, and decreasing myelination in the posterior limb of the internal capsule. Also shown is axial 
T2-weighted MRI at the level of the deep nuclear gray matter of infants with normal gray-matter scores (Panel C) 
and abnormal gray-matter scores (Panel D), demonstrating the simpler gyral patterns observed among infants with 
gray-matter abnormalities.

The New England Journal of Medicine 
Downloaded from nejm.org on April 20, 2018. For personal use only. No other uses without permission. 
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T h e  n e w  e ng l a nd  j o u r na l  o f  m e dic i n e

n engl j med 355;7 www.nejm.org august 17, 2006690

size for gestational age, male sex, the need for 
oxygen therapy at 36 weeks, the presence of pat-
ent ductus arteriosus, multiple birth, postnatal use 
of corticosteroids, and abnormalities on cranial 
ultrasonography), the associations between mod-
erate-to-severe white-matter abnormalities on MRI 
and subsequent risks of severe motor delay (odds 
ratio, 9.79; 95 percent confidence interval, 2.56 to 
37.47) and cerebral palsy (odds ratio, 8.39; 95 per-

cent confidence interval, 2.28 to 30.89) remained 
significant, whereas the association with neuro-
sensory impairment did not (odds ratio, 3.27; 95 
percent confidence interval, 0.97 to 11.01; P = 0.06) 
(Table 4). In comparison, the ultrasonographic 
findings of grade III or IV intraventricular hem-
orrhage, periventricular leukomalacia, or both, as 
well as gray-matter abnormalities on MRI, were no 
longer significant predictors of subsequent neu-

Table 2. Neurodevelopmental Outcomes at a Corrected Age of Two Years.*

Outcome Measure White-Matter Abnormality P Value

None
(N = 47)

Mild
(N = 85)

Moderate
(N = 29)

Severe
(N = 6)

MDI score† 92.50±15.63 85.32±15.46 77.93±19.16 69.67±25.30 <0.001

Severe cognitive delay (%) 7‡ 15 30 50 0.008

PDI score† 94.63±13.45 90.73±12.75 80.11±18.18 56.17±23.50 <0.001

Severe motor delay (%) 4 5 26 67 <0.001

Cerebral palsy (%) 2§ 6 24 67 <0.001

Neurosensory impairment (%) 4 9 21 50 0.003

Any neurodevelopmental impair-
ment (%)¶

15 26 48 67 <0.001

No. of impairments 0.22±0.47 0.40±0.71 1.15±1.20 2.33±1.97 <0.001

* Plus–minus values are means ±SD. Mental Development Index (MDI) scores ranged from 40 to 122; Psychomotor 
Development Index (PDI) scores ranged from 40 to 117. Higher scores indicate better test performance. 

† The scores were based on 164 children, owing to the exclusion of 1 child who was blind and 2 children for whom only 
some data on the BSID-II were available.

‡ These three children with severe cognitive delay had family backgrounds of multiple severe psychosocial factors, includ-
ing parental psychopathology, low maternal IQ, disruption of the family, and one or more placements in foster care.

§ This child with cerebral palsy had a family history of cerebral palsy.
¶ Any neurodevelopmental impairment was defined as the presence of any severe impairment at two years of age (MDI 

or PDI score less than 70, cerebral palsy, or neurosensory impairment).

Table 3. Cerebral Gray-Matter Abnormalities on MRI at Term Equivalent and Neurodevelopmental Outcomes 
at a Corrected Age of Two Years.*

Outcome Measure
Normal Gray Matter

(N = 85)
Abnormal Gray Matter

(N = 82) P Value

MDI score 88.75±15.94 82.11±18.30 0.02

Severe cognitive delay (%) 10 24 0.02

PDI score 92.70±13.68 84.79±17.99 0.002

Severe psychomotor delay (%) 5 16 0.02

Cerebral palsy (%) 5 16 0.02

Neurosensory impairment (%) 7 16 0.08

Any neurodevelopmental impairment (%) 21 35 0.04

No. of impairments 0.33±0.59 0.76±1.17 0.004

* Plus–minus values are means ±SD. Mental Development Index (MDI) scores ranged from 40 to 122; Psychomotor 
Development Index (PDI) scores ranged from 40 to 117. Higher scores indicate better test performance.

The New England Journal of Medicine 
Downloaded from nejm.org on April 20, 2018. For personal use only. No other uses without permission. 
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Woodward LJ.
N engl j med 2006

Coronal T2-
Weighted MRI 

T1-weighted MRI 

Associations between neurodevelopmental outcomes and
degree of white matter injury



MACROSTRUCTURE IN VIVO: 3D VOLUMETRIC MRI
Altered brain tissue volumes at Term-Equivalent 

Age

• Gui L et al. 2012, Med Image Anal. 2012 

• Warfield SK et al. Medical Image Analysis 2000

• White matter abnormalities can be 
detected by MRI in up to 50-70% of VPT 
infants 

• Reduced cortical grey matter volumes
• Specific loss of volume in hippocampus, 

basal ganglia and cerebellum at TEA

Inder, et al. 2003; Miller, et al. 2005 ; Ment, et al 2009 
Padilla, et al. 2014



MACROSTRUCTURE IN VIVO: 3D VOLUMETRIC MRI
ALTERED BRAIN TISSUE VOLUMES IN CHILDHOOD AND ADOLESCENCE

• Persistent reduction in white and grey matter volumes, as well as in 
volumes of thalamus, caudate nucleus, corpus callosum, cerebellum, 
hippocampus, amygdala, throughout childhood and adolescence 

de Kieviet, Developmental Medicine & Child Neurology 2012
Nosarti, Early human development 2013



Associations between neurodevelopmental outcomes and 
reduced global and regional tissue volumes

• Brain structure abnormalities associated with the 
full spectrum of behavior and 
neurodeveloppmental outcomes in the VPT 
population

• Brain tissue volume reductions was shown to 
explain up to 20-40% of the IQ and educational 
outcome differences between EPT and control 
adolescents

• Grey matter volume reduction in the dorsal 
prefrontal cortex specifically associated with 
attention/hyperactivity problems from age 4 to 9 
years

• * Hippocampal volume reduction has been 
associated with lower IQ and everyday memory 
deficits in PT born children

• Isaacs, et al 2004,Isaacs et al. 2000; Bora 2014; Limperopoulos
2014 

*



Manual segmentation of the cerebellum 

3 SK Warfield et al, Medical Image Analysis 2000; 4: 43-55

Vulnerability of the cerebellum

• Reduction in cerebellar volume in the newborn period in VPT compared 
with term-born controls (Limperopoulos, et al. 2005; Spittle, et al. 2010)

• Important role of the CB in the development of motor control, 
coordination of movements and posture, but also for cognitive, 
behavioral and social functions

• Persistent significant reduction of the cerebellum volume in VPT 
adolescents which was significantly associated with lower cognitive 
scores in several domains (Allin, et al. 2008; Peterson, et al. 2000)



Longitudinal study of neonatal brain tissue volumes in preterm
infants and their abil i ty to predict neurodevelopmental outcome

• Volumetric MRI data of 84 PT infants born between 26 and 36 weeks GA (mean age 30.16 ± 2.56 
wks) were acquired at birth and at TEA. Volume growth rate between birth and TEA was 
calculated. 

• Neurodevelopmental outcome was assessed at 24 months by the BSID II (MDI and PDI scores) 
and at 5 years of age by K-ABC (CMP).

! ! ! !
(a) (b) (c) (d) 

 
Figure 1. Automatic segmentation of longitudinal T2-weighted images acquired at birth (a, b, 
30 4/7 GW) and TEA (c, d, 41 3/7 GW) into CGM (gray), UWM (red), SGM (white), 
cerebellum (yellow), brainstem (green), and CSF (blue).  
!

Automatic segmentation of
longitudinal T2-weighted images
acquired at birth (a, b, 30 4/7 GW)
and TEA (c, d, 41 3/7 GW) into CGM
(gray), WM (red), SGM (white), CB
(yellow), brainstem (green), and CSF
(blue). Gui L et al. 2012

Gui L et al. Neuroimage 2018



• Cognitive outcomes (MDI scores) at 18-24 months and at 5 years of age (MPC scores) 
were predicted with highest AUC by the LDA based on GA and SES (AUC = 0.78 for MDI 
and AUC = 0.77 for MPC). 

• Motor outcome (PDI scores) at 18-24 months was predicted with the highest AUC 
obtained by combining GA and SES with brain volumes at TEA 

Parental SES was found to be the major determinant of the prediction of cognitive outcome

 
Figure 4. Classification ROC curves using the following four sets of birth weight normalized 
features, together with GA and SES: (i) birth data, GA and SES (red lines), (ii) TEA data, GA 
and SES (yellow lines), (iii) both birth and TEA data, GA and SES (orange lines), (iv) brain 
volume GR, GA and SES (green lines), and (v) only GA and SES. 
 

The classification suffers from the small number of subjects in the abnormal group, 
especially for the MPC score, with only 6 abnormal scores vs. 50 normal scores. This is one 
of the limitations of this study that we will discuss later. Furthermore, the classification may 
have suffered from over fitting and low rank issues in some cases. For these reasons, we 
explored the ability of volumetric data to predict neurodevelopmental outcomes by using 
GLMs and F-tests, whose results are presented in the next section.  
 

3.3.2 General linear models for the prediction of the neurodevelopmental 
outcome  

 
The analysis of outcomes by GLM with gender, GA at birth and SES showed that low 

parental SES was associated with poorer cognitive development at 18-24 months and 5 years 
of age, reflected by lower MDI and MPC scores, but not with motor development (PDI score) 
at 18-24 months of age (Table 7). At that age, males had significantly lower motor scores 
compared to females (PDI score: mean ± SD: 82 ± 16 versus 89 ± 13, p .043). GA at birth 
was not significantly associated with outcome in our cohort.          
 
Table 7. General linear model analysis of neurodevelopmental outcomes (model 1) 
 

 MDI 18-24 months  

 
PDI 18-24 
months 

 

 
 

MPC 5 years 
 

 

Variables B (95% CI) P-value B (95% CI) P-value B (95% CI) P-value 
 

SES* 
 

-2.15 (-3.11, -1.19) 
 

<.001 
 

-.34 (-1.40, .71) .519 -2.07 (-3.31, -.83) .001 

 
GA at birth 

 
.72 (-1.97, .52) .251 -1.18 (-2.56, .19) .092 .27 (-1.23, 1.77) .718 

Gender 2.96 (-3.44, 9.36) .360 7.74 (.66, 14.83) .033 1.82 (-6.08, 9.73) .646 
* SES: Parental socioeconomic status 
 
 

Associations between neurodevelopmental outcome and perinatal factors, tissue 
volumes and GR were investigated by comparing (F-test) R2 values of six GLMs. Table 8 
shows that the MDI score at 18-24 months is predicted mainly by model 1 (GA, Gender and 
SES) (adjusted-R2 = 0.22). Adding the perinatal data (model 2) in the analysis does not 
improve the prediction of outcomes (p = 0.45, 0.23, 0.57 for MDI, PDI and MPC, respectively). 
MRI volumetric data (either at birth, at TEA, both at birth and at TEA, or volume GR) do not 
contribute to the prediction power of the MDI score (p = 0.73, 0.43, 0.53, 0.38, respectively). 

The figure presents the ROC curves of the 
LDA classification of the children into two
classes: those with outcome scores < 85 and 
those with outcome scores ≥ 85 at 18-24 
months and 5 years of age using the four 
sets of birth weight normalized features, as 
well as the GA at birth and the SES. 

Longitudinal study of neonatal brain t issue volumes in preterm 
infants and their abil i ty to predict neurodevelopmental outcome 

Gui L et al. Neuroimage 2018



Extreme prematurity vs moderate
prematurity and IUGR

AGA M-SGA S-SGA P-value
24-28 weeks
Cognitive deficiency 38.2 % 32.1 % 37.5 % 0.85
Inattention-
Hyperactivity
symptoms

21.7 % 21.2 % 19.1 % 0.96

School difficulties 33.2 % 44.8 % 35.3 % .43
29-32 weeks
Cognitive deficiency 28.7 % 41 % 40 % < .01
Inattention-
Hyperactivity
symptoms

15 % 15.7 % 23.5 % .07

School difficulties 18.4 % 23.1 % 28 % .04

GUELLEC et al PEDIATRICS 2011



Control InfantsIUGR Infants
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Borradori Tolsa C et al. Pediatr Res 2004

Reduced cortical development in preterm
infants with IUGR at birth and at TEA

T1 and T2 MRI of the brain on coronal section 



Lodygensky G et al. Pediatr Res 2008 ;63:438-443

Advanced Image analysis
voxel-based-morphometry

Bilateral Hippocampus
Unilateral Temporal lobe

Scatterplot of the total hippocampal volume with the MDI 
at 24 mo corrected age with a best-fit regression line 
(MDI = 28.36 × hippocampal volume + 34.022; R2 0.2665)

Intrauterine growth restriction affects the preterm
infant's hippocampus



Sulcation index quantification among groups at birth

Cortical maturation: effects of twinning and IUGR

Dubois J et al. 2008

• Harmonious delay in twins
• Early impairment in IUGR
• newborn



Diffusion tensor imaging : identification of major white 
matter fiber tracts in the newborn brain

Hüppi PS & Dubois J. J Semin Fetal Neonatal Med 2006. 



Cognitive outcomes in children and adolescents 
born VP

IQ

• 6163 children born VP and 5471 FT born
control, from 60 studies

• VPT scored de 0,82 SD (95% [IC]: 0,74-
0,90; p <0,001) lower on intelligence tests 
compared to their FT born peers
corresponding to 12,3 IQ points

• No change in IQ scores for more recent 
cohorts 

• Cognitive impairments in children born VP 
are deficits rather than delays

RESULTS
Intelligence
Based on the 44 studies (preterm: n=4225; control:
n=3989) included in the analyses, children born very pre-
term or extremely preterm performed significantly worse
on measures of intelligence (Hedge’s g=!0.82, 95% CI
!0.90 to !0.74; p<0.001). This association was found to
have medium-to-high heterogeneity (Q=115.81, df=43;

p<0.001, I2=62.87%), and the tests for publication bias did
not indicate systematic bias: Rosenthal’s FSN was 17 346
(p<0.001, and greater than the cut-off of 230)81 and the
correlation between study sample size and study effect size
was non-significant (r=!0.12, p=0.426). A meta-regression
found that age (B=0.01, 95% CI !0.01 to 0.04; p=0.339),
continuous gestational age (B=0.06, 95% CI !0.01 to 0.09;
p=0.092), categorical gestational age (B=0.13, 95% CI
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Figure 2: Forest plot of effect sizes obtained from studies the reporting on intelligence in children born very preterm.
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• VPT scored 0,51 SD (95% 
[IC]:0.74–0.90; p<0.001) 
lower on measures of EF 
compared to their FT born
peers

• PT birth leads to 
widespread disruptions in 
the frontoparietal
network, whose is
associated with optimal 
cognitive development

Aarnoudse-Moens et al.14 TEA-Ch Shape School Inhibition
Aarnoudse-Moens et al.14 TEA-Ch Shape School Switching

Aarnoudse-Moens et al.14 Go/nogo
Aarnoudse-Moens et al.14 Day-Night

Aarnoudse-Moens et al.14 Verbal Fluency
Aarnoudse-Moens et al.14 Backward Word Span

Aarnoudse-Moens et al.14 Object Classification Task for Children
Allin et al.16 COWAT Letters

Allin et al.16 COWAT Animals
Anderson et al.17 TEA-Ch Opposite Worlds

Anderson et al.17 TEA-Ch Creature Counting
Anderson and Doyle57 WISC-III Digit Span

Anderson and Doyle57 Tower of London
Baron et al.18  Hopkins Board

Burnett et al.58  WMTB-C Backward Digit Span
Burnett et al.58  Tower of London

Campbell et al.59  WISC-IV Working Memory Index
Campbell et al.59  TEA-CH Creature Counting
Clark and Woodward60 Detour Reaching Box

Clark and Woodward60 Conners K-CPT
Clark and Woodward60 Tower of Hanoi

Clark and Woodward60 NEPSY Visual Search
Clark and Woodward60 WISC-IV Backward Digit Span

Clark and Woodward60 Corsi Blocks
Crotty et al.61 WISC-IV Backwark Digit Span

Crotty et al.61 Corsi Blocks
de Kieviet et al.26 Flanker task

Foulder-Hughes and Cooke26 WISC-III Arithmetic
Foulder-Hughes and Cooke26 WISC-III Digit Span

Foulder-Hughes and Cooke26 WISC-III Mazes
Geldof et al.62 ANT Executive Network

Giordano et al.63 Go/nogo
Giordano et al.63 Flexibility

Grunewaldt et al.29  WISC-III Working Memory Index
Grunewaldt et al.29  Tower of London

Grunewaldt et al.29  Trail-Making Test B
Grunewaldt et al.29  Stroop

Hagmann-von Arx et al.30 WISC-IV Arithmetic
Lind et al.34 NEPSY Inhibition

Løhaugen et al.36 WMS-III Digit Span Backwards
Løhaugen et al.36 WMS-III Letter-Number Sequencing

Løhaugen et al.36 WMS-III Spatial Span Backwards

Litt et al.35 CANTAB Spatial Span

Luu et al.64 D-KEFS Letters
Luu et al.64 D-KEFS Category
Luu et al.64 D-KEFS Inhibition

Luu et al.64 D-KEFS Inhibition Switching
Luu et al.64 D-KEFS Tower

Luu et al.64 WMS Spatial Span Backwards
Marlow et al.65 NEPSY Attention-Executive Domain

Mulder et al.38  TEA-Ch Walk Don’t Walk
Mulder et al.38  TEA-Ch Opposite Worlds

Mulder et al.38  WISC-IV Backward Digit Span
Mulder et al.38  WISC-IV Letter-Number Sequencing

Mulder et al.38  NEPSY Verbal Fluency

Mulder et al.38  NEPSY Tower
Murray et al.40 TEA-Ch Creature Counting

Nosarti et al.66 COWAT
Nosarti et al.66 Animals and Objects Trials

Nosarti et al.66 Trail-Making Test B
Nosarti et al.67 Go/nogo

Pizzo et al.68  ANT
Rickards et al.45 WISC-III Arithmetic
Rickards et al.45 WISC-III Digit Span

Simms et al.49  Automated Working Memory Assessment
Simms et al.49  NEPSY Inhibition

Skranes et al.50 Wisconsin Card Sorting Test
Skranes et al.50 Knox Cube

Skranes et al.50 Trail-Making Test B
Stjernqvist and Svenningsen52 WISC-III Arithmetic

Taylor et al.53 Contingency Naming Test
Taylor et al.54 CANTAB IED Shift

Taylor et al.54 CANTAB Stockings of Cambridge
Taylor et al.54 CANTAB Spatial Working Memory
Taylor et al.54 CANTAB Rapid Visual Processing

Taylor et al.54 Contingency Naming Test
van Baar et al.55 WISC-R Mazes

van Baar et al.55 WISC-R Arithmetic
van Baar et al.55 WISC-R Digit Span

Wong et al.69  WJ-III BIA
Wong et al.69  NEPSY Shape School Inhibition

Wong et al.69  Preschool Trials Test-Revised, Inhibition
Wong et al.69  Nebraska Barnyard

Wong et al.69  Go/nogo
Wong et al.69  Continuous Performance Task

Woodward et al.70 EF Composite score

Younger children (4–10y)
Older children (11–17y)

Overall effect

–2 –1.5 –1 –0.5 0 0.5 1 1.5

Standardized mean difference (g)

Mulder et al.38  TEA-Ch Creature Counting

462 Developmental Medicine & Child Neurology 2018, 60: 452–468

Brydges CR. Cognitive outcomes in children and adolescents born
very preterm: a meta-analysis. Dev Med Child Neurol 2018.

Cognitive outcomes in children and 
adolescents born VP

EF



Thalamocortical connectivity at TEA predicts
cognition in children born preterm

• 57 PT infants <35 weeks GA with no evidence of focal abnormality underwent DTI-MRI at
TEA and cognitive assessment (BSID III) at 2 years

• Cognitive scores at 2 years were correlated with structural connectivity between the
thalamus and extensive cortical regions at TEA including,

• inferior frontal lobe, frontal pole, supplementary motor cortex, operculum, anterior and dorsal
cingulum, superior parietal cortex, supramarginal gyrus, somatosensory cortex, motor cortex,
superior temporal lobe, medial temporal lobe, anterior temporal lobe, and insula

• Mean thalamocortical connectivity across the whole cortex explained 11% of the
variance in cognitive scores at 2 years

Parental socioeconomic score was the single largest predictor of
outcome (semi-partial [part] r =−0.41, P = 0.001; Fig. 1C).

We further examined the role of the thalamocortical system
on cognitive outcome using mean diffusivity as a marker of
gray matter development in the cortex and thalamus. Figure 2
shows regions where cortical mean diffusivity was significantly
negatively associated with outcome, after adjusting for PMA at
scan, GA at birth, and parental SES. Mean cortical diffusivity
was extracted from across the cortical skeleton and entered
into an explanatory model alongside thalamic diffusivity, GA at
birth and parental SES (Table 3; Fig. 2D). This model explained
39.5% of the variance in cognitive score (R2 = 0.395; adjusted R2 =
0.336), with parental SES accounting for 11.8% (P = 0.003), mean
thalamocortical connectivity for 5.7% (P = 0.033) and thalamic
diffusivity for 3.0% (P = 0.116). Cortical diffusivity was largely

dependent on thalamic diffusivity (Linear regression: thalamic
diffusivity, PMA at scan, GA at birth: R2 = 0.58 [adjusted R2 = 0.55],
P < 0.001; semi-partial r = 0.65, −0.17 and 0.16 respectively;
Fig. 2C), and removing cortical diffusivity from the model did
not alter the overall fit (R2 = 0.39; adjusted R2 = 0.345; R2 change =
0.004; Fig. 2D).

Discussion
Cognitive ability is a major predictor of important life outcomes
including educational attainment, professional development
and longevity (Deary 2008, 2012), although the neuroanatomical
substrates associated with these performance outcomes are un-
clear. Preterm infants have been repeatedly shown to haveworse
cognitive abilities and life attainment than their term-born peers

Figure 1.Thalamocortical connectivity and cognition. (A) Regionswhere thalamocortical connectivity at termequivalent agewas correlated to cognition at 2 years, P < 0.05
adjusted for GA at birth, PMA at scan, and parental socioeconomic group, are shown in yellow. (B) Surface renderings showing the t-statistic of each significant voxel in
A. (C) Fullmodel fit (top) and semi-partial correlation plots (bottom) showing the relationship between cognitive score at 2 years, parental socioeconomic status andmean
connectivity. Socioeconomic score and mean connectivity are adjusted for each other and GA at birth.

Table 2 Results of linear regression analysis of model 1

Predictorsa Standardized β t P Correlations
Zero-order Partial Part

Socioeconomic score −0.419 −3.587 0.001 −0.437 −0.442 −0.412
Mean connectivity 0.331 2.873 0.006 0.343 0.367 0.330
Gestational age at birth 0.038 0.325 0.747 0.087 0.045 0.037

aOverall model fit: F1,53 = 7.57, adjusted R2 = 0.26, P < 0.001.

Preterm Thalamocortical Connectivity Ball et al. | 4313

Thalamocortical connectivity and cognition. (A) Regions where thalamocortical connectivity at term equivalent age was correlated to
cognition at 2 years, P < 0.05 adjusted for GA at birth, PMA at scan, and parental socioeconomic group, are shown in yellow.

Ball et al. Cerebral Cortex 2015 



these connections were widespread through the telencephalon
(Fig. 2A–C; orange-colored connections, Supplementary
Table 7C).

Increased FAw-SC was found only in short cortico-cortical
338 connections of temporal (middle temporal gyrus) and inferior

frontal gyrus (pars opercularis) (see Fig. 2A–C; blue-colored
connections and Supplementary Table 8).

Differences in FAw-SC Between EP and IUGR
As summarized in Figure 3A,B and Supplementary Tables 9

343and 10, comparing IUGR children to EP subjects directly
revealed only intrahemispheric FAw-SC alterations. When com-
pared with the EP group, reduced connectivity in the IUGR
group was found again in the CBTCL (Fig. 3A–C); red-colored
connections, Supplementary Table 9A. However, these

Figure 1. Connections altered in EP children at school age (A–C) and correlation matrix of their FAw-SC with the socio-cognitive outcome (D). Projection to axial (A), sagittal (B),
and coronal plane (C) of connections showing statistically significant FAw-SC decrease (EP < controls; in red—the cortico-basal ganglia-thalamo-cortical loop connections; in
orange—intrahemispheric cortico-cortical connections; in yellow—brainstem, subthalamic, and callosal connections) or increase (EP > controls; in blue—intrahemispheric
cortico-cortical connections) when compared with controls under FWER control. (D) Pearson’s correlation strength, r (color bar in the right) between FAw-SC of altered connections
(A) and socio-cognitive outcome (P< 0.05, FDR corrected). Correlations that did not show statistical significance were not inserted. Asteriskindicatesstronger connections in EP. For
assessment of social skills, SRT (SRT Q1= Judgment score, SRT Q2 = Identification score) SDQ prosocial and SDQ peer relation questionnaire were administered. For assessment
of higher cognitive skills, KABC and SDQ were administered. Higher KABC scores indicate higher cognitive performance. SDQ emotion, conduct, hyperactivity, difficulties, and peer
relation scores use an inverse scale relative to performance (higher performance, lower score). Therefore, for illustration purposes, they were inverted in the figure. A–C were
reconstructed using the BrainNet Viewer software (Xia et al. 2013 Q12).

4 Structural Brain Connectivity in School-Age Preterm Infants Q1• Fischi-Gómez et al.

Brain connectivity in preterm children at 6y

Projection to axial (A), sagital(B) and coronal (C) plane of connections showing statistically
significant FAw-SC decrease (EP < controls: red, orange, yellow) or increase (EP > controls: 
blue) when compared to controls. 

the cortico-basal 
ganglia-thalamo-cortical 
loop connections

intrahemispheric cortico-
cortical connections

brainstem, subthalamic, 
and callosal connections

intrahemispheric cortico-
cortical connections

E Fischi et al. Cerebral cortex 2015



ü Schematic drawing of 
altered connections in 
EP subjects and 
correlations with 
socio-cognitive 
outcome at 6y

A. Social reasoning skills, 
behaviour and peer 
problems 

B. Higher cognitive skills

ü In EPT at 6 y:  connectivity
alterations in the prefrontal
cortico-basal ganglia-
thalamo-cortical network 
linked with the level of their
socio-cognitive
performances 

Elda Fischi et al. Cerebral cortex 2014



Behavioral and socio-emotional difficulties
in VPT children

Prevalence of psychiatric
disorders in EPT at 11 y of age

neonatal variables although there was marginally greater risk for
boys and vaginal breech deliveries and, in some analyses, neo-
natal necrotizing enterocolitis. In contrast, we found greater
predictive accuracy using later neurodevelopmental measures; in
particular, parent-reported internalizing behavior problems at
2.5 y and conduct and attentional problems, and neurocognitive
impairment at 6 y were associated with psychiatric disorders at

11 y (47). In all these studies, significant associations were found
after adjustment for socioeconomic factors and thus highlight the
overwhelming effect of perinatal risk (50). Thus, longitudinal
neurodevelopmental assessments and behavioral screening may
highlight those children who are at risk for later psychiatric
morbidity, providing the opportunity for early diagnosis and
intervention. Early predictors of specific psychiatric disorders are
discussed in the following sections.

Attention Deficit/Hyperactivity Disorder

ADHD is the most prevalent and frequently studied psychi-
atric disorder in preterm/LBW populations. All but one (51) of
the earliest studies using DSM-based questionnaires reported
a significant excess of ADHD with prevalence rates ranging
16 to 19% and ORs of 2 to 3 in VLBW/ELBW children
(41,42,52). More recent studies report prevalence estimates of
9 to 11% in VPT/VLBW (26,53) and 17 to 20% in EPT/
ELBW children (26,27), indicating a GA-related gradient
(26). The pooled relative risk (RR) for ADHD in VPT/VLBW
survivors in six studies was 2.64 (95% CI, 1.85–3.78) (18) and
a recent epidemiological study has reported an RR of 2.7 (95%
CI, 1.8–4.1) in children born !34 wk (6).

Of the five diagnostic studies, four reported varying prevalence
estimates ranging from 7 to 23% in LBW/VLBW children born
in the 1980s (Table 2) (16,19,45,46). Increased risk has also been

Figure 1. Prevalence of psychiatric disorders at 11 y of age in a whole
population-based cohort of 219 EPT (!26 wk) children (blue columns) and
152 term-born classmates (red columns) in the UK EPICure Study.

Table 1. Studies reporting the prevalence of psychiatric disorders using DSM diagnostic criteria in preterm and LBW children

Study reference Control Index Age (y) Evaluation

Prevalence of disorders

OR (95% CI)Control (%) Index (%)

Diagnostic psychiatric
evaluations

47 n " 152 EPT 11 DAWBA 9 23 3.2 (1.7–6.2)
n " 219

1995
16 n " 83 VLBW 14 KSADS 7 25 4.3 (1.5–12.0)

n " 56
1986–1988

19 n " 130 LBW 11 CAS 9 27 3.1 (1.5–6.5)
n " 130

1986–1988
46 n " 148 VLBW 12 CAPA 10 28 3.4 (1.8–6.6)*

n " 136
1980–1983

45 None LBW 6 DISC 2.1P N/A 22 N/A
n " 564

1984–1987
Questionnaire-based

diagnoses
43 n " 176 ELBW 8 CSI-4 15 32 2.7 (1.6–4.5)*

n " 219
1992–1995

42 n " 145 ELBW 8 SDI 16.2 26.7 NS
n " 129

1977–1981
41 n " 208 ELBW 5 SDI 16.3 24.2 NS

n " 82
1980–1982

* OR (95% CI) calculated retrospectively from data provided in the article.
DAWBA, Development and Well Being Assessment; KSADS, Kiddie-Schedule for Affective Disorders and Schizophrenia; CAS, Children Assessment

Schedule; CAPA, Child and Adolescent Psychiatric Assessment; DISC 2.1P, Diagnostic Schedule for Children-Parent Version 2.1P; CSI-4, Parent Child
Symptom Inventory; SDI, Survey Diagnostic Instrument; EPT, !26 wk gestation; LBW, !2500 g; VLBW, !1500 g; ELBW, !1000 g; N/A, not applicable.

13RPRETERM BIRTH AND PSYCHIATRIC DISORDERS

The preterm behavioral phenotype

• increased risk for symptoms and 
disorders associated with
– Inattention 
– Anxiety
– Social difficulties

• associated with altered brain
development after preterm birth

Johnson S & Marlow N Pediatr Res 2011



* **

*p = 0.007/ ** p 
=0.003

ü PT with low BW had higher hyperactivity/inattention symptoms 
(SDQ)
ü Compared to term controls 
ü Compared to AGA 

SD
Q

 h
yp

er
ac

tiv
ity

 m
ea

n 
sc

or
e

0

1

2

3

4

5

6

7

8

9

IUGR AGA Control

ü58 PT children
(< 33 wks GA)

ü22 were born with IUGR
ü36 were born AGA

ü35 Term born control children

Neuroanatomical substrates of hyperactivity
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PT born infants with high hyperactivity/inattention scores (>5) have lower right
Nucleus Accumbens volume (cm3) than those with low levels of hyperactivity
/inattention scores (≤5)
(0.620 cm3� 0.1, vs 0.735 cm3� 0.1; p = .015)

MRI : post acquisition volumetric image analysis and automatic 
parcellation of P, GP, C, NA (freesurfer software)

Van Hanswijck De Jonge  L et al. under revision

Hyperactivity/ inattention symptoms and 
nucleus Accumbens
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ABBREVIATIONS

EPT Extremely preterm

SDQ Strengths and Difficulties

Questionnaire

VPT Very preterm

AIM To review systematically studies examining the development of social competence in

children born very preterm (VPT) (gestation <33wks) and identify neonatal and family

predictors.

METHOD Peer-reviewed original articles were extracted from PubMed and PsycINFO

following Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

guidelines. Selection criteria included children born VPT and comparison children born at

term, sample born after 1990, and children assessed between 0 and 17 years on at least one

measure of social competence spanning social adjustment, performance, and/or social skills.

RESULTS Twenty-three studies were included. Seven focused on social competence and

another 16 examined social competence within a range of outcomes. Study quality was low.

Limitations included reliance on single informant data, cross-sectional measurement, use of

brief screening tools, absence of child or peer report, and no conceptual model. In terms of

social adjustment, 16 out of 21 studies found children born VPT had more peer problems and

social withdrawal. Findings of social performance were mixed, with some studies suggesting

differences in prosocial behavior (4/14) and others not. Social skills were assessed in four

studies and showed children born VPT had poorer skills than children born at term.

Predictors of social competence included gestational age, neonatal brain abnormalities, and

family socio-economic status.

INTERPRETATION Children born VPT have poorer social competence. These difficulties

emerge early and persist throughout childhood.

Recent meta-analyses and systematic reviews have shown
that children born very preterm (VPT) (gestation <33wks)
are at increased risk of a range of neurodevelopmental
impairments compared with their term-born peers. These
span cerebral palsy and other motor impairments, cognitive
deficits, language delay, behavioral adjustment problems,
and poor school achievement.1–6 Another important aspect
of child development that has not been well studied in this
high-risk population concerns their social competence or
ability to relate to and form successful relationships with
others. These skills are important given that studies of the
general population show that poor social competence is
associated with educational underachievement, peer rejec-
tion, internalizing problems, and school disengagement
during adolescence as well as poorer social, occupational,
and family functioning in adulthood.7–11

Currently, a small but growing body of studies suggests
that children born VPT are subject to a range of social
and behavioral difficulties that may affect their life-course
opportunities.12–14 Several contemporary follow-up studies
have also found an increased risk of autism spectrum disor-
ders and related behaviors in survivors of VPT birth.15–17

Although suggestive of a possible link between prematurity
and later social problems, the interpretation of existing
research has been limited by several methodological prob-
lems. First, there is considerable variability across studies
in the outcomes assessed. Second, few studies have drawn
on existing developmental research in the identification of
a clearly defined set of social competence constructs that
are important for children’s longer-term adaptive function-
ing. Most studies have narrowly focused on a single aspect
of social functioning or a small subset of behaviors and/or
competencies. Finally, so far, there have been no system-
atic reviews or meta-analyses of the social development of
children born VPT, making it difficult to understand the
nature of their social strengths and difficulties, the devel-
opment of social competence over time, and the processes
that may place children born VPT at risk of social compe-
tence difficulties.

Several conceptual models of social competence have
been proposed based on existing developmental research
including the social information processing model,18 the
quadripartite model,19 and the tri-component model.20 For
this review, we adopt the tri-component model given its

© 2015 Mac Keith Press DOI: 10.1111/dmcn.12783 1



Montagna and Nosarti, Frontiers in Psychology 2016

Structural alterations in the social brain found in PT 
individuals

Montagna and Nosarti Very Preterm Birth and Socio-Emotional Development

FIGURE 1 | Structural alterations in the social brain found in preterm individuals. This is a graphic representation of a summary of the studies reviewed in

Table 3. Colored areas highlight brain regions involved in processing socio-emotional stimuli that have been shown to display structural alterations in very preterm

samples.

alterations in the superior fasciculus and external capsule were
associated with high scores on an autism spectrum screening in
VLBW adolescents (Skranes et al., 2007), while microstructural
alterations in several WM tracts (forceps major, forceps
minor, inferior fronto-occipital fasciculus/inferior longitudinal
fascisculus, superior longitudinal fasciculus, and corticospinal
tract) were associated with increased attention and internalizing
problems in preterm children (Loe et al., 2013). Another recent
study further described significant associations between WM
connectivity in medial orbito-frontal, prefrontal, parietal cortex,
and the basal ganglia and SDQ prosocial subscale scores in 6
years old children born moderately preterm (32 to <37 weeks
of gestation) with intrauterine growth restriction (Fischi-Gómez
et al., 2015).

These studies highlight the complex interplay among different
brain structures and the role of their connectivity in maintaining
unimpaired social cognition and social behaviors. Fronto-striato-
cerebellar circuits in addition to fronto-limbic and fronto-
parietal networks seem to contribute to optimal socio-emotional
behaviors. The “social brain,” far from being a modular
and anatomically defined set of brain areas, appears to rely
on distributed circuits, with the processing of social stimuli
requiring the coordinated action of systems regulating attention,
cognitive control, motivation, emotion and social cognition.

Structural and functional brain alterations associated with
VPT birth in the early stages of development may affect
later development of these networks. Results of the few
longitudinal studies conducted to date have reported a significant
association between perinatal white matter alterations and socio-
emotional outcomes in childhood, pointing to the possibility of
identifying possible biomarkers of outcome long before the actual
manifestation of any potential problem (Clark et al., 2008; Spittle
et al., 2009; Jones et al., 2013).

Higher apparent diffusion coefficient (ADC), reflecting
possible WM pathology, in right orbitofrontal cortex detected
at term equivalent age in VPT infants was related to peer
problems at 5 years, supporting the idea of the involvement
of the orbitofrontal cortex in theory of mind, social cognition,

and social regulation (Rogers et al., 2012). The same study also
described gender differences in the association between socio-
emotional development at age 5 and regional brain maturation
at term: SDQ peer problems, hyperactivity and total scores
were correlated with smaller hippocampal volume in females,
while poorer SDQ prosocial scores were associated with a
smaller frontal region in boys. Another study described a
specific increased risk for internalizing behaviors and autism-
like symptoms in preterm born children with perinatal cerebellar
haemorrhagic injury, highlighting the role of cerebellum in
behavioral and social dysfunctions (Limperopoulos et al., 2007).
Together with these finding, Nosarti et al. (2011) showed
a predictive role of neonatal ultrasound abnormalities on
behavioral and social adjustment outcomes in adolescence.
They described a significant increase in generalized behavioral
problems and social adjustment issues in a VPT born adolescents
with a history of periventricular hemorrhage and ventricular
dilatation, highlighting the importance of the integrity of
subcortical periventricular areas for the optimal development of
networks underlying socio-emotional functioning.

Only one study to date has investigated mental health and
socio-emotional development in VPT samples in association with
volumetric changes beyond the first weeks of life. Parker et al.
(2008) compared cerebellar volumetric changes between VPT
individuals and controls during the transition from adolescence
to young adulthood (14–19 years). Between the two time-points,
the VPT group showed 3% cerebellar shrinkage, and this
decrease was associated with worse mental health, as assessed
by a self-report (the General Health Questionnaire). This study
highlights the need and importance of longitudinal investigations
to shed light on the dynamic patterns of cortical and subcortical
maturation associated with socio-emotional development and
psychiatric outcomes (Shaw et al., 2010).

PATHWAYS TO PSYCHOPATHOLOGY

Despite a great prevalence of socio-emotional and psychiatric
problems in individuals born very preterm, the underlying

Frontiers in Psychology | www.frontiersin.org 9 February 2016 | Volume 7 | Article 80

Reduced volumes
ü In the orbitofrontal cortex(Gimenez et al., 2006)
ü of the fusiform gyrus (Nosarti et al., 2008)
ü of the amygdala (Peterson et al., 2000) 
ü of the insula (Nosarti et al., 2008, 2014) 
ü of the hippocampus (Nosarti et al., 2002)



Cismaru et al. Premature Birth, Amygdala, and Fear Processing

FIGURE 1 | Delineation of amygdala on T2-weighted magnetic resonance imaging (MRI) using the Amira software: (A) coronal view; (B) axial view; (C)
sagittal view. Red contour—right amygdala, blue contour—left amygdala.

two groups were assessed using a Student t-test for continuous
variables, and using a chi-square test or Fisher exact test, as
appropriate, for categorical variables.

Differences in amygdala volumes between preterm and term
born groups, and between left and right hemispheres were
assessed using a generalized linear model, with prematurity,
gender and GA at the time of the MRI as between-
subjects effects, and hemisphere side as within-subjects effect.
Differences in brain tissue volumes between preterm and
term born groups were assessed using general linear models,
with prematurity, gender, GA at the time of the MRI and
volume of ICC as between-subjects effects. For the sub-
cohort for which the volumes of the ICC were available,
differences in amygdala volumes between preterm and term
born groups, and between left and right hemispheres were
assessed using a generalized linear model, with prematurity,
gender, ICC volume and GA at the time of the MRI as
between-subjects effects, and hemisphere side as within-subjects
effect.

The relationship between total amygdala volumes and infants’
response to the fear episode of the Lab-TAB at 12 months
was assessed using Spearman correlations. Composite scores
were binarized into equal to zero (no reaction to mechanical
dog episode) and greater than zero (any reaction to mechanical
dog episode), and amygdala volumes were compared between the
reaction/no reaction infant groups with Student t-tests.

Statistical analysis was performed using SPSS Statistics
Software. A two-tailed p-value  0.05 was considered significant
for all analyses.

RESULTS

Group Characteristics
Gender distribution, GA at the time of the MRI scan, birth
weight z-scores and brain pathology distribution (IVH, PVL)
were not significantly different between the preterm and the term
born groups (Table 1). Morbidities associated with prematurity

(broncho-pulmonary disease [BPD], patent ductus arteriosus
[PDA] and necrotizing enterocolitis [NEC]) were not found in
the term born group.

Amygdala Volumes
Amygdala volumes (Tables 2, 3) were significantly smaller
in preterm born infants at TEA than in term born infants,
(mean difference 138.03 mm3, 95% confidence interval [CI],
108.62–167.45, p < 0.001), adjusting for gender and GA
at MRI time. Moreover, volumes of right amygdala were
significantly larger than volumes of left amygdala (mean
difference 36.88 mm3, 95% CI, 23.63–50.12, p< 0.001), adjusting
for gender and GA at MRI time. No significant relationship was
found between amygdala volumes and gender or GA at MRI
time. Amygdala volumes were not significantly different between
the 5 infants presenting brain pathologies (IVH or PVL) and
the other 76 infants of the cohort (Supplementary Table 1).
Among the premature infants, amygdala volumes were not
significantly different between infants presenting prematurity-
associated morbidities (BPD, PDA, NEC) or having received
antenatal steroids and the other premature infants of the cohort
(Supplementary Table 1).

Whole Brain Segmentation Volumes
White matter volumes (Table 4, column of B values) were
significantly smaller in preterm born infants at TEA compared
to term born infants (mean difference 17.27 cm3, p < 0.001),

TABLE 2 | Amygdala volumes.

Preterm born Term born infants
infants (n = 52) (n = 29)

Left amygdala volume at TEA, 592.78 (73.15) 723.54 (75.04)
mean (SD), mm3

Right amygdala volume at TEA, 624.29 (73.46) 770.07 (71.95)
mean (SD), mm3
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TABLE 3 | Parameter estimates for generalized linear model of amygdala
volumes.

B 95% CI p-valuea

Preterm born �138.03 �108.62 �167.45 <0.001
Right hemisphere 36.88 23.63 50.12 <0.001
Male 12.41 �16.09 40.91 0.39
GA at MRI �1.83 �11.97 8.31 0.72

aGeneralized linear model with prematurity, gender and GA at the time of the MRI

as between-subjects effects, and hemisphere side as within-subjects effect.

when adjusted for gender, GA at the time of the MRI and volume
of ICC. CSF volumes were significantly larger in preterm born
infants at TEA compared to term born infants (mean difference
17.04 cm3, p < 0.001), when adjusted for gender, GA at the time
of the MRI and volume of ICC. We did not find any significant
differences in cortical gray matter and subcortical gray matter
volumes between preterm and term born infants, when adjusted
for gender, GA at the time of the MRI and volume of ICC
(Table 4).

Amygdala volumes (Table 5) were significantly smaller in
preterm born infants at TEA than in term born infants (mean
difference 165.64 mm3, 95% CI, 134.33–196.94, p < 0.001),
adjusting for gender, ICC volume, and GA at MRI time.
Moreover, volumes of right amygdala were significantly larger
than volumes of left amygdala (mean difference 42.89 mm3,
95% CI, 28.48–57.30, p < 0.001) adjusting for gender, ICC
volume, and GA at MRI time. No significant relationship
was found between amygdala volumes and gender or GA at
MRI time. Amygdala volumes were not significantly different
between the 66 infants for whomwhole brain segmentations were
available and the other 15 infants of the cohort (Supplementary
Table 1).

Relationship Between Amygdala Volumes
and Lab-TAB Fear Episode Scores
Composite scores for the five variables describing the infants’
reaction to the Unpredictable Mechanical Toy episode were
computed by averaging over the three time intervals of the
procedure (Larroque et al., 2004; Gagne et al., 2011; Table 6).

The analysis of composite fear scores in the 42 prematurely
born infants subjected to the fear episode of the Lab-TAB test
showed significant positive correlation between the intensity of
the escape response and total amygdala volumes (rs = 0.38,
p = 0.013). No significant correlation was found between

total amygdala volumes and Lab-TAB scores measuring the
intensity of facial fear, distress vocalizations, bodily fear and
positive motor activity. Amygdala volumes were not significantly
different between the infants who completed (n = 42) and those
who did not complete (n = 10) the fear episode of the LabTAB
test (Supplementary Table 1).

Amygdala volumes were significantly larger in infants
showing an escape response compared to the infants showing
no escape response (mean difference 120.97 mm3, Table 7,
Figure 2). There were no significant differences in amygdala
volumes between infants showing any reaction and infants
showing no reaction of facial fear, bodily fear, distress
vocalizations or positive motor action (Table 7, Figure 2).

DISCUSSION

Amygdala Development and Preterm Birth
To our knowledge, this is the first quantitative MRI study of
amygdala volumes (right, left and bilateral) in preterm infants
at TEA and term-born infants. The study also explored the
association between amygdala volumes at TEA and the response
to a fear-eliciting situation in preterm infants at 12 months
of age. Amygdala volumes in very preterm infants at TEA
were significantly smaller than in term born controls, while
a rightward hemispheric asymmetry was present in the whole
cohort. Moreover, the evaluation of the fear response of preterm
infants at 12 months of age revealed that the intensity of
the escape response when faced with fear-eliciting stimuli was
significantly correlated with amygdala volumes at TEA.

Our results can be interpreted in the light of the
developmental path of the human amygdala. First discernable
around 5 post conceptional weeks (Müller and O’Rahilly, 2006),
the amygdala becomes an inhomogeneous structure around 12
post conceptional weeks (Nikolíc and Kostovíc, 1986). From this
point onward, it displays transient architectonic features, being
composed of continuous cell columns separated by cell-sparse
septa, which are linked to continuous neuronal migration and
the presence of radial glial cells (Nikolíc and Kostovíc, 1986; Ulfig
et al., 2003). Most of amygdala’s neuronal cells come from the
medial ganglionic eminence, with its medial nucleus developing
slightly before the laterobasal one (Müller and O’Rahilly,
2006). While its basic cytoarchitecture is already defined at
term (Humphrey, 1968; Ulfig et al., 1998), the amygdala still
undergoes important structural and functional remodeling

TABLE 4 | Whole brain segmentation volumes.

Volume (cm3) Preterm born Term born p-valuea B 95% CI
infants (n = 39) infants (n = 27)

CGM, mean (SD) 165.35 (18.13) 153.52 (17.58) 0.87 �0.46 5.88 4.95
SGM, mean (SD) 21.09 (1.68) 19.68 (2.05) 0.53 0.20 0.43 0.83
WM, mean (SD) 143.26 (14.48) 149.97 (16.64) <0.001 �17.27 22.28 �12.25
CSF, mean (SD) 98.68 (23.00) 69.44 (19.98) <0.001 17.04 �8.10 25.97

CGM, cortical gray matter volume; SGM, subcortical gray matter volume; WM, white matter volume; CSF, cerebrospinal fluid volume. ageneral linear models with

prematurity, gender, GA at the time of the MRI and volume of ICC as between-subjects effects.
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FIGURE 2 | Box plots of amygdala volumes dichotomized between infants who showed no fear reaction (composite score of corresponding
variable = 0), and infants who showed any fear reaction (composite score of corresponding variable > 0) to the fearsome mechanical dog episode.
Reaction/no reaction infants groups were created based on the following composite scores: (A) escape response; (B) bodily fear; (C) facial fear; (D) distress
vocalizations; (E) positive motor activity.

(Schmahmann and Pandya, 2009) is the uncinate fascicle. The
uncinate fascicle connects the anterior temporal lobe with the
medial and orbital prefrontal cortex, and, as it passes through
the temporal stem, it contributes some projections to the latero-
basal amygdala. Prematurely born children were shown to have
significantly lower fractional anisotropy (a measure of fiber
tract organization) values of the uncinate fascicle at 12 years
(Constable et al., 2008). This finding corroborates our hypothesis
that such alterations in connectivity, also reflected by reduced
white matter volumes in premature infants of our cohort, might
affect the growth of the amygdala in preterm infants.

Our results also uncovered the presence of a rightward
hemispheric asymmetry in amygdala volumes at TEA,
demonstrating the early appearance of this asymmetry that was
reported in adults by Uematsu et al. (2012). This is an important
finding given the well-known functional hemispheric asymmetry
present in adults, where direct electric stimulation of the right
amygdala induces negative emotions, while the stimulation of
the left amygdala induces both pleasant and unpleasant emotions
(Lanteaume et al., 2007).

Amygdala Development and the
Regulation of Fear Responses
Research on prenatal development of the amygdala and the
early development of socio-emotional competences is scarce.
Studies on primates reported that subjects with neonatal
amygdala lesions presented heightened fear responses when

faced with social stimuli, and diminished fear responses when
faced with (potentially threatening) non social objects (Prather
et al., 2001; Bauman et al., 2004). However, when amygdala
lesions were induced in adult primates, they showed no
indication of social fear (Emery et al., 2001), but demonstrated
similar diminished fear responses when faced with threatening
objects (Kalin et al., 2001). Bauman et al. (2004) concluded
that while the amygdala may not play an essential role in
social behavior, it has a key contribution in the identification
of potential dangers and the production of appropriate
responses, thus indirectly modulating social behavior. These
findings are in agreement with our results showing that
premature infants with smaller amygdala volumes at TEA had
a blunted reaction to a fearsome mechanical dog (non-social
stimulus) at 12 months of age. These different fear-processing
capabilities, seen as impaired identification of potential danger,
might therefore be linked to the altered development of
amygdala in prematurely born children. Moreover, our results
are consistent with the conclusions of a behavioral study
indicating that 12-month-old preterm infants displayed less
fear reactivity than term born infants when confronted to
the fearsome mechanical dog of the LabTAB test (Langerock
et al., 2013). However, a limitation of our study was
that fear processing capabilities could not be assessed in
normally-developing term-born infants, since their parents
considered extensive neuropsychological testing to be too time-
consuming.
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TABLE 5 | Parameter estimates for generalized linear model of amygdala
volumes adjusting for ICC volume.

B 95% CI p-valuea

Preterm born �165.64 �196.94 �134.33 <0.001
Right hemisphere 42.89 28.48 57.30 <0.001
Male 6.35 �24.42 37.13 0.69
GA at MRI �9.33 �25.28 6.61 0.25
ICC volume 0.001 0 0.001 <0.001

aGeneralized linear model with prematurity, gender, ICC volume and GA at the time

of the MRI as between-subjects effects, and hemisphere side as within-subjects

effect.

throughout its development from infancy to adolescence (Guo
et al., 2007; Østby et al., 2009; Tottenham et al., 2009; Tottenham
and Sheridan, 2010; Uematsu et al., 2012; Greimel et al., 2013).
Many studies reported that the amygdala volumes tend to
increase until early adolescence (Østby et al., 2009; Greimel et al.,
2013), but the most rapid growth was shown to occur around
birth (Vasung et al., 2008; Tottenham et al., 2009). Thus, our
results showing lower amygdala volumes in preterm vs. term
born infants at TEA reflect the vulnerability of the amygdala
to premature birth and life ex-utero before term age, which
seemingly cause disruptions of major developmental events
taking place in the brain during the third trimester.

There are few quantitative MRI studies of regional brain
volumes in preterm infants. Inder et al. (2005) reported lower
cortical and subcortical gray matter volumes in preterm vs. term
born infants at TEA, withmajor predictors of the altered volumes
being GA at birth and the presence of white matter injury.
Contrarily, Boardman et al. (2007) argued that brain tissue
volumes of prematurely born infants at TEA are not reduced
compared to term born infants, which is corroborated by our
findings (Table 4). Rogers et al. (2014) did not find significant
differences in the volumes of left or right amygdala between late
preterm children (born between 34 and 36 gestational weeks)
and term born peers at school age. In contrast to our study,
these volumetric results were obtained at school age rather than

TABLE 6 | Lab-TAB fear composite scores (obtained by averaging scores
for the three time intervals) in 42 prematurely born infants at 12 month
of age.

Composite scores

Variable score = 0 0 < score  1 1 < score  2 2 < score  3

Facial fear, 15 (35.7) 18 (42.9) 7 (16.7) 2 (4.8)
N (%)
Distress 37 (88.1) 4 (9.5) 1 (2.4) 0 (0)
vocalizations,
N (%)
Bodily fear, 11 (26.2) 21 (50) 9 (21.4) 1 (2.4)
N (%)
Escape 30 (71.4) 9 (21.4) 3 (7.1) 0 (0)
response,
N (%)
Positive 16 (38.1) 12 (28.6) 11 (26.2) 3 (7.1)
motor activity,
N (%)

TABLE 7 | Student t-test results comparing amygdala volumes between
infants showing no reaction and infants showing any reaction to the
mechanical dog episode (according to the corresponding composite
score).

Mean amygdala volume t df p-value
difference, mm3 (95% CI)

Facial fear �1.87 (�87.75–84.01) �0.044 40 0.965
Distress 58.12 (�67.59–183.84) 0.934 40 0.356
vocalizations
Bodily fear �36.30 (�129.18–56.58) �0.790 40 0.434
Escape response 120.97 (38.48–203.45) 2.964 40 0.005
Positive motor activity �43.55 (�127.14–40.05) �1.053 40 0.299

term age, and only included late preterm children (compared
to very preterm infants in our study), therefore the premature
birth occurred in a period when brain development is more
advanced, and thus less susceptible to being perturbed. In a
study of preterm children from a wider range of GAs, Peterson
et al. (2000) reported significantly smaller amygdala volumes in
preterm children compared to term controls at 8 years corrected
age. These results are in agreement with our study, suggesting
that perturbations in amygdala development engendered by
premature birth are apparent at TEA and may persist well into
childhood.

Moreover, the fact that the volumetric differences between the
groups in our study were still present when correcting for total
intracranial volumes indicates that the reduction in amygdala
volumes cannot simply be explained by head size differences
between term and preterm infants. Peterson et al. (2000) came to
similar conclusions in their study of 8 year old preterm infants.

While the current in vivo MRI-based study does not allow
us to specify precisely what caused the volume reductions of the
amygdala in the preterm infants, possible explanations could be
found by looking at brain microstructure. Studies focusing on
white matter fiber organization have found a reduction in brain
microstructural maturity and connectivity in preterm children
(Hüppi et al., 1998; Fischi-Gómez et al., 2014). Such findings
indicate alterations of white matter development associated with
prematurity, confirmed by our volumetric results (Table 4).
Currently, it is not clear to which extent axonal fibers (composing
white matter) contribute to the volume growth of amygdala
during early development. However, taking into account that
the peak of neuronal migration into amygdala occurs before
premature birth, and our results indicate reduced white matter
volumes in prematurely born infants (Table 4), we postulate that
the smaller volumes of amygdala in prematurely born infants
might reflect a decreased number of axonal connections of the
amygdala, as well as alterations of the neurogenic processes
influenced by axonal ingrowth (e.g., dendritic differentiation, cell
growth; Vasung et al., 2008).

Further evidence supporting our hypothesis can be found
by looking at amygdala connectivity findings. The first fibers
of the amygdala are visible as early as 11 post conceptional
weeks, while its abundant connectivity pattern can be seen
by 17 post conceptional weeks (Vasung et al., 2010a). One
of amygdala’s important connections involved in emotional
significance processing and generation of emotional expressions
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STRESSORS IN THE NICU
The Neonatal Intensive Care Unit 

environment

• Preterm birth exposes newborn infants for weeks to 
months to various stressors, causing excessive 
stimulation affecting their growth and development

• NICU environment is noisy, chaotic
• painful events 

• medical and nursing procedures

• inappropriate auditory and visual stimuli 

• In  VPT/EPT infants, stressors can alter brain 
structure and function by influencing sensitive 
periods of brain development such as 
synaptogenesis and  synapse elimination, and crucial 
cortical folding 



representing altered cerebral white matter microstructure.
Although this is the first study to examine the relation
between exposure to stressors and alterations in brain de-
velopment, there have been several interventional studies
aimed at decreasing stress in the NICU by delivery of
developmentally appropriate care that have demonstrated
positive effects on developmental and clinical out-
comes.24–26 One study examined the influence of stress-
reduction interventions on DTI measures and found that
infants with the intervention had improved RA values in
the frontal white matter, suggesting more mature fiber
tract development.24 Consistent with those findings, our
data showed a trend toward decreased RA and increased
ADC in the frontal lobes associated with greater stress
exposure, but more significant differences were seen in
the temporal lobes, in particular the right temporal lobe.
Hemispheric asymmetries in the temporal lobe in
preterm infants have previously been described, which
is consistent with a differential developmental
vulnerability.23

Alterations in functional connectivity related to ex-
posure to stressors were also seen. Recent studies have
shown differences in functional connectivity between
term and preterm infants at term equivalent age, with
preterm infants demonstrating decreased correlation,
decreased long-range connectivity, and lack of emergence
of the default mode network compared to term infants.18

We found a specific association of high stress exposure
with altered interhemispheric connections between the
temporal lobes. Thus, neural network development in
the temporal lobes in preterm infants exposed to more
stressors appeared to be less mature and more poorly
developed than in infants exposed to fewer stressors. Dif-
ferences between the 2 groups cannot be explained by
immaturity or length of ventilation, as infants grouped
by these factors did not demonstrate these discrepancies
in functional connections.

The alterations in the temporal lobes associated
with high stress exposure detected in this study have not
been observed previously. Chronic stress has been found

FIGURE 2: Graphs show relations between average daily
Neonatal Infant Stressor Scale (NISS) score and (A) bifrontal
diameter and (B) right temporal lobe relative anisotropy.

FIGURE 3: Mean functional connectivity correlation maps
generated using the right temporal lobe seed in (A) term
control infants (n 5 10) (B) low-stress infants (n 5 10), and
(C) high-stress infants (n 5 10). Illustrated quantity is Fisher
z-transformed correlation coefficient (threshold value 5
0.3). Note the average correlation map in the infants with
high stress exposures does not demonstrate the interhemi-
spheric correlation between the temporal lobes identified in
low-stress and term born control infants. The right side of
images corresponds to the right side of the brain. Age at
scan, race, and gender were not significantly different
between groups.
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Neonatal Intensive Care Unit Stress Is
Associated with Brain Development in

Preterm Infants
Gillian C. Smith, BA,1 Jordan Gutovich, BA,1 Christopher Smyser, MD,1,2
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Objective: Although many perinatal factors have been linked to adverse neurodevelopmental outcomes in very
premature infants, much of the variation in outcome remains unexplained. The impact on brain development of 1
potential factor, exposure to stressors in the neonatal intensive care unit, has not yet been studied in a systematic,
prospective manner.
Methods: In this prospective cohort study of infants born at <30 weeks gestation, nurses were trained in recording
procedures and cares. These recordings were used to derive Neonatal Infant Stressor Scale scores, which were
employed to measure exposure to stressors. Magnetic resonance imaging (brain metrics, diffusion, and functional
magnetic resonance imaging) and neurobehavioral examinations at term equivalent postmenstrual age were used to
assess cerebral structure and function. Simple and partial correlations corrected for confounders, including
immaturity and severity of illness, were used to explore these relations.
Results: Exposure to stressors was highly variable, both between infants and throughout a single infant’s hospital
course. Exposure to a greater number of stressors was associated with decreased frontal and parietal brain width,
altered diffusion measures and functional connectivity in the temporal lobes, and abnormalities in motor behavior on
neurobehavioral examination.
Interpretation: Exposure to stressors in the Neonatal Intensive Care Unit is associated with regional alterations in
brain structure and function. Further research into interventions that may decrease or mitigate exposure to stressors
in the neonatal intensive care unit is warranted.

ANN NEUROL 2011;00:000–000

Survival rates for very preterm infants (born at <30
weeks gestation) have improved dramatically in recent

decades due to advances in perinatal and neonatal care.
However, long-term neurodevelopmental outcomes remain
a concern, with 5 to 10% of very preterm children having
cerebral palsy, and up to 40% displaying more mild
motor deficits.1 The incidence of cognitive deficits is
higher, with 30 to 60% of very preterm children experi-
encing cognitive impairments and social and emotional
difficulties.2–4 Perinatal risk factors associated with adverse
neurobehavioral outcomes include immaturity at birth,
postnatal steroid use, prolonged ventilation, inotrope use,

male gender, and cerebral injury such as white and gray
matter abnormalities.4–8 However, these risk factors corre-
late only modestly with outcome, implying that other
neural mechanisms exist. Abnormalities in cerebral devel-
opment, particularly in the frontal and temporal lobes,
have been described in preterm infants9,10 with few
insights into the mechanisms that may be responsible.

The role of stress as a modifier of brain develop-
ment in the preterm infant has been debated. Experi-
mental animal data suggest that environmental factors in
the neonatal intensive care unit (NICU), such as stress,
may play a role.11 In addition, several interventional
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Compared to term control infants (A) and low-
stress infants (B) 
exposure to a greater number of stressors during  
the NICU hospitalisation (C)
• was associated with 

• decreased frontal and parietal brain width, 
• altered functional connectivity in the 

temporal lobes, 
• was correlated with abnormalities in motor 

behavior at TEA



Developmental consequences of perinatal
stress

Matthews SG Pediatr Res 2000

Regions of the limbic system, such 
as the hippocampus, amygdala, 
nucleus accumbens, PFC and 
OFC, and cingulate gyrus, play 
distinct roles in cognitive and 
emotional development and are 
affected by early stress/separation



Stressors in the  NICU

• Disruption of  the biological and emotional caregiving bonding 
which generally occurs after birth

• The maturation of prefronto-limbic neuronal pathways that 
mediate essential affective and social regulatory functions is 
“experience dependent”

• After birth the infant’s affective experiences trigger the 
reorganization of synaptic circuits, which involves the pruning 
of rarely activated synapses within prefronto-limbic circuits in 
favour of those that are frequently activated during child–
parent interactions

• Long periods of separations from parents during the stay in 
the NICU, may leave ‘scars’ in prefronto-limbic function



Developmental Care

• Early preventive interventions are important
• Eight « principles of care » for newborns in the NICU 

include 

• 24-hours a day parents access  
• Pain management 

• Postural support
• Skin-to-skin contact 
• Breast feeding 

• Sleep protection 
• Control of the noise levels of alarms and the intensity 

of light

NIDCAP program guide,  Als 1986. rev 2011 ; Roue, et al. 2017; Charpak et al 2017:; Cattaneo et al.2018



Standard care

NIDCAP

Als et al. Pediatrics 2004

Developmental care and brain connectivity at TEA



McAnulty et al. BMC Pediatrics 2013, 13:25

The results support the hypothesis that NIDCAP in the NICU enhances aspects of 
executive function underlying visual-motor and memory functions



The effects of preterm infant massage on brain
electrical activity

found a larger latency shortening of the most prominent peak
of flash visual evoked potentials, N300, between pre- and
post-massage assessments in massaged babies, relative to a
comparison group, associated with an increase of behavioural
visual acuity persisting beyond 3 months of post-term age.
We also performed a visual analysis of electroencephalography
(EEG) activity and reported a much larger degree of shorten-
ing of the inter-burst intervals during quiet sleep between pre-
and post-massage assessments in massaged babies, relative
to a comparison group. More recently, acceleration of brain
maturation as measured with different EEG parameters was
also reported in healthy preterm infants undergoing skin-
to-skin contact, a different kind of neurodevelopmental
intervention.7

These findings are consistent with the numerous reports of
different EEG characteristics in preterm infants at term age
compared with term newborns (i.e. at comparable post-con-
ceptional age), which suggest an effect of extra-uterine life on
EEG maturation. One of the most studied aspects of EEG
maturation concerns the modifications of EEG spectral
power, a quantitative measure of the energy of bioelectrical
activity that tends to decrease in preterm infants from birth to
term age.8 In the present study we further analyse the effects
of infant massage on the same cohort of preterm infants as our
previous study, testing the hypothesis that this type of inter-
vention can affect the maturation of brain electrical activity as
assessed by EEG spectral analysis, a quantitative measure of
EEG activity that in preterm infants is highly sensitive to brain
maturation.9

METHOD
Participants
Twenty newborns with a gestational age between 30 and
33 weeks, admitted to the Neonatal Unit of the University
Hospital of Pisa, Italy, were consecutively recruited for the
study from November 2005 to August 2007. Inclusion criteria
were (1) birthweight between the 25th and 75th centile, (2)
birth length greater than the 10th centile, and (3) no or minor
abnormalities on brain ultrasound (transient flare, mild iso-
lated ventricular dilation). Infants with genetic anomalies, con-
genital heart malformations, central nervous system
dysfunction, or medical conditions primarily related to imma-
turity, such as respiratory distress syndrome, hyaline mem-
brane disease, apnoea, elevated bilirubin, and hypoglycaemia
and hypocalcaemia, were excluded.

After parental consent was obtained, each participant was
randomized into the massage or comparison groups by draw-
ing from a container a sealed and unlabelled envelope. To
avoid contamination and to optimize resource allocation, the
process of selection of a new participant for enrolment was
suspended until the previous participant had completed the
post-training assessment. When the process of recruitment
was reopened, the first participant, based on date of birth,
meeting the inclusion criteria and consenting to the study was
recruited. Written informed parental consent was obtained in
all cases. The study was approved by the Ethics Committee of
the Stella Maris Foundation and Pisa University Hospital.

Massage therapy
Massage therapy was started on postnatal day 10 (±1). Sessions
were performed three times a day for two blocks of 5 days
each, separated by a 2-day interval (Fig. 1). Each massage ses-
sion was performed approximately 60 minutes before feeding,
and at least 2 hours after the completion of the previous stim-
ulation. Each treatment session consisted of 10 minutes of tac-
tile stimulation, followed by 5 minutes of kinaesthetic
stimulation. During tactile stimulation, the infant was placed
prone and was given moderate-pressure stroking with the flats
of the fingers of both hands (Fig. 2a). Head, neck, shoulders,
buttocks, and both legs and arms were massaged. For the kin-
aesthetic phase, the infant was placed in a supine position. Pas-
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(cycle 2)
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Figure 1: The study protocol. Timings of EEG and massage sessions are
shown.

a b

Figure 2: The two phases of massage therapy. (a) Prone phase: tactile stimulation of shoulders and back with moderate pressure stroking with the flats of
the fingers of both hands. (b) Supine phase: kinaesthetic stimulation through passive flexion ⁄ extension movements of the lower limbs.
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growth factor 1 was also recently reported by Field et al.27 in
massaged preterm infants.

The effect of massage in our cohort showed a topographic
distribution. The increase of local absolute power of delta and
beta band activity was limited to the central regions. The
interpretation of these findings is not clear. Regional patterns
of sleep EEG modification after local activation of brain
regions during wakefulness have been reported both in the
animal model and in humans.28,29 In preterm infants, some
reports show reduced white matter development in several
frontal lobe projections compared with healthy term infants
imaged at the same post-menstrual age.30,31 Interestingly, Als
et al.32 studied a group of preterm infants enrolled in a neuro-
developmental intervention (NIDCAP) trial, reporting higher
relative anisotropy in frontal white matter and increased
coherence between frontal and occipital brain regions. Alto-
gether these findings may suggest that in preterm infants the
maturation of the connectivity of the central regions is sensi-
tive to the exposition to extra-uterine environment and can be
effectively modulated by early intervention. A multidisciplin-
ary approach integrating neuroimaging and neuropysiological
studies will be helpful in clarifying this hypothesis.

There are several limitations to our study. First, the number
of participants studied was small. It should be noted, however,
that in most of our analyses the group variance was low, sug-
gesting that significant differences were not related to the

results of a few outliers. Also, the limited number of electrodes
used did not allow a high spatial discrimination and therefore
a good localization of the activities that were different between
the two groups. Another important limitation of the study is
that we have not correlated EEG findings with any measure of
development. Larger studies with long-term follow-up are
needed to determine the role of spectral EEG changes in pre-
term infants undergoing massage therapy or other types of
early intervention.

CONCLUSION
We propose that the relative increase of EEG spectral power
observed in our massaged infants is the effect of the postnatal
enrichment represented by the multisensorial stimulation,
which might be mediated by an action on synaptic activity
similar to that observed in enriched animals. It needs to be
strongly emphasized that this conclusion cannot be general-
ized to high-risk preterm infants or to those with congenital
brain damage, as they were not the objects of our observa-
tion. No conclusions can be drawn from the present study
for those higher-risk populations. In low-risk preterm infants
we suggest that massage therapy favours a process of matu-
ration of brain electrical activity similar to that observed
(in utero) in term infants, probably through an attenuation
of the discrepancies between the extra- and intra-uterine
environments.
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found a larger latency shortening of the most prominent peak
of flash visual evoked potentials, N300, between pre- and
post-massage assessments in massaged babies, relative to a
comparison group, associated with an increase of behavioural
visual acuity persisting beyond 3 months of post-term age.
We also performed a visual analysis of electroencephalography
(EEG) activity and reported a much larger degree of shorten-
ing of the inter-burst intervals during quiet sleep between pre-
and post-massage assessments in massaged babies, relative
to a comparison group. More recently, acceleration of brain
maturation as measured with different EEG parameters was
also reported in healthy preterm infants undergoing skin-
to-skin contact, a different kind of neurodevelopmental
intervention.7

These findings are consistent with the numerous reports of
different EEG characteristics in preterm infants at term age
compared with term newborns (i.e. at comparable post-con-
ceptional age), which suggest an effect of extra-uterine life on
EEG maturation. One of the most studied aspects of EEG
maturation concerns the modifications of EEG spectral
power, a quantitative measure of the energy of bioelectrical
activity that tends to decrease in preterm infants from birth to
term age.8 In the present study we further analyse the effects
of infant massage on the same cohort of preterm infants as our
previous study, testing the hypothesis that this type of inter-
vention can affect the maturation of brain electrical activity as
assessed by EEG spectral analysis, a quantitative measure of
EEG activity that in preterm infants is highly sensitive to brain
maturation.9

METHOD
Participants
Twenty newborns with a gestational age between 30 and
33 weeks, admitted to the Neonatal Unit of the University
Hospital of Pisa, Italy, were consecutively recruited for the
study from November 2005 to August 2007. Inclusion criteria
were (1) birthweight between the 25th and 75th centile, (2)
birth length greater than the 10th centile, and (3) no or minor
abnormalities on brain ultrasound (transient flare, mild iso-
lated ventricular dilation). Infants with genetic anomalies, con-
genital heart malformations, central nervous system
dysfunction, or medical conditions primarily related to imma-
turity, such as respiratory distress syndrome, hyaline mem-
brane disease, apnoea, elevated bilirubin, and hypoglycaemia
and hypocalcaemia, were excluded.

After parental consent was obtained, each participant was
randomized into the massage or comparison groups by draw-
ing from a container a sealed and unlabelled envelope. To
avoid contamination and to optimize resource allocation, the
process of selection of a new participant for enrolment was
suspended until the previous participant had completed the
post-training assessment. When the process of recruitment
was reopened, the first participant, based on date of birth,
meeting the inclusion criteria and consenting to the study was
recruited. Written informed parental consent was obtained in
all cases. The study was approved by the Ethics Committee of
the Stella Maris Foundation and Pisa University Hospital.

Massage therapy
Massage therapy was started on postnatal day 10 (±1). Sessions
were performed three times a day for two blocks of 5 days
each, separated by a 2-day interval (Fig. 1). Each massage ses-
sion was performed approximately 60 minutes before feeding,
and at least 2 hours after the completion of the previous stim-
ulation. Each treatment session consisted of 10 minutes of tac-
tile stimulation, followed by 5 minutes of kinaesthetic
stimulation. During tactile stimulation, the infant was placed
prone and was given moderate-pressure stroking with the flats
of the fingers of both hands (Fig. 2a). Head, neck, shoulders,
buttocks, and both legs and arms were massaged. For the kin-
aesthetic phase, the infant was placed in a supine position. Pas-
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Figure 1: The study protocol. Timings of EEG and massage sessions are
shown.

a b

Figure 2: The two phases of massage therapy. (a) Prone phase: tactile stimulation of shoulders and back with moderate pressure stroking with the flats of
the fingers of both hands. (b) Supine phase: kinaesthetic stimulation through passive flexion ⁄ extension movements of the lower limbs.
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Massage intervention affects the maturation 
of brain electrical activity and favours a 
process more similar to that observed in 
utero in term infants

GUZZETTA et al. 2011 



• KMC group neonates had 
increased complexity in EEG 
and are closer to the FT 
neonates than to the PT non-
KMC group at the same age

• KMC intervention 
accelerates 
neurophysiological 
maturation of PT neonates

Skin to skin contact improves EEG maturation





Stress versus developmental care: impact on 
brain development

↗ Stressors:   

- Decreased frontal and parietal 
brain width

- Altered diffusion 
- Altered functional connectivity 

in temporal lobe

VERSUS

Developmental care:

- Better neurobehavioral 
functioning

- Higher relative anisotropy
- Increased coherence (EEG) 

between frontal and a broad 
spectrum of mainly occipital 
brain regions

G. C. Smith et al., 2011. 
H. Als et al. 2004. 



SUMMARY

• 30-50% of infants born VPT will experience impairments in
cognitive and motor performances, as well as behavior
problems

• Despite being mild in degree individually, in combination such
deficits often seriously limit their educational, social, and
other life course opportunities

• Brain development is resulting in very complex processes 
that all interact in a programmed manner

• Any intrinsic  or extrinsic event that will alter one process will 
disrupt the overall program and alter brain development

• Developmental care is about supporting the normal program 
for brain development in an altered environment



AKNOWLEDGEMENTS

• Petra S. Hüppi
• Russia Ha-Vinh Leuchter
• Stephane Sizonenko
• Lucie Schoenhals
• Ana Sancho-Rossignol
• Silvia Roncoli
• Charlène Fournier

• Koviljka Barisnikov
• Fleur Lejeune
• François Lazeyras
• Laura Gui
• Lara Lordier
• Manuela Filippa
• Joana Alves Sa De Almeida



Thank you for your attention!


