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1. INTRODUCTION

1.1 SMALL FOR GESTATIONAL AGE (SGA)

Intrauterine growth restriction (IUGR) is a frequent condition in perinatal medicine,
accounting between 5-8% prevalence from live newborn babies (Gardosi 2009). IUGR is a
major contributor of perinatal and long term morbidity (Ley 1996; Doctor 2001; Lindqvist
2005), including neurological deficits which are considered one of the most consistently
reported sequelae in this population (Arcangeli 2012; Savchev 2013; Figueras 2009). In
clinical practice a fetus is considered small when the estimated fetal weight is below the
10" centile (Hadlock 1985; Chauhan 2009), in absence of genetic syndromes or fetal
infections. Once this suspicion is made, all efforts will be displayed to differentiate
between true growth restriction and a constitutionally small fetus. Traditionally, an
abnormal umbilical artery Doppler ultrasound measurement was considered the
benchmark to differentiate between fetuses exposed to a placental insufficiency in case of

III

an abnormality and “constitutionally small” fetuses or the so called small for gestational
age fetuses (SGA)(Marconi 2008). However, several studies have recently shown how this
notion should be reconsidered (Savchev 2012; Cruz-Martinez 2009). Indeed, SGA neonates
have shown worse perinatal outcomes (Savchev 2013), poorer neurobehavioral scores
(Figueras 2009) and worse neurodevelopmental outcome (Arcangeli 2012) compared to

adequate for gestational age fetuses (AGA). Due to its high prevalence and its potential

impact in public health, different attempts have been made in order to identify the



subpopulation of SGA fetuses that suffer true forms of placental insufficiency and that
cannot be detected by umbilical artery Doppler. Small fetuses that present signs of
vascular redistribution expressed by abnormal middle cerebral artery Doppler or cerebro-
placental ratio are those that present worse perinatal results and neurodevelopment
outcomes (Cruz-Martinez 2009). Furthermore, those SGA that are especially small (<3rd
centile) and those that present an abnormal uterine artery Doppler are also considered to
present worse perinatal and neurodevelopment results (Savchev 2012; Severi 2002). Due
to this evidence, it has been recently proposed a classification in which those SGA fetuses
with signs of brain redistribution, an estimated fetal weight below the 3™ centile or an
abnormal uterine artery Doppler should be considered as a subgroup that may be

suffering true forms of late-onset growth restriction (Figueras 2014).

However an optimal identification of those small fetuses at risk for an abnormal
neurodevelopment still remains unclear and constitutes one of the main challenges of

fetal medicine nowadays.

1.2 BRAIN DEVELOPMENT IN IUGR

Modern neuroimaging has evolved during the last years, improving imaging resolution by
ultrasound and magnetic resonance imaging (MRI). Also, advanced sequences of MRI such
as spectroscopy or diffusion tensor imaging can report information of brain metabolism
and microstructure respectively and have been used to assess fetal brain development

(Mailath-Pokorny 2012; Limperopoulos 2009). However, the impact of IUGR on brain
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development is still poorly characterized. Some of the brain reorganizational changes that
occur under placental insufficiency have been identified and their association with
neurodevelopmental deficits has started to be explored (Egana-Ugrinovic 2013; Tolsa
2004; Dubois 2008). Once the right imaging biomarkers are identified and can be
implemented in our current practice, infants at risk for an abnormal neurodevelopment
will be detected at a very early stage. A thoughtful use of targeted interventions and
strategies during the first three years of life, which is considered an important window of
opportunity, may improve the functional, intellectual and learning performance of these

infants (Als 2012; McAnulty 2010).

We hypothesized that brain microstructural changes may be present also in milder forms
of growth restriction, the so called SGA fetuses. These microstructural changes could
represent the impact of an adverse environment conferred by a chronic placental
insufficiency. Brain sulcation and corpus callosum development are affected in similar
adverse in-utero conditions, therefore could be considered good imaging biomarkers
candidates to monitor brain maturation under chronic hypoxia (Dubois 2008; Clouchoux
2013; Goldstein 2011; Moses 2000). Moreover, there is a close relationship between the
developments of both structures. Indeed, the corpus callosum is topographycally

organized according to cortical-callosal connections (Witelson 1989).

We hypothesized that the parameters obtained from the analysis of cortical development
and corpus callosum morphometry could predict neurobehavioral and neurodevelopment

outcome.
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1.2.1 CORTICAL DEVELOPMENT

The development of the fetal cerebral cortex closely reflects brain maturation (Zhang
2010). The formation of cortical sulci is a complex process that begins around 14 weeks of
gestation and continues until the end of pregnancy or even after birth. From a completely
smooth surface at 22 weeks, it develops into a complex array of sulci and gyri resembling

the adult brain by the end of gestation (Cohen-Sacher 2006).

The period from 26 to 36 weeks of gestation has been defined as a critical period for
cortical folding (Dubois 2008). Primary sulci become progressively deeply infolded
developing side branches, designated as secondary sulci, and as gyration proceeds the
tertiary sulci emerge from these last ones (Chi 1977). The timing of the appearance of
these different types of sulci is so precise that neuropathologists consider gyration to be a
reliable estimate of gestational age and consequently a good marker of fetal brain
maturation (Zhang 2010; Garel 2001). Compared to neuropathology findings,
neuroimaging has a delay in detecting the apparition of the different fissures, by means of
one week on MRI (Garel 2001) and two weeks by brain ultrasound (Cohen-Sacher 2006;
Ruiz 2006). The exact mechanisms underlying cortical development are still not
understood, although several hypotheses have been proposed such as genetic control,
active growth of convolutions during gyrogenesis, differential growth between the inner
v/s outer layers of the cortex, cytoarchitectonic differentiation, cortical growth and
tension from white matter axonal fibers pulling radially on the developing cortex (Glenn
2009). Besides this coordinated cortical maturation, it is remarkable that there is a normal

asymmetry in the formation of sulci between the right and left cerebral hemispheres
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(Kasprian 2011; Pistorius 2010); finding for example that left lateral fissure is deeper than
the right one in normal intrauterine conditions (Dubois 2010). This structural asymmetry
is thought to precede the later expression of some lateralized functions, such as language
and handedness (Dubois 2009), and abnormalities in its development have been described
as an important predisposition factor for common neurologic and psychiatric diseases

(Kasprian 2011).

While this harmonious anatomical brain development is partly related to the cortical
functional organization, local perturbations in cortical morphology are of interest to
identify an abnormal neurodevelopment (Rajagopalan 2011). Some of these cortical
abnormalities have been observed in certain developmental and neuropsychiatric
disorders. For example autism spectrum disorder individuals have been described to
present a generalized cerebral cortical enlargement (Hazlett 2011), a loss of brain
asymmetry and reduced interhemispheric connectivity (Lo 2011). In subjects diagnosed
with schizophrenia, a reduced sulcation, irrespective of age at onset of the disease has
been reported, with a special impact on the left collateral sulcus (Penttila 2008).
Furthermore, severe IUGR preterm newborns show an abnormal sulcation pattern and
abnormal cortical development which was considered a good marker of their functional
outcome (Dubois 2008). Therefore, we think that it is plausible that late-onset IUGR
fetuses could present subtle changes in their cortical development and that cortical

morphology at term may represent an early endophenotype of later neurodevelopment.
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1.2.2 CORPUS CALLOSUM

Corpus callosum is a thick plate of dense myelinated fibers. Its formation, which follows an
anterior to posterior directionality, is initiated in the embryonic period during the 5™ week
of gestation and is completed by 18—20 weeks (Kier 1996). Fetal corpus callosum serves as
a sensitive indicator for normal brain development and maturation (Goodyear 2001). A
comprehensive evaluation of corpus callosum development during normal human fetal
gestation is essential to detect and understand subtle abnormalities of fetal
neurodevelopment. On this matter, normal appearance and reference growth values for
the different gestational ages during the second half of pregnancy have been reported on
transvaginal sonograms (Bornstein 2010; Garel 2011; Malinger 1993; Achiron 2001; Hofer
2006). Corpus callosum continues its growth postnatally and it is not until puberty that
reaches its maximum fiber directionality and by the age of 25 completes its adult size
(Pujol 1993). The most anterior regions of the corpus callosum are the rostrum and the
genu, that connect higher-order prefrontal cortical functions with smaller diameter fibers
(Barkovich 1988). Moving caudally, the successive callosal areas are the body and the
splenium which connect from anterior to posterior through larger diameter fiber the

premotor and sensory cortex, and the occipital cortex (Gilliam 2011).

Due to the connectivity that underlies the corpus callosum with different parts of the
brain, it is considered an interesting target when different neuropsychiatric conditions are
studied. Attention deficit hyperactivity disorder subjects have shown to present smaller
corpus callosum total area, and smaller anterior midbody and isthmus. Furthermore, their

microstructure was also abnormal, finding reduced fractional anisotropy of the isthmus
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compared to controls (Cao 2010). In autism spectrum disorders, smaller corpus callosum
volumes, high mean diffusivity and low fractional anisotropy values have been described,
suggesting microstructure abnormalities as well (Alexander 2007). Patients diagnosed with
schizophrenia have shown low fractional anisotropy values in the genu and the splenium
of the corpus callosum (Davenport 2010). These findings further support the relationship
between abnormal corpus callosum maturation and the susceptibility to develop
neuropsychiatric conditions later on. Another group of interest is very low birth weight
children because they are at high risk of perinatal white matter injury (Counsell 2008).
Indeed, preterm-born adolescents with very low birth weight present reduced fractional
anisotropy values in the corpus callosum which was further associated with perceptual,
cognitive, motor and mental health impairments, supporting that perinatal injury of white
matter tracts may persist with clinical significance into adolescence (Allin 2007; Skranes

2007).

Subtle abnormalities in the maturation of the corpus callosum could appear in response to
an adverse environment, and these reorganizational changes could constitute a more
vulnerable phenotype to develop neurological deficits during childhood (Huppi 2008). On
this matter, abnormalities in the thickness of the corpus callosum have been associated
not only to the presence of additional brain malformations such as ventriculomegaly,
vermian agenesis and abnormal sulcation, but also to neurodevelopmental impairments
such as mental retardation and neonatal seizures (Volpe 2006; Lerman-Sagie 2009).

Consequently, corpus callosum could be considered both a reliable surrogate marker of
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white matter growth, and a sensitive indicator of normal brain development and

maturation (Goodyear 2001).

Therefore knowledge of fetal callosal size and morphology could be key to understand
subtle changes in those SGA fetuses exposed to chronic placental insufficiency which may

represent an early endophenotype of later neurodevelopment outcome.

1.2.3 THE RELATIONSHIP BETWEEN CORTICAL DEVELOPMENT AND CORPUS CALLOSUM

Although most of the previous studies focus on the assessment of the cortical
development or corpus callosum independently, it is remarkable the existence of a
delicate association between these two structures (Moses 2000). In the agenesis of the
corpus callosum, it has been described a disruption of the normal cortical folding pattern
(Warren 2010) and a higher incidence of gyral malformations, which are among the most
common additional malformation seen in the agenesis of the corpus callosum (Brisse
1998). Furthermore, it has been reported a general delayed sulcation process in fetuses
diagnosed with corpus callosum agenesis (Warren 2010) which could be explained most
likely as a consequence of a failed commisuration due to a diffuse white matter dysgenesis
in these fetuses (Tang 2009). Probably this synergism between cortical development and
corpus callosum maturation involves a combination between mechanical theories in the

gyrification processes and genetic factors guiding brain development (Toro 2005).
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These findings support the theory that an integral corpus callosum facilitates optimal gyral
development and that minor alterations of the corpus callosum may induce subtle

differences in the cortical development.

1.3 NEUROIMAGING

1.3.1 FETAL MAGNETIC RESONANCE IMAGE

To date, fetal MRI has been used primarily for the qualitative morphologic evaluation of
the fetal brain. However, recent applications of advanced MRI techniques have provided
an unprecedented opportunity to investigate the developing brain in vivo (Limperopoulos
2009). The ability to begin a reliable investigation of brain development in the healthy and
compromised fetus promises a range of new quantitative biomarkers that can be applied
clinically, and that will help to formulate a better understanding of brain development and
lead to improved management of high-risk pregnancies (Limperopoulos 2009). Fetal MRI
has several advantages when assessing brain development: not being hampered by fetal
presentation or oligohydramnios; better characterization of the brain cortex and it can
evaluate diffuse white matter abnormalities better than ultrasound (Hagmann 2008).
Nevertheless it has disadvantages: its high cost and the fact that it is not always available;
it may be hampered by fetal motion artifacts and marked maternal obesity; and it doesn’t

provide information about the maternal-fetal circulation (Hagmann 2008).
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1.3.2 NEUROSONOGRAPHY

This sonographic exam consists on a dedicated fetal ultrasound scan to assess the fetal
brain. It can be performed trasabdominally, although the transvaginal approach provides
excellent visualization of brain structures during the second half of the pregnancy. The
ultrasound scan is the screening modality of choice for the detection of fetal abnormalities
(Hagmann 2008). Even if we acknowledge that the transvaginal approach could be
challenging, this difficulty can be overcome with proper training (Malinger 1994).
Moreover, the ultrasound approach shows several advantages: is widely available and low
cost; it is a real-time imaging allowing dynamic assessment of the fetus and multiplanar
reconstruction can be performed; it is an easily accepted technique that can be frequently
repeated; it has excellent spatial resolution, and offers the possibility to evaluate the
maternal-fetal circulation (Hagmann 2008). Nevertheless, it has some disadvantages: it
may be hampered by fetal presentation, oligohydramnios and maternal obesity; it has
poor contrast resolution and therefore, poor evaluation of diffuse white matter

abnormalities; and the cortical morphometry is not easily assessable (Hagmann 2008).

1.4 NEUROLOGICAL IMPAIRMENT

An increasing number of neurodevelopmental disorders in childhood and adult life are
thought to have a prenatal origin (Barker 1995; Kok 1998; Toft 1999). Fetal growth
restriction is a well-recognized risk factor for perinatal morbidity and long term
consequences (Savchev 2012; Ley 1996; Leitner 2007). Indeed, 20-40% of IUGR children

will experience cognitive challenges and learning disabilities (Geva 2006; Jugovic 2007,
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Walker 2008). Exposure to chronic placental insufficiency inducing an undernourished and
hypoxic environment may impact the developing brain of small fetuses (Tolsa 2004; Huppi
2008), resulting in a spectrum of neurological disabilities. Neurological impairment can be
assessed by different tests according to the infants’s age and to the spectrum of the

neurodevelopmental issue that is aimed to be explored:

1.4.1 THE NEONATAL BEHAVIORAL ASSESSMENT SCALE (NBAS) TEST

This test was developed in 1973 by Dr. T. Berry Brazelton (Brazelton 1995; Brazelton
2004). It evaluates a wide range of behaviors landmarks that enables us to describe
developmental and behavioral maturation, central nervous system integrity, and the kinds
of stress responses. Moreover, it has been reported that early developmental status is
associated with later developmental outcome through infancy, particularly neonatal
general irritability was a predictor of mental development at 12 months, and neonatal
self-regulation behaviors were predictors of psychomotor development, verbal and total

intelligence quotient at 6 years (Canals 2011).

1.4.2 BAYLEY SCALE FOR INFANT AND TODDLER DEVELOPMENT (BAYLEY-III)

This is an internationally recognized scale to evaluate the neurodevelopmental status of
children aged 1 to 42 months (Milne 2012). This test can be performed even in non-verbal
children. The Bayley-lll is an individually administered instrument that assesses infant

development across five domains, including cognitive, language and motor competencies.
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Parent reported questionnaires are incorporated into the Bayley-lll to assess social-

emotional and adaptive behaviors.

Therefore, we hypothesized that term SGA subjects might have an abnormal
neurobehavioral and neurodevelopmental outcome attributable to disrupted brain

maturational process.
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1.5 RELEVANCE AND JUSTIFICATION OF THE RESEARCH STUDY

Fetal growth restriction affects up to 5-8% of fetuses in developed countries, with over
half a million cases per year in Europe and the USA (MacDorman 2010). IUGR is
considered an independent risk factor for the development of neuropsychiatric diseases
and neurocognitive deficits (Geva 2006). Therefore, these neurodevelopment deficits are
thought to be the result of fetal brain reorganizational changes (Sanz-Cortes 2010; Batalle
2012). However, the impact of fetal growth restriction on brain development is still poorly
characterized. The identification of brain imaging biomarkers associated to a sustained
undernutrition and chronic hypoxia in-utero could become predictive tools of abnormal

neurodevelopment in fetuses at risk.

Abnormalities in cortical and corpus callosum development have been described in early
and severe IUGR (Goldstein 2011; Dubois 2008); therefore, these structures might provide
valuable information about the influence of prenatal conditions on brain maturation. But
the presence of cortical and callosal abnormalities in term small fetuses has not been

explored yet, nor the potential association with the neurodevelopmental outcome.

Identifying fetuses at risk for abnormal neurodevelopment in fetal medicine lays the basis
to perform specific strategies to potentially improve both pre and postnatal management,
such as timely delivery, careful support for breastfeeding and a thoughtful use of this
window of opportunity to improve their neurocognitive outcome through specific

strategies of early stimulation during the first years of life.
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2. HYPOTHESES

2.1 GENERAL HYPOTHESIS

Term SGA fetuses present cortical developmental and corpus callosum differences when
compared to controls. These brain structural differences correlate with their

neurobehavior and neurodevelopmental outcome.

2.2 SPECIFIC HYPOTHESES

1. SGA present a different pattern of brain sulcation that correlates with neonatal
neurobehavioral performance.

2. SGA present differences in their corpus callosum morphology that correlates with
neonatal neurobehavioral performance.

3. A predictive model using cortical development and corpus callosum features can
be constructed to obtain an algorithm for early identification of those infants at highest

risk of abnormal neurodevelopment.
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3. OBJECTIVES

3.1 MAIN OBJECTIVE

To evaluate cortical development and corpus callosum parameters in term SGA compared

to control fetuses and to assess their correlation with their neurobehavior and

neurodevelopmental outcome.

3.2 SPECIFIC OBJECTIVES

1.

2.

To compare cortical development assessment by fetal brain MRI between term SGA
and AGA fetuses and to evaluate its correlation with neonatal neurobehavioral
outcome

To compare corpus callosum morphometry assessed by fetal brain MRI between term
SGA and AGA fetuses and to evaluate its correlation with neonatal neurobehavioral
outcome

To compare corpus callosum morphometry assessed by neurosonography between
late-onset IUGR and AGA fetuses

To explore the correlation between brain cortical development and corpus callosum

parameters with the neurodevelopmental outcome of term SGA born infants.
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4. METHODS

4. 1. SETTING

BCNatal - Barcelona Center for Maternal-Fetal and Neonatal Medicine (Hospital Clinic and
Hospital Sant Joan de Deu), Institut d’Investigacions Biomediques August Pi i Sunyer
(IDIBAPS), Centre for Biomedical Research on Rare Diseases (CIBER-ER), and University of

Barcelona, Barcelona, Spain.

4. 2. STUDY TYPE: Prospective cohort study.

4.3.STUDY POPULATIONS

Pregnant women were classified in the following groups:

1. Group: AGA
2. Group: SGA

3. Group: late-onset IUGR

Inclusion criteria:

1. Group AGA:

e Normal pregnancies with an estimated fetal weight 310th centile (Chauhan

2009), according customized growth curves (Figueras 2008), confirmed postnatally
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Group SGA:

e Estimated fetal weight <10™ centile (Chauhan 2009), according to customized
growth curves (Figueras 2008), confirmed postnatally

e Normal umbilical artery Doppler (pulsatily index (Pl) <95 centile) (Arduini
1990)

Group late-onset IUGR:

e Estimated fetal weight <10™ centile (Chauhan 2009), according to customized
growth curves (Figueras 2008), confirmed postnatally

e Normal umbilical artery Doppler (Pl <95 centile) (Arduini 1990)

e At least one of the following criteria (Figueras 2014): abnormal cerebroplacental
ratio (Bahado-Singh 1999) and/or estimated fetal weight <3 centile for the

gestational age (Savchev 2012) and/or abnormal uterine Doppler (Severi 2002)

Exclusion criteria:

Evidence of fetal structural or chromosomal abnormalities

Absence of maternal pathologies (Diabetes Mellitus type 1 or 2, preeclampsia
and/or chronic hypertension, autoimmune disease and obesity)

Perinatal infection

Multiple gestation

Breech presentation

Obesity defined by a maternal body mass index >30 (calculated as pregestational

weight in kg/[height cm]?)
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e Contraindications for MRI such as claustrophobia, pacemaker, anxiety or panic

attacks

4.4 INTERVENTIONS

e Signature of maternal consent to enrollment in the study for all study groups
e Collection of epidemiological data

e Fetal brain MRI and ultrasound

e Collection of perinatal data

e Neonatal neurobehavioral assessment: NBAS test

e Neurodevelopment assessment of the children at 2 years: Bayley-IIl test

4.5. DESIGN

4.5.1 ETHICAL APPROVAL

The protocol was approved by the hospital ethics committee and written consent was
obtained from all mothers (Institutional Review Board Committee on 12t June, 2008;

2008/4422).

4.5.2 EPIDEMIOLOGICAL DATA
Maternal age, weight, height, body mass index, smoking status (number of cigarettes per
day), parity, ethnicity, educational level, and socioeconomic status defined by never

worked, unemployed, independent worker or employed (United Kingdom National
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Statistics Socio-economic Classification).

4.5.3 PERINATAL DATA

Last menstrual period corrected by the first trimester crown-rump length (Robinson
1975), pregnancy complications, requirement for induction of labor, gestational age at
delivery and way of delivery, requirement of emergency cesarean section, neonatal
gender, Apgar score at 1 and 5 minutes, cord arterial and venous pH, birth weight and

birth weight centile, and days in neonatal intensive care unit.

4.5.4 FETAL ULTRASOUND

e BASIC ULTRASOUND

Determination of fetal presentation and biometry assessment of fetal growth using the
Hadlock formula (Hadlock 1985) were estimated, including the measurement of the
biparietal diameter (BPD), head and abdominal circumferences and femur length.

e DOPPLER STUDY

It was obtained one week from the MRI scan. In small fetuses, examination was
performed every one or two weeks using a Siemens Sonoline Antares (Siemens Medical
Systems, Malvern, PA, USA), or General Electric Voluson E8 (GE Medical Systems, Zipf,
Austria) ultrasound machine equipped with a 6-2-MHz linear curved-array transducer.
Doppler recordings were performed in the absence of fetal movements and voluntary
maternal suspended breathing. Pulsed Doppler parameters were performed automatically

from three or more consecutive waveforms, with the angle of insonation as close to 02 as
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possible (Arduini 1990).

Umbilical artery PI: was performed from a free-floating cord loop and considered

abnormal when >95" centile (Arduini 1990).

Middle cerebral artery Pl: was obtained in a transversal view of the fetal head, at the level

of its origin from the circle of Willis. The cerebroplacental ratio was calculated dividing the
middle cerebral artery Pl by the umbilical artery Pl. Middle cerebral artery Pl and
cerebroplacental ratio values <5™" centile were considered indicative of cerebral blood
flow redistribution (Baschat 2003).

Uterine arteries PI: in a sagittal section of the uterus the transducer was gently tilted from

side to side and color flow mapping was used to identify the uterine artery. The Pl was
obtained bilaterally from the ascending branch of the uterine artery. The mean PI of the

left and right arteries was calculated and considered abnormal when >95th (Gomez 2008).

4.5.5 NEUROIMAGING

e NEUROSONOGRAPHY

A detailed fetal brain scan was performed one or two weeks after the diagnosis of fetal
growth restriction in a dedicated neurosonographic unit. In order to compare our
neurosonographic data, control fetuses were recruited from our general population
matching them with our cases by gestational age in which the neurosonography was
performed. All structural images were reviewed for the presence of anatomical
abnormalities. The methodology used in our neurosonographic assessment included the

acquisition of specific slices from the three orthogonal planes based on the guidelines
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proposed by the International Society of Ultrasound in Obstetrics and Gynecology (ISUOG

2007):

Axial Plane: two axial planes were routinely obtained:

-Transventricular plane: as used for the measurement of the BPD (ISUOG 2007). The
anatomical landmarks were the anterior horns, the presence in the anterior third of the
cavum septi pellucidi which appears as an image depicted by two parallel lines that
separate the anterior horns, the atrium, the posterior horns of the lateral ventricles and
the choroid plexus to discard an oblique plane (Alonso 2010) (Figure 1).

-Supraventricular plane: is a more cephalad plane from the transventricular plane (Fig. 2).

Midiine

Cavum
sepli pellucidi

-

v

«— Insular depth

Figure 1: Transventricular plane Figure 2: Supraventricular plane

Midsagittal plane: this plane is mainly acquired for the assessment of the fetal corpus

callosum which can be visualized as a hypoechoic structure bound by two echogenic lines
(Pashaj 2013). In this plane the sulcus of the corpus callosum, the cingulate gyrus, and the
cavum septi pellucidi and cavum vergae have to be present (Achiron 2001). The slice
containing a clear view of the fornix, the anterior commissure, the fastigium and the
lamina cuadrigemina will be selected for post processing analysis (Stancak 2003). Absence

of the fetal orbits also must be present (Figure 3).
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Figure 3: Midsagittal plane

Coronal Plane: this plane is mainly acquired for the assessment of the posterior fossa. Two
coronal planes were obtained:

-Transcaudal plane: was defined as where the corpus callosum disrupts the
interhemispheric fissure. It includes the cavum septi pellucidi, the anterior horns of the
lateral ventricles and the lateral fissures (Pistorius 2010) (Figure 4).

-Transcerebellar plane: in order to assess the posterior fossa and to obtain a coronal view,
the probe was turned 90° from the transcaudal plane, identifying the anterior horns,

thalami, cerebellum, tentorium and cisterna magna (Alonso 2010) (Figure 5).

tentorium

3

/ -
/"‘ —

calcarine figéures Z—y : - { ’

cerebelluff

Figure 4: Transcaudal plane Figure 5: Transcerebellar plane
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e FETAL MAGNETIC RESONANCE IMAGE

We designed a protocol in which anatomical and diffusion sequences were obtained:

= Localizer sequence

= T2 half-Fourier acquisition single-shot turbo spin-echo (HASTE) axial, coronal and
sagittal planes for anatomical assessment

= Diffusion tensor imaging: anisotropy diffusion coefficient and fractional anisotropy

Fetal brain MRI scan was performed at 37+1 weeks of gestational age on a clinical
magnetic resonance system using the Institut d’Investigacions Biomediques August Pi i
Sunyer image platform, operating at 3.0 Tesla (Siemens Magnetom Trio Tim syngo MR
B15, Siemens, Germany) without fetal sedation and following the American College of
Radiology guidelines for use of medical imaging during pregnancy and lactation (Tremblay
2012). A body coil with 8 elements was wrapped around the mother’s abdomen. Routine
fetal imaging consisted on single-shot, fast spin echo T2-weighted sequences (TR 990ms,
TE 137 ms, slice thickness 3.5mm, no gap, field of view 260mm, voxel size 1.4 x 1.4 x
3.5mm, matrix 192 x 192, flip angle 1800, acquisition time 24 seconds) acquired in the
axial, sagittal and coronal planes. If the quality of the images was suboptimal, sequences
were repeated. Subsequently, a 12-direction diffusion tensor imaging acquisition was
obtained (TR 9300ms, TE 94ms, diffusion weighting b-value 1000s/mm?, slice thickness
2.2mm, no gap, field of view 220mm, voxel size 2.2x2.2x2.2mm, matrix 100x100, flip

angle 909, acquisition time 2.30 minutes).
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Structural images were reviewed for the presence of anatomical abnormalities by an

experienced specialist in neuroradiology blinded to group membership.

4. 6. MEASURES AND IMAGING POST PROCESSING

4.6.1 MRI ASSESSMENT

All measurements were performed using Analyze 9.0 software (Analyze TM, Biomedical

Imaging Resource, Mayo Foundation ©1999-2009).

e CORTICAL DEVELOPMENT

Fissures depth, total brain, intracranial and opercular volumes were assessed in the

anatomical acquisitions.

1. Brain biometric and fissure assessment:

To avoid the bias of having smaller measurements in smaller heads, a normalization of the

biometric measurements was performed using the BPD obtained by MRI (Reichel 2003).

a. BPD was measured in the transthalamic plane as described for ultrasound by
ISUOG (ISUOG 2007) (Figure 9A). To avoid the bias of smaller BPD in smaller head,

the BPD was corrected by birth weight.

b. Cortical fissure depths were measured bilaterally (Figure 9):

i Parietoccipital fissure was measured in the axial slice above the
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transthalamic plane used for the BPD assessment, tracing a perpendicular
line from the interhemispheric fissure to the apex of the parietoccipital

fissure (Alonso 2010) (Figure 9B).

Lateral fissure depth was measured in the axial slice located immediately
below the anterior commissure and the cavum septi pellucidi, with a
continuing line starting from the most external border of the insular
cortex to the interface conformed between the subarachnoid space and

the skull (Alonso 2010) (Figure 9C).

Insular depth was measured in the same plane described above, tracing a
perpendicular line from the interhemispheric fissure to the most external

border of the insular cortex (Alonso 2010) (Figure 9D).

Cingulate fissure was measured in the midcoronal plane, tracing a
perpendicular line from the median longitudinal fissure to the apex of the

cingulate fissure (Pistorius 2010) (Figure 9E).

Calcarine fissure was measured in the coronal transcerebellar plane
(ISUOG 2007), tracing a perpendicular line from the interhemispheric

fissure to the apex of the calcarine fissure (Alonso 2010) (Figure 9F).
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Figure 9: Cortical Development assessment

2. Brain volumetric analysis:

All volumetric estimations were obtained using Cavalieri’s principle (Clatterbuck 1997) by
a multiplanar analysis considering a slice thickness of 3.5mm with no gap interval between
them. To avoid bias of smaller measurements in smaller heads, total intracranial volume
and total brain volume were adjusted by birth weight and the opercular volumes were

adjusted by the total brain volume.

a. Total intracranial volume was successively delineated including the extra and
intraventricular cerebrospinal fluid, cerebral, cerebellar, and brain stem

(Limperopoulos 2010) (Figure 10A).

b. Total brain volume was successively delineated including intraventricular
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cerebrospinal fluid, cerebral, cerebellar and brain stem parenchyma, but excluding

the extraventricular cerebrospinal fluid (Limperopoulos 2010) (Figure 10B).

c. Opercular volumes were delineated bilaterally in all slices in which the operculums
were identified, following the opercular cortex until the external borders of the
lateral fissures, thus closing the volume by a straight line joining the anterior and
posterior edges of the fissure. A methodology reported by Nakamura et al. was

adapted and followed (Nakamura 2004) (Figure 10C).

Figure 10: Brain volumes assessment

3. Brain Asymmetry:

In order to assess the degree of brain asymmetry, we applied a previously reported
asymmetry index (Dubois 2008) expressed by asymmetry index = (R—L)/(R+L) to compare

right (R) and left (L) fissures and opercular measurements.
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e INSULAR CORTICAL MORPHOLOGY

The cortical plate was identified by the intensity threshold defined as the T2-weighted

hypointense rim delineating the brain surface (Righini 2012).

1. Biometric Measurements:

a.

Insular cortical thickness: was measured bilaterally in the axial plane located
immediately below the plane of the anterior commissure and the cavum of the
septi pellucidi. Anterior, middle and posterior thickness of the insular cortex were
manually delineated from its inner-to-external cortical border. Every measurement
was performed three times and the mean of each one was used for further
analysis. The anterior and posterior insular cortical thicknesses were traced on the
limiting portion with the frontal and temporal operculum respectively (Chen 1995).
Middle insular cortical thickness was measured equidistantly from the anterior and
posterior measurements (Figure 11A).

Insular depth: was measured as described above in cortical development post-
processing (Alonso 2010). Insular depth was obtained to correct the insular cortical

thickness for differences in head size (Figure 11B).

Figure 11: Insular biometric assessment
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2. Volumetric measurements:

Volumes were delineated through cursor-guided free-hand trace. The region-of-
interest traced on each image created an area that was multiplied by the slice thickness
in order to produce a volume. Volumes from successive slices were then summed to
yield the volume of the full extent from the desired region-of-interest (Cohen 2010).

a. Insular cortical volume: the whole insular cortex was traced bilaterally in the
coronal plane. The anatomical boundaries chosen for delineation were (Crespo-
Facorro 2000; Takahashi 2004) (Figure 12A):

i. Anteriorly the most rostral slice containing the insular cortex
ii. Posteriorly the fusion of the superior and inferior circular insular sulci in
the coronal plane
iii. Superiorly by the superior circular insular sulcus, and
iv. Inferiorly by the inferior circular insular sulcus or the orbitoinsular
sulcus.

b. Total brain volume was delineated as described above in cortical development

post-processing (Limperopoulos 2010). Total brain volume was obtained to correct

the insular cortical volume for differences in head size (Figure 12B).

Figure 12: Insular and total brain volume assessment
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3. Asymmetry indices: an asymmetry coefficient for insular cortical thickness and insular

cortical volume size was calculated using the following formula asymmetry index = (R—
L)/(R+L) to compare right (R) and left (L), where a negative value indicated a larger left-

sided structure (Dubois 2008).

4. Fractional anisotropy: fractional anisotropy maps were analyzed using the ITK-SNAP

2.4 software. A region-of-interest of 43mm’ was traced at the level of the
corresponding anterior, middle and posterior insular cortex measurements bilaterally
in order to obtain fractional anisotropy values. Mean fractional anisotropy values and

standard deviations were used for further analysis (Figure 13).

Figure 13: Fractional anisotropy

e CORPUS CALLOSUM MORPHOMETRY

Corpus callosum was identified in the midsagittal plane as a slightly curved horizontal T2-
weighted hypointense structure (Harreld 2011). The slice chosen for corpus callosum
measurements had to accomplish strict quality criteria defined in the midsagittal plane

(Achiron 2001; Stancak 2003). Furthermore, a clear visualization of the body, splenium,
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genu, and rostrum of the corpus callosum was required. Length, thickness and areas were
delineated.

To avoid the bias of having smaller corpus callosum measurements in smaller heads, a
normalization of all measures was performed using the cephalic index. The cephalic index
was calculated applying a previously reported formula: cephalic index=BPD/occipitofrontal

diameter*100 (Lim 2004).

1. Linear measurements

a. Corpus callosum length was measured from the most anterior part of the genu to
the most posterior part of the splenium tracing a straight rostro-caudal line
between the two points, known as the outer-to-outer callosal length (Harreld
2011) as shown by the red line in Figure 14. Length was measured three times and

the mean value was used for further analysis.

b. Corpus callosum thickness was measured in its anterior, middle and posterior
portions corresponding to the genu, body and splenium thickness (Witelson 1989;
Lerman-Sagie 2009). The thickness of the genu and splenium were measured at the
same level where the line for callosal length was traced, and body thickness was
measured equidistantly from the genu and splenium (Witelson 1989). These
measurements were obtained three times and the mean value was used for

further analysis. They are shown by yellow lines in Figure 14.
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Figure 14: CC linear measures

2. Area measurements

a.

Total corpus callosum area was delineated through cursor-guided free-hand
traces. It limited superiorly by the cingulate gyrus which was identified as a
hyperintense curved shaped line and inferiorly, by the cavum septi pellucidi and

cavum vergae (Witelson 1989; Boger-Megiddo 2006) (Figure 15A).

Corpus callosum was subdivided in seven areas described by Witelson et al in
order to measure the rostrum, genu, rostral body, anterior midbody, posterior

midbody, isthmus and splenium areas (Witelson 1989) (Figure 15B).

Figure 15: Total corpus callosum area and its subdivisions
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4.6.2. ULTRASOUND IMAGING ASSESSMENT

All measurements were performed using Analyze 9.0 software (Analyze TM, Biomedical

Imaging Resource, Mayo Foundation ©1999-2009).

e CORPUS CALLOSUM MORPHOMETRY

Corpus callosum was identified in the midsagittal plane as a slightly curved hypoechoic
structure. The slice chosen for measurements had to accomplish strict quality criteria
defined in the midsagittal plane (Pashaj 2013). Furthermore, a clear visualization of the
body, splenium, genu, and rostrum of the callosum had to be accomplished. Length,

thickness and areas were measured.

To avoid the bias of having smaller corpus callosum measurements in smaller heads, a
normalization of all measures was performed using the cephalic index. The cephalic index
was calculated applying a previously reported formula: cephalic index=BPD/occipitofrontal

diameter*100 (Lim 2004).

1. Linear measurements

a. Corpus callosum length was measured from the most anterior part of the genu to
the most posterior part of the splenium tracing a straight rostrocaudal line
between the two points, as shown by the straight red line in Figure 6 (Harreld
2011). This measurement was obtained three times and the mean value was used

for further analysis.
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Corpus callosum thickness was measured in its anterior, middle and posterior
portions corresponding to the genu, body and splenium thickness (Lerman-Sagie
2009). The thickness of the genu and splenium were measured at the same level
where the line for corpus callosum length was traced (Witelson 1989) and body
thickness was measured equidistantly from the genu and splenium as shown by
the yellow lines in Figure 6. These measurements were obtained three times and

the mean value was used for further analysis.

Figure 6: CC linear measures

2. Area measurements

a.

Total corpus callosum area was delineated through cursor-guided free-hand traces
limited superiorly by the hyperechoic sulcus of the corpus callosum and the
cingulate gyrus and inferiorly, by the cavum septi pellucidi and cavum vergae

(Figure 7) (Pashaj 2013).

Corpus callosum was subdivided in seven areas described by Witelson et al.
(Figure 8) (Witelson 1989) in order to measure, from anterior to posterior, the

rostrum, genu, rostral body, anterior midbody, posterior midbody, isthmus and
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splenium area.

Figure 7: Total corpus callosum area Figure 8: Corpus callosum subdivision

4.7. MANAGEMENT

Labor induction was performed at term (237 weeks) for all SGA cases by cervical ripening
with a slow release of vaginal prostaglandin E; (10 mg). If the onset of labor did not occur
within twelve hours, oxytocin induction was performed. All deliveries were attended by a
staff obstetrician. For the SGA cases the decision at what gestational age to effect
delivery, as well as the mode of delivery was taken in accordance to the institution
protocols, taking into account the possible complications of prematurity versus the risk of

continued intrauterine stay.

4.8. NEURODEVELOPMENT ASSESSMENT

4.8.1 NEONATAL NEUROBEHAVIORAL ASSESSMENT

The NBAS test was prospectively performed in all cases at 42-43 weeks by one of three
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observers accredited by The Brazelton Institute (Harvard Medical School, Boston, USA).
The observers were blinded to the Doppler results. The examination consisted on 6
behavioral areas rated on a 1 to 9 scale where 9 is the best performance for some areas
and for others this is represented by the central score of 5 (Brazelton 1995). With the
newborn between two feedings, in a small and quiet semi-dark room, with a temperature
between 22-27°C and in the presence of at least one parent, the following areas were
analyzed: social-interactive (which include response to visual and acoustic stimuli),
organization of state (which include peak of excitement, rapidity of build-up, irritability
and lability of states) and motor (which include general tone, motor maturity, pull-to-sit,
defensive movements and level of activity). Following a recent report by the original
authors of the NBAS, individual items were clustered to assess the attention capacity
(which includes alertness, quality of alert responsiveness and cost of attention) (Sagiv
2008). The behavioral items were converted into centiles according to normal curve
references for our population (Costas-Moragas 2007), and each area was considered

abnormal at a score <5 centile.

4.8.2 NEURODEVELOPMENTAL OUTCOME AT 2-YEARS

Developmental function was evaluated at 24 months using the Bayley-lll, 3rd Edition,
which is a revision of the prior edition (Bayley 2006). The Bayley-lll is an instrument that
assesses infant development across five domains, including cognitive, language and motor
competencies. Parent reported questionnaires are incorporated into the Bayley-lll to

assess social-emotional and adaptive behaviors. All evaluations were performed by one of
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three trained psychologists, blinded to the study group and perinatal outcomes. According
to the test manual, abnormal result for each domain was defined as a Bayley-lll score
below 1 SD (<85). We considered a pathological neurodevelopmental outcome at the

presence of at least one abnormal domain.

4.9. PREDICTIVE VARIABLES

Main predictive variables: study group, measurements of cortical development and

corpus callosum

Secondary predictive variables: parental smoking; maternal body mass index;
socioeconomic and educational status; ethnicity; gestational age at MRI; neonatal gender;

neonatal complications; age at Bayley-Ill and breastfeeding.

4.10. OUTCOME VARIABLES

Primary outcome variable: abnormal cortical and corpus callosum development in term
SGA fetuses and abnormal neurodevelopment in the neonatal period and at 2 years.
Secondary outcome variables:

-Abnormal fetal brain development: Different sulcation pattern, smaller brain volumes,

thinner cortex, smaller corpus callosum

-Abnormal neurodevelopment: abnormal neurobehavior (results below 1 Z-score
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according to normal local curves in the neonatal period assessed by the NBAS test) and
abnormal neurodevelopment (at least one abnormal domain below 1 Z-score in the

Bayley-lll according to manual at 24 month of age).

4.11. STATISTICAL ANALYSES

Student’s t-test and Pearson Chi-squared test or exact Fisher test were used to compare

guantitative and qualitative data, respectively.

The primary analysis was focused on the evaluation of the existence of differences in the
predictive variables and primary outcomes among study groups using a Multivariate
analysis of covariance (MANCOVA), or Student T- test.

As secondary analysis, linear regression was used to evaluate the relationship between
the predictive variables (cortical development and corpus callosum) with postnatal
neurodevelopment. Results were adjusted by several potentially confounding variables
(study group, gender, gestational age at the neuroimaging scan, maternal BMI, maternal
socioeconomic and educational status, parental smoking and breastfeeding). The
relationship between the independent variables (fissures depth; brain volumes; insular
cortical thickness; insular cortical volume; and corpus callosum length, thickness and
areas) with outcome variables (abnormal neonatal neurobehavior and neurodevelopment

outcome at 2 years) were modeled by binary logistic regression analysis.

Then, a composite score was obtained using a combination between the independent
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variables from brain development that provided the best classification model of being a
term-SGA fetus. This composite score was constructed according to the formula obtained
by the logistic regression: Composite score= e-"/ 1+ e-m). The ROC curve of the model
was then obtained. This same analysis was performed to construct a composite score to
predict abnormal neurodevelopment at 2 years, using a combination of the best variables
of brain development that predicted an abnormal neurodevelopment according to the
regression analysis and to the principal component analysis. The ROC curve of the model

was then obtained.

Statistical anlyses were performed using the Statistical package for the Social Sciences

(SPSS for Windows version 17.0, Chicago, lllinois, USA) statistical software.
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5. STUDIES

The projects included in this thesis belong to the same research line leading to five articles
already published or submitted for publication in international journals:

1. Egana-Ugrinovic G, Sanz-Cortes M, Figueras F, Bargalld N, Gratacéds E. Differences in
cortical development assessed by fetal MRI in late-onset intrauterine growth

restriction. Am J Obstet Gynecol. 2013; 209: 126.e1-8.

2. Egaiia-Ugrinovic G, Sanz-Cortes M, Figueras F, Couve-Perez C, Gratacds E. Fetal MRI
Insular Cortical Morphometry and its Association with Neurobehavior in Late-Onset
Small For Gestational Age Fetuses. Ultrasound Obstet Gynecol. 2014 Mar 10. doi:
10.1002/u0g.13360.

3. Egafia-Ugrinovic G, Sanz-Cortés M, Couve-Pérez C, Figueras F, Gratacds E. Corpus
callosum differences assessed by fetal MRI in late-onset intrauterine growth restriction
and its association with neurobehavior. Prenat Diagn. 2014 Apr 7. doi:

10.1002/pd.4381.

4. Egaiia-Ugrinovic G, Savchev, S, Bazan-Arcos C, Puerto B, Gratacds E, Sanz-Cortés
Neurosonographic assessment of the corpus callosum as a potential biomarker of
abnormal neurodevelopment in late-onset fetal growth restriction. Submitted Fetal

Diagnosis and Therapy 2014.

5. Egana-Ugrinovic G, Sanz-Cortés M, Bazan-Arcos C, Couve-Pérez C, Gratacds E.
Correlation between structural brain abnormalities assessed by fetal MRI and
neurodevelopmental outcome at 2 years in infants born small for gestational age..
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Differences in cortical development assessed by fetal MRI
in late-onset intrauterine growth restriction

Gabriela Egana-Ugrinovic, MD; Magdalena Sanz-Cortes, PhD; Francesc Figueras, PhD; Nuria Bargallo, PhD;

Eduard Gratacds, PhD

OBJECTIVE: The objective of the study was to evaluate cortical devel-
opment parameters by magnetic resonance imaging (MRI) in late-onset
intrauterine growth—restricted (IUGR) fetuses and normally grown fetuses.

STUDY DESIGN: A total of 52 IUGR and 50 control fetuses were imaged
using a 3T MRI scanner at 37 weeks of gestational age. T2 half-Fourier
acquisition single-shot turbo spin-echo anatomical acquisitions were
obtained in 3 planes. Cortical sulcation (fissures depth corrected by
biparietal diameter), brain volumetry, and asymmetry indices were
assessed by means of manual delineation and compared between
cases and controls.

RESULTS: Late-onset IUGR fetuses had significantly deeper mea-
surements in the left insula (late-onset IUGR: 0.293 vs control: 0.267;

P = .02) and right insula (0.379 vs 0.318; P < .01) and the left
cingulate fissure (0.096 vs 0.087; P = .03) and significantly lower
intracranial (441.25 cm? vs 515.82 cm®, P < .01), brain (276.47 cm?
vs 312.07 cm®; P < .01), and left opercular volumes (2.52 cm® vs
3.02 cm® P < .01). IUGR fetuses showed significantly higher right
insular asymmetry indices.

CONCLUSION: Late-onset IUGR fetuses had a different pattern of
cortical development assessed by MRI, supporting the existence
of in utero brain reorganization. Cortical development could be
useful to define fetal brain imaging-phenotypes characteristic of
IUGR.

Key words: brain volumetry, cortical sulcation, fetal brain imaging
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L ate-onset intrauterine growth re-
striction (IUGR) accounts for the
majority of clinical forms of growth re-
striction and affects approximately 10%
of the general population." For a long
time considered as a relatively benign
condition with a majority of constitu-
tionally small fetuses, recent evidence has
demonstrated that late-onset growth

restriction is strongly associated with
adverse pregnancy and long-term out-
comes.” Abnormal neurodevelopment in
newborns and children is among the
most relevant consequences of late-onset
IUGR.>®

Neurodevelopmental deficits associ-
ated with this condition are thought to
be the result of brain reorganizational
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changes, as suggested by studies demon-
strating differences in brain metabolism
and microstructure,™’ morphology,10
and connectivity.'' However, the impact
of late-onset TUGR on brain development
is still poorly characterized. There is a
need to develop imaging biomarkers that
help identifying the patterns of neuro-
development associated with sustained
undernutrition in utero.

Evaluation of cortical development
(CD) may provide valuable information
about the influence of prenatal condi-
tions on brain maturation. Cortical sul-
cation is a continuous process that
occurs mainly during fetal life and results
in the intricate array of brain fissures and
sulci as present in term fetuses.'> The
progress of sulcation can be used as
a reliable estimate of gestational age
and a good marker of fetal cortical
maturation. '

An altered convolution pattern has
been demonstrated in preterm new-
borns diagnosed with severe early-onset
IUGR,"*" but the existence of differ-
ences in late-onset IUGR fetuses has not
been evaluated. Aside from sulcation,
normal CD during intrauterine life



results in a physiological brain asym-
metry.'®!” Abnormal brain asymmetry
has been described in childhood condi-
tions characterized by altered neuro-
development, such as autism spectrum
disorders, attention deficit-hyperactivity
disorder (ADHD), dyslexia, and schizo-
phrenia.'*'® It seems plausible that
term late-onset IUGR fetuses could
show differences in their CD pattern
because the most relevant changes
in brain sulcation and expression of
asymmetry occur during late third
trimester.'®"”

The aim of this study was to evaluate
the existence of individual or combined
CD differences in fetuses with late-onset
IUGR compared with controls. We
evaluated the depth of brain fissures,
brain volumetries, and the asymmetry
indices by fetal brain magnetic resonance
imaging (MRI) in late-onset IUGR and
adequate-for-gestational-age (AGA) fe-
tuses at term.

MATERIALS AND METHODS
Subjects

This study is part of a larger prospective
research program on IUGR involving
fetal, neonatal, and long-term postnatal
follow-up. The specific protocol of this
study was approved by the institutional
ethics committee (institutional review
board no. 2008/4422), and all partici-
pants gave written informed consent.

A total of 102 singleton fetuses were
included in our cohort, classified in 52
late-onset IUGR and 50 AGA fetuses.
Pregnancies were dated according to the
first-trimester crown-rump length mea-
surement.'” TUGR was defined by an
estimated and postnatally confirmed
fetal weight less than the 10th centile,
according to local standards®® with
normal umbilical Doppler (umbilical
artery pulsatility index less than the 95th
centile).?! AGA subjects were defined as
normal term fetuses with an estimated
and postnatally confirmed fetal weight of
the 10th centile or greater, according
to local standards.”® Exclusion criteria
included congenital malformations, chro-
mosomal abnormalities, perinatal in-
fections, chronic maternal pathology,
contraindications for MRI, and non-
cephalic presentations.

Clinical and ultrasound data

IUGR patients were followed up in our
fetal growth restriction unit from diag-
nosis until delivery. The entire sample
underwent serial Doppler ultrasound
scans using a General Electric Voluson
E8, 6-2 MHz curved-array transducer
(GE Medical Systems, Zipf, Austria).
Fetal umbilical artery and middle cere-
bral artery pulsatility index (PI) were
measured in 3 or more consecutive
waveforms, with the angle of insonation
as close as possible to 0° and in the
absence of fetal or maternal movements
and used for the calculation of the cer-
ebroplacental ratio (CPR). Abnormal
CPR was defined as a value below the
fifth centile according to previously
published reference values.”> Uterine
artery (UtA) PI was measured trans-
abdominally as previously described,”
and values were considered abnormal
when greater than the 95th centile.”> All
fetuses in this study had at least 1 scan
within 1 week of delivery. Maternal and
perinatal data were prospectively recor-
ded in all study patients.

Fetal MRI imaging acquisition
MRI was performed at 37 weeks of
gestational age on a clinical magnetic
resonance system using the IDIBAPS
image platform, operating at 3.0 Tesla
(Siemens Magnetom Trio Tim syngo
MR B15; Siemens, Munich, Germany)
without fetal sedation and following
the American College of Radiology
guidelines for the use of medical imag-
ing during pregnancy and lactation.**
A body coil with 8 elements was wrap-
ped around the mother’s abdomen.
Routine fetal imaging took from 15 to
20 minutes and consisted of single-shot,
fast spin echo T2-weighted sequences
(repetition time 990 milliseconds, echo
time 137 milliseconds, slice thickness
3.5 mm, no gap, field of view 260 mm,
voxel size 1.4 x 1.4 X 3.5mm, matrix
192 x 192, flip angle 180°, and acqui-
sition time 24 seconds) acquired in the 3
orthogonal planes. If the quality of the
images was suboptimal, sequences were
repeated.

Structural MRI images were reviewed
for the presence of anatomical abnor-
malities by an experienced specialist
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in neuroradiology blinded to group
membership.

Fetal imaging after processing
and delineation
Offline analyses of brain biometric and
volumetric measurements were per-
formed using the semiautomatic Ana-
lyze 9.0 software (Biomedical Imaging
Resource; Mayo Clinic, Kansas City, KS)
by 2 experienced examiners blinded to
group membership. Cortical fissure de-
lineations in the fetal MRI were per-
formed adapting previously described
methodology to assess CD on prenatal
ultrasound.”*® All volumetric estima-
tions were obtained using Cavalieri’s
principle’”” by a multiplanar analysis
considering a slice thickness of 3.5 mm
with no gap interval between them.
Both biometric and volumetric mea-
surements showed optimal quality to
perform CD analysis in 97% of the cases
and in 98% of controls.

Brain biometric and sulcation
analysis

Cortical fissure depths were measured
bilaterally as shown in Figure 1 and
corrected by biparietal diameter (BPD),
obtaining a ratio (fissure/BPD) for each
fissure measurement to perform the
statistical analysis as follows.

e BPD was measured in the trans-
thalamic axial plane as described for
ultrasound by the International Soci-
ety of Ultrasound in Obstetrics and
Gynecology.”>*

e Parietoccipital fissures were measured
in an axial slice above the trans-
thalamic plane used for the BPD
assessment,”>*® tracing a perpendic-
ular line from the longitudinal fissure
to the apex of the parietoccipital
fissures.

e Insular depths were measured in the
axial slice located immediately below
the anterior commissure and the
cavum septum pellucidum, tracing a
perpendicular line from the median
longitudinal fissure to the most
external border of the insular cortex.*®

e Lateral fissure depths were measured
in the same plane described above,
with a continuing line starting from
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the most external border of the
insular cortex to the interface con-
formed between the subarachnoid
space and the skull.**>*°

e Cingulate fissures were measured in
the midcoronal plane,>*® tracing a
perpendicular line from the median
longitudinal fissure to the apex of the
cingulate fissures.

o Calcarine fissures were measured in
the coronal transcerebellar plane as
described in ultrasound by the Inter-
national Society of Ultrasound in
Obstetrics and Gynecology,”**® trac-
ing a perpendicular line from the
median longitudinal fissure to the
apex of the calcarine fissures.

Brain volumetric analysis

For the statistical analysis, total intra-
cranial volume and total brain volume
were adjusted by birthweight centile, and
the opercular volumes were adjusted by
total brain volume (TBV) (Figure 2).

e Total intracranial volume (TIC) was
successively delineated including the
extra- and intraventricular cerebro-
spinal fluid (CSF), cerebral, cere-
bellar, and brain stem.”*

e TBV was successively delineated
including intraventricular CSF, cere-
bral, cerebellar, and brain stem
parenchymal volumes but excluding
the extraventricular CSF volume.”'

e Opercular volumes were delineated
bilaterally in all the slices in which the
operculums were identified, following
the opercular cortex until the external
borders of the lateral fissures, thus
closing the volume by a straight line
joining the anterior and posterior
edges of the fissure. A methodology
reported by Nakamura et al’> was
adapted and followed.

Brain asymmetry

To assess the degree of brain asymmetry,
we applied a previously reported asym-
metry index” expressed by the following:
asymmetry index = (R—L)/(R+L) to
compare right (R) and left (L) fissures
and opercular measurements.

Interobserver variability
To establish both biometric and volu-
metric measurement reproducibility, a

FIGURE 1
lllustrative figures of brain biometric and sulcation assessment in
different brain sections

rd

Red line indicates the interhemispheric fissure and yellow line indicates the measure of interest in
T2-weighted magnetic resonance images of a fetus at 37 weeks of gestational age. A, The biparietal
diameter and a unilateral example of each fissure assessed are shown. B, Right parietoccipital fissure
depth, C, left lateral fissure depth, and D, left insular depth are shown in the axial plane. E, The left
cingulate fissure depth and the F, right calcarine fissure depth are shown in the coronal plane.
Egaiia-Ugrinovic. Cortical development analysis in late-onset IUGR fetuses. Am ] Obstet Gynecol 2013.

total of 15 cases were completely assessed
independently by 2 experienced exam-
iners blinded to group membership.
Bland-Altman plots were used to assess
interobserver variability with a signifi-
cance level set at 5% (P < .05) for all
measurements.

FIGURE 2
Brain volumetric assessment by semiautomatic delineation

A, Total intracranial volume, B, total brain volume, and C, opercular volume in using axial

Statistical analysis of clinical

and CD data

Student ¢ test for independent samples
and Pearson’s Y tests were used to com-
pare quantitative and qualitative data,
respectively, between late-onset ITUGR
and controls. Multivariate analyses of

T2-weighted magnetic resonance images in a fetus at 37 weeks of gestational age using the Analyze
software (Biomedical Imaging Resource; Mayo Clinic, Kansas City, KS) are shown.
Egaiia-Ugrinovic. Cortical development analysis in late-onset IUGR fetuses. Am J Obstet Gynecol 2013.
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Maternal characteristics of the study groups

Charactertistic IUGR (n = 52) AGA (n = 50) Pvalue?
Maternal age, y 31.8 +6.2 322+ 43 .64
Maternal smoking 15.4% 6% 13
Maternal height, m 1.58 £+ 0.05 1.65 + 0.06 < .01
Maternal weight, kg 56.9 + 101 63.2 +11.3 .01
Maternal BMI, kg/m? 227+ 3.7 23.2+39 49
Primiparity 65% 64% .88
Caucasian ethnicity 79% 68% 18
GA at MRI, wks 375+08 37.7+0.8 .30

Results are expressed as mean =+ SD or percentage as appropriate.

AGA, adequate-for-gestational-age; BMI, body mass index; GA, gestational age; /UGR, intrauterine growth—restricted; MRI,

magnetic resonance imaging.
@ Student ¢ test for independent samples or Pearson’s xz test.

Egania-Ugrinovic. Cortical development analysis in late-onset IUGR fetuses. Am ] Obstet Gynecol 2013.

covariance were conducted for biometric
and volumetric measurements, adjusting
by sex, gestational age at MRI, and
maternal body mass index as covariants.
Furthermore, a classified model was con-
structed by means of a logistic regression
including all cortical parameters to
explore the existence of combined pat-
terns that classified the study groups bet-
ter than the top individual parameter.

Finally, a subanalysis was conducted
to explore the existence of differences in
relation with previously described pre-
dictors of poorer perinatal outcome,
namely abnormal CPR, UtA Doppler
before birth, or a birthweight less than
the third centile in the last scan before
delivery.***

The software package SPSS 17.0
(SPSS, Chicago, IL) and the MedCalc 8.0

Perinatal outcome of the study groups

Variable IUGR (n = 52) AGA (n = 50) P value®
GA at birth, wks 388+1.0 40.0 £ 1.0 < .01
Birthweight, g 2488 + 247 3452 + 311 < .01
Birthweight percentile 39+6.6 55.2 +24.2 < .01
Male sex 62% 52% .34
Labor induction 771% 14.3% < .01
Emergency cesarean section 31% 6% < .01
Neonatal acidosis® 19.6% 5% .04
Apgar score less than 7 at 5 minutes 5.8% 0% .04
NICU stay length, d 0.3 0 .09

Results are expressed as mean =+ SD or percentage as appropriate.

AGA, adequate-for-gestational-age; GA, gestational age; /UGR, intrauterine growth—restricted; NICU, neonatal intensive care

unit.

@ Student ttest for independent samples or Pearson’s X2 test; ® Neonatal acidosis: umbilical artery pH less than 7.15 and base

excess greater than 12 mEq/L.

Egafia-Ugrinovic. Cortical development analysis in late-onset IUGR fetuses. Am ] Obstet Gynecol 2013.
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(Broekstraat, Belgium) were used for the
statistical analyses.

REsuULTS

Clinical characteristics in the study
population

All 102 fetuses from our sample (52 late-
onset TUGR and 50 AGA) underwent
fetal MRI at 37 weeks of gestational age.
Maternal characteristics and time of
MRI scans did not differ between cases
and controls (Table 1). As expected,
IUGR fetuses were delivered earlier
with higher rates of labor induction,
emergency cesarean section, neonatal
acidosis, and lower Apgar scores at
5 minutes of life (Table 2).

Interobserver agreement

Overall CD measurements showed
a good interobserver reproducibility.
Regarding the sulcation analysis, the
coefficients of variation were 4.4% for
the left insular depth, 13.5% for the
right insular depth, 19.7% for the left
lateral fissure depth, 18.7% for the
right lateral fissure depth, 21.5% for the
left parietoccipital fissure depth, 22.6%
for the right parietoccipital fissure
depth, 25.2% for the left cingulate fissure
depth, 30.7% for the right cingulate
fissure depth, 32.6% for the left calcarine
fissure depth, and 21.3% for the right
calcarine fissure depth . The coefficient
of variation for the volumetric analysis
was 3.4%.

Brain biometric and sulcation
analysis

IUGR fetuses showed smaller BPD
measurements (IUGR: 94.33 mm =+ 2.76
vs AGA: 100.63 mm =+ 3.1; P < .01).
IUGR fetuses showed significantly
deeper fissure measurements in the right
and left insula and the left cingulate
fissure (Table 3).

Brain volumetric analysis

The IUGR group had smaller TIC
and TBV (441.25 cm’ + 56.01 vs
515.82 cm’ + 36.63; P <.01; and 276.47
em® + 52.61 vs 312.07 cm® + 40.85;
P < .01, respectively) and smaller left
opercular volumes (2.52 cm® 4 0.69 vs
3.02 cm’ + 0.71; P <.01) (Table 4 and
Figure 3).
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Asymmetry indices analysis

Brain asymmetry indices for biometric
and volumetric measurements were
analyzed. IUGR fetuses showed a more
pronounced right insular asymmetry
compared with controls (asymmetry
index: 0.13 £ 0.11 vs 0.07 £ 0.12; P =
.03). No statistically significant differ-
ences in asymmetry were found for the
other fissures or for opercular volumes.

Differences among IUGR fetuses
according to severity

The existence of differences according
to the presence or absence of factors
associated with poor perinatal outcome,
as defined in the previous text, was
explored. There were no significant dif-
ferences for any of the analyzed mea-
surements in relation with the presence
or absence of signs of poor perinatal
outcome (Figure 4).

Classified model analysis

Regression analysis suggested that a
combination of left (LID) and right
insular depth (RID) corrected for BPD
(LID/BPD and RID/BPD, respectively)
and left parietoccipital fissure depth
(LPOD)/BPD provided the best clas-
sification model, accounting for 30%
of the uncertainty of being late-onset
IUGR (Figure 5). A composite score
(ranging from 0 to 1) was constructed
using a combination of these variables
according to the following formula
obtained by logistic regression: com-
posite score = e V(1 + e M), where
Y = 6.259 + [(LID/BPD * RID/BPD *
—41.264) + (LPOD/BPD * —16.247)].
The composite score achieved a higher
discrimination performance as com-
pared with any of the individual pa-
rameters previously analyzed (Figure 5).
The receiver-operating characteristic
curve of the model resulted in an area
under the curve of 79% (95% confidence
interval, 70—88%).

COMMENT

These results provide evidence that late-
onset IUGR fetuses present a different
pattern of CD compared with normally
grown fetuses, with deeper fissures,
smaller brain volumes, and a more pro-
nounced right asymmetry. The data add

Brain biometric parameters in the study groups

Variable IUGR (n = 52) AGA (n = 50) Pvalue?
LID/BPD 0.293 + 0.052 0.267 + 0.029 .02
RID/BPD 0.379 + 0.066 0.318 + 0.075 < .01
Left lateral fissure/BPD 0.154 + 0.042 0.151 £+ 0.024 .81
Right lateral fissure/BPD 0.151 4+ 0.037 0.154 4+ 0.042 .82
Left parietooccipital fissure/BPD 0.139 4+ 0.029 0.132 4+ 0.036 18
Right parietooccipital fissure/BPD 0.138 4+ 0.029 0.132 4+ 0.036 .22
Left cingulate fissure/BPD 0.096 4+ 0.016 0.087 + 0.019 .03
Right cingulate fissure/BPD 0.093 + 0.019 0.088 + 0.018 19
Left calcarine fissure/BPD 0.180 + 0.039 0.182 + 0.040 .56
Right calcarine fissure/BPD 0.179 4+ 0.038 0.187 + 0.041 14

Results are expressed as mean + SD.

AGA, adequate-for-gestational-age; BMI, body mass index; BPD, biparietal diameter; GLM, general linear model; IUGR,
intrauterine growth—restricted; L/D, left insular depth; MR/, magnetic resonance imaging; RID, right insular depth.

 GLM adjusted for sex, gestational age at MRI, and maternal BMI.

Egafia-Ugrinovic. Cortical development analysis in late-onset IUGR fetuses. Am J Obstet Gynecol 2013.

to previous evidence suggesting ab-
normal brain maturation and reorgani-
zation in this condition.>” "> CD
assessment is feasible in utero and
could be of help in the definition of
brain biomarkers to identify imaging
phenotypes characteristic of fetal un-
dernutrition and growth restriction in
utero.

Concerning sulcation and brain vol-
umetries, the results suggest similar al-
terations to those reported in early-onset
IUGR. Previous studies have shown
that severe early-onset IUGR neonates
presented a disrupted cortical develop-
mental profile with increased gyrifi-
cation.'*" The authors suggested that

Brain volumes in the study groups

this increased cortical sulcation in pro-
portion to brain surface might reflect a
thinner thickness of the cortex.'* Like-
wise, decreased brain volumes have been
reported in early-onset [UGR fetuses by
ultrasound’ and in neonates by MRL.'®
In the present study, late-onset [IUGR
fetuses had cortical sulcational differ-
ences in the insula and cingulate fissure.
Both areas play an important role in the
limbic sys‘[em,37 which is responsible for
interoceptive awareness and higher
cognitive functions. These areas may be
particularly more vulnerable to sus-
tained undernutrition and/or hypoxia
because of their late in-utero matura-
tional time courses.”® This contention is

Variable IUGR (n = 52) AGA (n = 50) P value®
Total intracranial volume, cm® 441.25 + 56.01 515.82 + 36.63 < .01
Total brain volume, cm® 276.47 £+ 52.61 312.07 4 40.85 < .01
Left opercular volume, cm®® 2.52 4 0.69 3.02 & 0.71 < .01
Right opercular volume, cm* 3.13 +3.48 3.06 + 1.47 26

Results are expressed as mean =+ SD.

AGA, adequate-for-gestational-age; BMI, body mass index; /UGR, intrauterine growth—restricted; MR, magnetic resonance

imaging; 7BV, total brain volume.

2 General linear model adjusted for birthweight centile, sex, gestational age at MR, and maternal BMI; ® Adjusted also for TBV.

Egaiia-Ugrinovic. Cortical development analysis in late-onset IUGR fetuses. Am J Obstet Gynecol 2013.
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Total brain and opercular volumes in late-onset IUGR and AGA
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A, Total brain volumes and B, opercular volumes in late-onset IUGR and AGA are shown. A, TIC and
TBV, adjusted for sex, gestational age at MRI, and maternal BMI. B, Adjusted for TBY, sex,
gestational age at MRI, and maternal BMI. Asterisk indicates P < .05.

AGA, adequate-for-gestational-age; BM, body mass index; /UGR, intrauterine growth—restricted; MR/, magnetic resonance imaging;

TBV, total brain volume; T/C, total intracranial volume.

Egaria-Ugrinovic. Cortical development analysis in late-onset IUGR fetuses. Am J Obstet Gynecol 2013.

in line with neurodevelopmental studies
in late-onset IUGR infants, which show
differences in complex functions regu-
lated by the limbic system and frontal
lobe such as working memory and
emotions.”>*’

Another finding of this study was
decreased brain volumetric measure-
ments in IUGR fetuses, even after
adjusting for birthweight centile. These
differences might reflect reductions in
brain cellularity, as described in experi-
mental models of TUGR.*

Physiological brain asymmetry has
been well documented in fetuses and
neonates,'®!” but it had not been inves-
tigated in IUGR. In normal conditions,
antenatal asymmetry shows a clear
dominance of the right hemisphere.
Human embryologic'” as well as func-
tional neuroimaging studies'® suggest
that asymmetry results from a physio-
logical 2 week maturational lag between
right and left hemispheres. Physiological
brain asymmetry is particularly evident
in the superior temporal sulcus and
perisylvian region.'®

The findings of the present study are in
line with other studies reporting differ-
ences in asymmetry between hemispheres
in disorders associated with abnormal

neurodevelopment, such as autism spec-
trum disorders, ADHD, dyslexia, and
schizophrenia.'*'®  This lateralization
in brain development associated with
increased susceptibility to changes in ce-
rebral blood flow along the delicate sul-
cation process could be an explanation of
the unilateral affection in the cingulate
fissure and left operculum. Brain asym-
metry, a phenomenon essentially devel-
oping before birth, has actually been
considered as supporting evidence for the
current theories suggesting a prenatal
origin in some of these conditions.'**'

From a clinical perspective, the re-
sults of this study provide further
evidence of the existence of brain reor-
ganization in late-onset IUGR. This
form of [IUGR is far more prevalent than
the early-onset form, and it affects
thousands of infants yearly.*” Conse-
quently, late-onset IUGR might repre-
sent a public health opportunity for
tackling neurodevelopmental disorders
in a remarkable proportion of the
population. In addition, the findings
support further research on CD assess-
ment to explore the development of
reproducible biomarkers of abnormal
neurodevelopment in IUGR and pos-
sibly other fetal diseases.

Obstetrics

Differences among IUGR fetuses
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Differences among IUGR fetuses according to
severity in globally significant cortical develop-
ment parameters. The figure demonstrates the
polynomial contrast analysis showing the dif-
ferences between IUGR-positive (UGR with
signs of poor perinatal outcome defined as CPR
less than the fifth centile, the UtA Doppler before
birth greater than the 95th centile, or a birth-
weight less than the third centile), IUGR-
negative (UGR without signs of poor perinatal
outcome described previously), and AGA. The
bars depict the mean within each group.
Asterisk and double asterisk indicate P < .05.

AGA, adequate-for-gestational-age; CPR, cerebroplacental ratio;
JUGR, intrauterine growth—restricted; UtA, uterine artery.

Egafia-Ugrinovic. Cortical development analysis in late-
onset IUGR fetuses. Am ] Obstet Gynecol 2013.

In most conditions associated with
subtle brain damage or reorganization,
structural abnormalities are detectable
long before the appearance of functional
symptoms.'*** This offers the possibility
of developing biomarkers based on brain
imaging, but it requires modern tech-
niques capable of detecting subtle dif-
ferences in brain microstructure, such as
MRI spectroscopy”> or diffusion.***
However, such MRI approaches entail
complex acquisition settings and are very
sensitive to motion artifacts, which
represent serious drawbacks for its clin-
ical use in human fetuses. In contrast,
CD assessment is based on a more
simple principle, it can be performed in
2-dimensional images, and consequently
it is feasible with fetal MRI acquisition
protocols currently used in clinical
practice. The results provide evidence
that composite scores including more
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Classified model between IUGR
and AGA fetuses
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Composite score obtained by logistic regression.
The score contains a combination of left and
right insular depth and left parietoccipital fissure
depth, all corrected by BPD. Asterisk indicates

P<.01.

AGA, adequate-for-gestational-age; BPD, biparietal diameter;
IUGR, intrauterine growth—restricted.

Egaria-Ugrinovic. Cortical development analysis in late-
onset IUGR fetuses. Am ] Obstet Gynecol 2013.

than 1 CD measure could be useful to
characterize brain reorganization pat-
terns associated with ITUGR.

We acknowledge some limitations in
this study. Measures were carried out by
manual delineation because there are no
automatic softwares for these purposes.
To counter this problem, we used pre-
viously reported sonographic fissures
and confirmed that interobserver agree-
ment was within acceptable values. We
measured only previously reported brain
fissures, and consequently, not all brain
sulci at term were explored. We can not
exclude that further detailed analysis
might detect differences that have been
missed by this study.

Among the strengths of the study, the
study groups were prospectively recorded
and cases represent a homogeneous
sample that is highly representative of
the condition of interest. The use of the
2-dimensional-measurement approach
with half-Fourier acquisition single-shot
turbo spin-echo images assured a re-
producible and non—motion-distorted
method to analyze the images, supported
by the interobserver agreement.

To conclude, late-onset IUGR fetuses
showed differences in CD, which further
support the notion that this condition is
associated with disrupted brain matu-
ration that can already be detected in
utero. Further research involving long-
term follow-up is warranted to evaluate
the role of imaging biomarkers based on
CD in the prediction of abnormal neu-
rodevelopment in fetuses with IUGR.
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ABSTRACT

Objective

To evaluate insular cortical morphometry assessed by Magnetic Resonance Imaging (MRI) in
late-onset small for gestational age (SGA) fetuses compared to controls and its association
with neurobehavioral outcome.

Methods

65 late-onset SGA and 59 normally grown fetuses were imaged by MRI at 37 weeks of
gestation. T2 HASTE anatomical and diffusion-weighted imaging (DW!I) acquisitions were
obtained. Insular cortical thickness, volume and fractional anisotropy (FA) values were
assessed. Asymmetry indices were then constructed. Neonatal Behavioral Assessment Scale
(NBAS) test was performed on IUGR neonates at 42 weeks.

Results

Late-onset SGA fetuses had significantly thinner insular cortical thickness and smaller insular
cortical volume as compared with controls. SGA also presented a more pronounced left
asymmetry in the posterior cortex and significantly lower FA values in the left insula. Insular
measurements in the SGA group were significantly correlated with neurobehavior as
assessed by NBAS scores.

Conclusions

Insular cortical morphometry was significantly different in late-onset SGA fetuses and
correlated with poorer neurobehavioral performance. This data support the impact of
growth restriction in brain development and the potential value of cortical assessment as a

biomarker of neurodevelopment in fetuses at risk.
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INTRODUCTION

Intrauterine growth restriction (IUGR) is defined as the underachievement of the genetic
growth potential, affecting 6-10% of all pregnancies’. IUGR is a major contributor of
perinatal and long term morbidity’’, being the association with abnormal
neurodevelopment in late childhood among the most consistently reported’. Studies in the
neonatal period show lower neurobehavioral test scores® and studies later in infancy and
during school age have consistently reported neurocognitive difficulties® °.
Neurodevelopmental impairment in IUGR is associated with specific neurostructural

10.11 This may open opportunities of developing imaging biomarkers

changes on MRI studies
to identify those fetuses at risk of an impaired neurodevelopment.
Human cortical development is a central mechanism of consciousness, playing an important

12, 13

role in emotion, language and cognition . Neuroimaging technologies provide an

opportunity to assess cortical development in utero by means of ultrasound (US) or

14, 15

conventional MRI sequences . It has been previously demonstrated that late-onset

growth restriction is associated with brain reorganizational changes, showing alterations in

10.18 "|n previous studies, we reported that late-

their brain microstructure and metabolism
onset SGA showed significant differences in their gyrification pattern, brain volumetry and
degree of cortical asymmetry assessed by fetal MRI'’. These differences were particularly
prominent in the insular area, showing deeper fissure measurements, smaller operculums
and a more pronounced lobar insular right asymmetry in term SGA. However, it is still

unknown whether the differences in cortical development indicate a higher risk of poorer

neurological development.
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In this study we explored the hypothesis that insular cortex differences in-utero are
associated with changes in neonatal neurobehavior in late-onset SGA fetuses. We focused
on insular cortex given previous reports suggesting more pronounced changes in this area'’
and considering the important implications of this brain region in human cognitive

functions® *°

. We evaluated several morphometric and microstructural features of the
insula in a cohort of 65 late-onset SGA fetuses as compared with 59 normally grown fetuses,

and we analyzed the association with neonatal neurobehavioral scores.

MATERIAL AND METHODS

Subjects

This study is part of a larger prospective research program on IUGR involving fetal, neonatal
and long term postnatal follow-up. The protocol of this study was approved by the
institutional Ethics Committee (Institutional Review Board 2008/4422) and all participants
gave written informed consent. Due to the exploratory nature of our study and since there
was no previous data analyzing the association between brain insula with neurobehavior,
we arbitrarily established a sample size of 50-70 per study group. Therefore, an initial
sample of 143 singleton fetuses were included in our cohort, however around 15% of them
had to be excluded due to insufficient image quality for delineation according to our
standards, leaving a total of 124 fetuses in our cohort, classified in 65 late-onset SGA and 59
appropriate for gestational age (AGA) fetuses. Pregnancies were dated according to the first
trimester crown-rump length measurement®. Late-onset SGA was defined by an estimated

1,21

and postnatally confirmed birthweight <10™ centile® %, according to local standards® with

normal umbilical Doppler (umbilical artery pulsatility index <95™ centile)®®>. AGA were
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defined as normal fetuses with an estimated and postnatally confirmed birthweight >10"
centile, according to local standards?. Exclusion criteria included congenital malformations,
chromosomal abnormalities, perinatal infections, chronic maternal pathology,

contraindications for MRI and non-cephalic presentations.

Clinical and Ultrasound data

SGA patients were followed-up in our fetal growth restriction unit from diagnosis until
delivery. The entire sample underwent serial Doppler US scans using a General Electric
Voluson E8, 6-2MHz curved-array transducer (GE Medical Systems, Zipf, Austria). Fetal
umbilical artery (UA) and middle cerebral artery (MCA) pulsatility index (Pl) were measured
in three or more consecutive waveforms, with the angle of insonation as close as possible to
0° in absence of fetal or maternal movements. Both measurements were used for the
calculation of the cerebroplacental ratio (CPR), considering an abnormal CPR a value <5t
centile?®. Uterine arteries (UtA) Pl were measured transabdominally and mean value was
considered abnormal when >95™ centile®®. All fetuses in this study had at least one US scan
within one week before delivery. Maternal, perinatal and neonatal data were prospectively

recorded in all study patients.

Differences among IUGR fetuses according to severity parameters

Several prognostic factors have been identified as predictors of poor neonatal outcome
among term growth restricted fetuses, including abnormal cerebroplacental ratio®, uterine
artery Doppler” ?’ and birth weight below the 3" centile?. For further assessment of the SGA
population we subdivided the study group using these above mentioned prognostic factors

into the following categories: (1) IUGR defined by birthweight <3 centile and/or abnormal
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CPR and/or abnormal UtA; (2) SGA defined by the remaining cases that did not fulfill these
criteria, and (3) controls defined by birthweight >10" centile. The categorization was

performed according to the last scan before delivery which was at most within a week from

birth.

Fetal MRI imaging acquisition

MRI was performed at 37 weeks of gestational age on a clinical MR system using the Institut
d’Investigacions Biomediques August Pi i Sunyer (IDIBAPS) image platform, operating at 3.0
Tesla (Siemens Magnetom Trio Tim syngo MR B15, Siemens, Germany) without fetal
sedation”®. A body coil with 8 elements was wrapped around the mother’s abdomen.
Routine fetal imaging took around 20 minutes and consisted on single-shot, fast spin echo
T2-weighted sequences (TR 990ms, TE 137m:s, slice thickness 3.5mm, no gap, field of view
260mm, voxel size 1.4x1.4x3.5mm, matrix 192x192, flip angle 1809, acquisition time 24
seconds) acquired in the three orthogonal planes. Subsequently, 12-directions DWI
acquisition was obtained (TR 9300ms, TE 94ms, diffusion weighting b-value 1000s/mm?,
slice thickness 2.2mm, no gap, field of view 220mm, voxel size 2.2x2.2x2.2mm, matrix
100x100, flip angle 909, acquisition time 2.30 minutes). If the quality of the images was
suboptimal, sequences were repeated.

Structural MRI images were reviewed for the presence of anatomical abnormalities by an

experienced neuroradiologist blinded to group membership.

Fetal imaging post processing
Offline analyses of all measurements were performed using the semiautomatic Analyze 9.0

software (Biomedical Imaging Resource, Mayo Clinic; Kansas, USA) by two experienced
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examiners blinded to group membership. The cortical plate was identified by the intensity

threshold defined as the T2-weighted hypointense rim delineating the brain surface®.

1. Biometric Measurements:

a. Insular cortical thickness (ICT) was measured bilaterally in the axial plane located
immediately below the plane of the anterior commissure and the cavum of the
septum pellucidi. Anterior, middle and posterior thickness of the insular cortex were
manually delineated from its inner-to-external cortical border (Figure 1). Every
measurement was performed three times and the mean of each one was used for
further analysis. The anterior and posterior ICT were traced on the limiting portion
with the frontal and temporal operculum respectively®. Middle ICT was measured
equidistantly from the anterior and posterior measurements.

b. Insular lobe depth (ID) was measured bilaterally in the same axial plane described
above as reported elsewere®’” (Figure 1). ID was measured to correct the ICT for
differences in head size obtaining a ratio (ICT/ID) for each measurement in order to

perform the statistical analysis.

2. Volumetric measurements were delineated through cursor-guided free-hand traces on

individual images of the insular cortex and brain volumes. The region-of-interest (ROI)
traced on each image created an area that was multiplied by the slice thickness in order
to produce a volume. ROI volumes from successive slices were then summed to yield the
volume of the full extent from the desired ROI*.

a. Insular cortical volume (ICV): the whole insular cortex was traced bilaterally in the

coronal plane. The anatomical boundaries chosen for delineation were:
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-anteriorly the most rostral slice containing the insular cortex and,

-posteriorly the fusion of the superior and inferior circular insular sulci in the coronal
plane®.

On each coronal slice, the insular cortex was limited superiorly by the superior
circular insular sulcus, and inferiorly by the inferior circular insular sulcus or the

orbitoinsular sulcus®* 3

(Figure 2).
b. Total brain volume (TBV) was delineated as reported elsewhere®’ (Figure 2). TBV was

measured to correct the insular cortical volume for differences in head size.

3. Asymmetry indices (Al): an asymmetry coefficient for ICT and ICV size was calculated

using the following formula Al= (Right-Left)/(Right+Left) where a negative value

indicated a larger left-sided structure®*.

4. Fractional anisotropy: FA maps were analyzed using the ITK-SNAP 2.4 software. A ROI of

43mm? was traced at the level of the corresponding anterior, middle and posterior ICT
measurements bilaterally in order to obtain FA values (Figure 3). Mean FA values and SD

were used for further analysis.

Neurobehavioral performance

Postnatal follow up was offered to all late-onset SGA patients and neurobehavioral
assessment was performed prospectively at 42-43 weeks using the NBAS test by 1 of 2
observers accredited by The Brazelton Institute (Harvard Medical School, Boston, MA)*>. The
examination consisted on 7 behavioral areas including habituation, motor, social-interactive,

organization of state, regulation of state, autonomic nervous system and attention, as
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835 The scores from the behavioral areas were converted into centiles

reported elsewhere
according to normal curve references for our population®®, considering an abnormal result a

score <5™ centile.

Interobserver agreement

Intraclass correlation coefficients (ICC) and their 95% confidence intervals (Cls) were
assessed in 10 fetuses between two independent and blinded to group membership
examiners, with a significance level set at 5% (p <0.05). We aimed for an optimum reliability
of at least 0.75 and moderate reliability of 0.4. A two-way mixed model was chosen for

analysis. The degree of agreement was also examined using the Bland—Altman test.

Statistical analysis of clinical and insular cortical data

Student’s t test for independent samples and Pearson’s X* tests were used to compare
guantitative and qualitative data respectively. Multivariate analyses of covariance
(MANCOVA) adjusted by gender, gestational age (GA) at MRI, maternal smoking and body
mass index (BMI) were conducted to assess biometric, volumetric, FA and asymmetry
differences between late-onset SGA and AGA. The association between measurements and
NBAS test scores in growth restricted fetuses was assessed by a MANCOVA analysis taking
into account the same covariates plus age at NBAS test. Furthermore, this association was
tested performing an ordinal regression in which the amount of NBAS test’s clusters <5t
centile were considered as the dependent variable and insular cortical measurements as the
independent variables. Same covariates were taken into account in this test. A p value <0.05
was set as significant. The software package SPSS 17.0 (SPSS, Chicago, IL, USA) was used for

the statistical analyses.
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RESULTS

Clinical characteristics in the study population

Maternal characteristics and GA at MRI did not differ between cases and controls (Table 1).
As expected, late-onset SGA fetuses were delivered earlier with higher rates of labor
induction, emergency cesarean section and longer stay in the neonatal intensive unit care

(Table 2).

Interobserver agreement

Overall measurements showed a good interobserver reliability. The ICC was 0.94 (Cls: 0.78-
0.99) and 0.74 (0.01-0.94) for the left and right insula, respectively. The Bland—Altman plot
between paired measurements were -3.2 (95% limits of agreement 13 to -19.4) and 3.1

(26.6 to -20.4) for the left and right insula, respectively.

Differences between late-onset SGA and AGA

1. Insular cortical thickness analysis

Late-onset SGA fetuses showed thinner insular cortex in all measurements expressed as
ratios: left-anterior ICT/ID (late-onset SGA: 0.044 * 0.011 vs. AGA: 0.051 + 0.013; p<0.01),
left-middle ICT/ID (0.047 £ 0.01 vs. 0.054 * 0.01; p<0.01) and left-posterior ICT/ID (0.048 +
0.01 vs. 0.053 + 0.01; p=0.02); right-anterior ICT/ID (0.038 + 0.01 vs. 0.046 + 0.01; p<0.01),
right-middle ICT/ID (0.040 + 0.01 vs. 0.048 + 0.01; p<0.01) and right posterior ICT/ID (0.038 +

0.01 vs. 0.046 + 0.01; p<0.01) (Table 3).

2. Insular cortical volume analysis
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Late-onset SGA had smaller left and right ICV (left: 0.904cm?® + 0.274 vs. 1.099cm® + 0.283;

p<0.01 and right: 0.860cm? + 0.258 vs. 1.059cm” + 0.287; p<0.01, respectively) (Table 4).

3. Asymmetry Indices analysis
Late-onset SGA fetuses showed a more pronounced left insular cortical Al in thickness and
volume analyses compared to controls, with statistical significance differences in the left

posterior insular cortex (Al: -0.115 vs. -0.078; p= 0.038).

4. FA analysis
Mean FA values of late-onset SGA showed a trend for lower values in the left insula,
showing statistical significance in the left anterior insula (316.65 + 123.45 vs. 457.94 +

195.67; p=0.03).

Differences in the insular analysis according to clinical severity

According to the previously described definition, our sample was divided in 40 IUGR, 25 SGA
and 59 controls. There was a significant linear tendency to more pronounced alterations in
thickness and volume of the insular cortex in IUGR as compared with SGA and controls

(Figure 4).

Insular cortical association with neurobehavioral outcome in late-onset SGA

We found significant associations between several insular measurements and NBAS test
scores from specific clusters in late-onset SGA (Table 5). These findings were supported by
the results from the ordinal regression analysis which showed a significant change of the

global scoring distribution towards overall lower NBAS scores in late-onset SGA (model p
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value=<0.01), with statistical significance in: left-anterior ICT (p=0.04), left-middle ICT
(p=0.02), right-anterior ICT (p=0.03), right-middle ICT (p=0.04), anterior cortical thickness Al
(p=0.03), middle cortical thickness Al (p=0.03), left insular lobe depth (p=0.04) and TBV

(p=0.03).

DISCUSSION

In this study we provide evidence that late-onset SGA fetuses show significant differences in
biometric, volumetric and FA values of the insular cortex, which are associated with the
neonatal neurobehavioral outcome in this population.

Our results go in line with other authors who reported thinner cortex™, decreased gray
matter®®, and increased left cortical asymmetry’’ in IUGR newborns. Previous reports on
neurodevelopmental outcome of late-onset SGA fetuses, have shown worse scores in
attention, social, self-regulation, communication, problem-solving and memory function

areas® % 38, All of these functions are closely related to the insula and the limbic system

19 Accordingly, we found significant associations between insular

functionality®®
measurements and different areas from the NBAS test, linking thinner and smaller insulas
with worse neurobehavioral outcomes in term SGA.

Even if we acknowledge that the cortical development is a complex process that involves
extra-and intracranial factors that interact in the organization of lamination and
synaptogenesis, from a pathophysiological standpoint, the potential mechanisms leading to
prominent alterations in the insular cortex under fetal growth restriction are worth
consideration. It has been reported that the hippocampus, which has a close phylogenetic
13, 39'

origin with the insula®, is particularly vulnerable to intrauterine hypoxic situations

Therefore, it could be speculated that the insular cortex could be more susceptible to a
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relative sustained undernutrion and/or hypoxia as well, modifying its morphological changes
and active synaptogenesis of third trimester. Indeed, lower FA values in our SGAs could be
interpreted as a less organized cortex in this area. By the same token, significantly increased
left cortical asymmetry could be the result of an altered maturational course in this
condition. It remains to be explored whether these differences in growth restriction may be
related to a greater susceptibility to develop neuropsychiatric disorders*.

The result of this study showed that the presence of any of the prenatal severity parameters
was associated with more pronounced differences in the insula. However, the subgroup of
small fetuses without this severity signs also showed significant differences in several of the
insular measures with respect to controls. These results are in line with recent findings
suggesting that factors determining a poorer perinatal prognosis do not necessarily
correlate with long term outcome®, therefore this study provide further support to the
need of improving the understanding of the pathophysiology of late-onset SGA.

IUGR affects up to 6-10% of all pregnancies, and consequently the relevance of this
condition as a contributor to neurodevelopmental disorders in childhood can hardly be
overestimated. In addition, increasing evidence suggests the existence of sub-clinical forms
of growth restriction, which go undetected by current definitions based on estimated fetal
weight percentiles’’. Here we support the notion for the development of imaging
biomarkers based on cortical analysis. Identifying fetuses at-risk for abnormal
neurodevelopment in fetal medicine lays the basis to perform specific strategies to
potentially improve both pre and postnatal management which have shown to improve
neurobehavior and brain structure when compared to those receiving standard care®.

Moreover, the implications of these results could be also applied to other conditions in fetal
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medicine aiming to identify endophenotypes more susceptible to develop neurological
disorders.

Our results should be interpreted in light of limitations. Measurements were performed by
manual delineation. To counter this problem we used a previously reported methodology

described for patients with neuropsychiatric disorders®* **

and we confirmed an acceptable
interobserver agreement rate. Additionally, given the precision of the anatomical
landmarks, a considerable amount of images were not susceptible to be processed, mostly
due to motion artifacts, which seemed a fair trade off for the robustness of the results. We
acknowledge that functional outcome is based on neonatal neurobehavioral scores and not
in a long-term cognitive evaluation. However, increasing evidence supports the link between
neonatal neurobehavioral skills with later neurocognitive development™. Moreover the
NBAS test was performed only in SGA and these results were compared to reference values
from our population. We think this comparison is feasible since cases represent a
homogeneous sample which is highly representative of the condition of interest with similar
demographic characteristics to controls. Some of the strengths of the study should be
highlighted. Patients were prospectively followed up until delivery. The use of a two-
dimensional approach with HASTE images assured a reproducible method to analyze specific
ROIs from the insular cortex. Moreover, the use of a multifocal approach brought
robustness to the individual results. Finally, insular measurements were corrected for the
potential bias of having smaller insulas in smaller brains in order to have more reliable
results.

To conclude, this study provides evidence that late-onset SGA fetuses present differences in

insular cortical development which is further related to their neurobehavioral performance.

Further research involving long-term follow-up is warranted to evaluate the morphometric
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analysis of the fetal insula as an imaging biomarker in the prediction of abnormal
neurodevelopment in fetuses with growth restriction and other fetal conditions.
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FIGURE LEGENDS

Figure 1. Insular cortical thickness and insular depth assessed using Analyze software.

Legend: A) Anterior, middle and posterior insular cortical thickness delineations are

depicted by yellow lines. B) Left insular depth is represented by a yellow line,

perpendicularly to the interhemispheric fissure which is depicted in red. Examples are

presented in axial T2-weighted MR images of a 37 weeks of gestational age fetus.
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Eigure 2. Insular cortical and TBV assessment by semi-automatic delineation.

Legend: ROl are identified as the red area sampled by the Analyze software. A) Insular

cortical volume and B) TBV using axial T2-weighted MR images in a 37 weeks of gestational

age fetus.
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Figure 3. FA map and ROI delineation of the insular cortex.

Legend: FA map showing the delineation of the anterior, middle and posterior insular cortex

bilaterally used to obtain the FA values of these ROIs. Example is presented using axial MR

images in 37 weeks of GA fetus.
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Figure 4. Insular cortical thickness (A) and volume (B) according to prenatal severity signs.

Legend: Polynomial contrast analysis showing differences between IUGR (late-onset SGA

showing the presence of severity parameters defined as CPR <5t centile, IP UtA Doppler

>95™ centile, and/or birthweight <3 centile), SGA (late-onset SGA without severity

parameters) and AGA. Bars depict the mean within each group. A) *p<0.01 and tp<0.05.

Linear tendency for insular cortical thickness/insular depth in IUGR, SGA and AGA. AL, ML

and PL: anterior, middle and posterior left thickness; AR, MR and PR: anterior, middle and

posterior insular cortical left thickness. B) * and 1 p<0.05. Linear tendency for insular

cortical volume bilaterally in IUGR, SGA and AGA.
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TABLES

Table 1. Maternal characteristics of the study groups.

SGA (N = 65) AGA (N =59) P
Maternal age (y) 32.1+5.9 32.3+4.2 0.82
Maternal smoking 16.9% 5.1% 0.03
Maternal BMI (kg/m2) 22.2+3.6 23.1+3.7 0.20
Primiparity 53.2% 46.8% 0.65
White ethnicity 54.4% 45.6% 0.46
GA at MRI (w) 37.5+0.8 37.6+0.9 0.06

Results are expressed as mean + SD or percentage as appropriate. *Student’s t-test for

independent samples or Pearson’s X° test. BMI: Body mass index. GA: gestational age. MRI:

Magnetic Resonance Imaging. y= years; kg=kilograms; m’= square meter; w=weeks.
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Table 2. Perinatal outcome of the study groups.

SGA (N = 65) AGA (N =59) P

GA at birth (w) 38.7+1.0 40.0+1.1 <0.01
Birthweight (g) 2479 + 279 3436 + 299 <0.01
Birthweight centile 3.9+6.07 53.3+23.8 <0.01
Male gender 53.5% 46.5% 0.70
Labor induction 72.3% 20.3% <0.01
Emergency cesarean section 26.1% 6.7% <0.01
Neonatal acidosist 15.4% 5.0% 0.07
Apgar score <7 at 5 minutes 3.1% 0% 0.08
NICU stay length (d) 0.3 0 0.04
GA at NBAS 429+29 43.2+2.0 0.50
Adaptation days from delivery29.7 +17.8 23.4+13.3 0.06
to NBAS test

Results are expressed as mean + SD or percentage as appropriate. *Student’s t-test for

independent samples or Pearson’s X° test. GA: gestational age. Neonatal acidosist: umbilical

artery pH<7.15 and base excess > 12 mEg/L. NICU: Neonatal Intensive care unit. w=weeks;

g=grams; NBAS= Neonatal Behavioral Assessment Scale.
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Table 3. Insular cortical thickness corrected by insular depth in the study groups.

Insular cortical thickness/insular depth  SGA (N = 65) AGA (N =59) P

Left anterior ICT/ left ID 0.044 + 0.011 0.051 +0.014 <0.01
Left middle ICT/ left ID 0.047 +0.011 0.054 + 0.013 <0.01
Left posterior ICT/ left ID 0.048 £ 0.011 0.053 £0.014 0.02
Right anterior ICT/ right ID 0.038 + 0.011 0.046 + 0.013 <0.01
Right middle ICT/ right ID 0.040 + 0.011 0.048 + 0.014 <0.01
Right posterior ICT/ right ID 0.038 +0.012 0.046 + 0.013 <0.01

Results are expressed as mean * SD.* GLM adjusted for gender, GA at MRI, maternal

smoking and BMI. ICT: insular cortical thickness; ID: insular depth.

Table 4. Insular cortical volumes in the study groups.

SGA (N = 65) AGA (N =59) P
Left insular volume (cm3) 0.904 +0.274 1.099 + 0.283 <0.01
Right insular volume (cm3) 0.860 + 0.258 1.059 +0.287 <0.01

Results are expressed as mean + SD.* GLM adjusted for gender, GA at MRI, TBV, maternal

smoking and BMI.
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Table 5. Insular cortical morphometry and its association with neurobehavioral outcome

in late-onset SGA.

Insular measurement NBAS Cluster P
Left insular cortical thickness
Anterior Organization of state 0.04
Autonomic nervous system 0.04
Social-interactive 0.03
Middle Regulation of state 0.03
Attention 0.04
Posterior Autonomic nervous system 0.04
Right insular cortical thickness
Middle Regulation of state 0.02
Posterior Autonomic nervous system 0.04
Insular lobe depth
Right Regulation of state 0.04
Cortical thickness Al
Posterior Autonomic nervous system 0.02
Middle Regulation of state 0.03

* GLM considering the NBAS test’s clusters <5" centile as the dependent variable and

insular cortical measurements as the independent variables adjusted for gender, GA at MRI,

GA at NBAS, maternal smoking and BMI.
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Bulleted Statement
e What's already known about this topic?

o It has been reported that early and severe IUGR fetuses showed reduced
corpus callosum growth by ultrasound assessment

o Abnormal corpus callosum has been related to worse verbal IQ and verbal
fluency

e What does this study add?

o To our knowledge, this is the first report of corpus callosum assessment in a
milder and more frequent form of fetal growth restriction which is then
correlated with neurobehavior.

o Brain reorganization due to chronic placental insufficiency may affect white

matter development in term IUGR fetuses.
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ABSTRACT

Objective

To evaluate corpus callosum (CC) development by Magnetic Resonance Imaging (MRI) in
late-onset intrauterine growth restricted (IUGR) fetuses compared to appropriate

for gestational age (AGA) and its association with neurobehavioral outcome.

Method

117 late-onset IUGR and 73 control fetuses were imaged using a 3T MRI scanner at term,
obtaining T2 half-Fourier acquisition single-shot turbo spin-echo (HASTE) anatomical slices.
CC length, thickness, total area and the areas after a subdivision in 7 portions were
assessed. Neonatal Behavioral Assessment Scale (NBAS) test was performed on IUGR
newborns at 42 + 1 weeks.

Results

IUGR fetuses showed significantly smaller CC (Total CC Area IUGR: 1.3996 + 0.26 vs. AGA:
1.664 + 0.31; p<0.01) and smaller subdivision areas as compared with controls. The
differences were slightly more pronounced in fetuses with very low birth weight and
abnormal brain or uterine Doppler. CC measurements were significantly associated with
neurobehavioral outcome in IUGR cases.

Conclusions

CC development was significantly altered in late-onset IUGR fetuses and correlated with
worse neurobehavioral performance. CC could be further explored as a potential imaging
biomarker to predict abnormal neurodevelopment in pregnancies at risk.

Key words: Fetal brain imaging, corpus callosum, neurobehavior, SGA, IUGR.
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INTRODUCTION

Intrauterine growth restriction (IUGR) affects 5-10% of all newborns and has well-
recognized perinatal and long-term consequences”. Abundant evidence supports an
increased prevalence of abnormal neurodevelopment in this condition*®. Around 20-40% of
IUGR children will experience cognitive challenges and learning disabilities during school
life® ®. Impaired neurodevelopment is not exclusive of early severe IUGR, but it affects a
significant proportion of children with milder, late-onset forms®®, which represent the
majority of instances of fetal growth restriction. Neurostructural imaging studies on term
IUGR have demonstrated changes on gyrification®, cortical morphometry, connectivity® and
metabolism’. Characterization of the neurostructural brain changes occuring in IUGR is
critical for defining the brain phenotypes associated with different clinical forms of IUGR,

and for the development of clinically useful imaging biomarkers.

The majority of research MRI techniques used to report brain changes under IUGR are of
limited applicability. Aside from complex image processing settings, they entail long
acquisition times that are commonly affected by fetal movements. Thus, there is a need to
identify simpler biomarkers of abnormal neurodevelopment. In this study we explored the
value of the corpus callosum (CC) as a biomarker of abnormal neurodevelopment. From a
neuroimaging perspective, the CC is a well-defined brain structure that can be easily
identified in standard MRI sequences, or midsagittal views in standard neurosonography.
The CC is a thick plate of WM fibers that represents the main pathway of association
between the two cerebral hemisphereslo. As such, it is considered a surrogate of white
matter (WM) growth, and has been proposed as a sensitive indicator of normal brain

development and maturation’. Preliminary studies in early IUGR fetuses have suggested
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that CC development could be altered™. However, no studies involving late-onset IUGR
have been reported on this matter.

In this study we evaluated CC morphometry by MRI assessment in 117 late-onset IUGR
fetuses as compared to 73 controls. In addition, we tested the hypothesis that fetal CC

biometries are associated with neonatal neurobehavioral performance in IUGR newborns.

MATERIAL AND METHODS

Subjects

This study is part of a larger prospective research program on IUGR involving fetal, neonatal
and long term postnatal follow-up. The specific protocol of this study was approved by the
institutional Ethics Committee (Institutional Review Board 2008/4422) and all participants
gave written informed consent. The study design contemplated recruitment of 120 cases
and 80 controls.

Pregnancies were dated according to the first trimester crown-rump length measurement®>.
Late-onset IUGR was defined by an estimated and postnatally confirmed fetal weight <10™
centile™, according to local growth charts™ with normal umbilical Doppler (umbilical artery
pulsatility index <95 centile)™. AGA subjects were defined as normal term fetuses with an
estimated and postnatally confirmed fetal weight >10™ centile™ according to local growth
charts™. Exclusion criteria included congenital malformations, chromosomal abnormalities,
perinatal.infections, chronic maternal pathology, contraindications for MRI and non-cephalic

presentations.
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Clinical and Ultrasound data

IUGR patients were followed-up in our fetal growth restriction unit from diagnosis until
delivery. The entire sample underwent serial Doppler ultrasound scans using a General
Electric Voluson E8, 6-2MHz curved-array transducer (GE Medical Systems, Zipf, Austria).
Fetal umbilical artery (UA) and middle cerebral artery (MCA) pulsatility index (Pl) were
measured as described elsewere®. Both measurements were used for the calculation of the
cerebroplacental ratio (CPR). Abnormal CPR was defined as a value <5™" centile for
gestational age according to previously published reference values®’. Uterine arteries (UtA)
Pl were measured transabdominally and mean value was considered abnormal when >95"
centile’®. All fetuses in this study had at least one scan preformed within one week before
delivery.

To explore if there was an association between CC measurements and the severity of
growth restriction, for the purposes of this study group IUGR was subdivided into”: (1) IUGR"
defined by birth weight <3rd centile and/or abnormal CPR and/or abnormal UtA and (2)
IUGR™ when none of these criteria was present. Maternal, perinatal and neonatal data were

prospectively recorded in all study patients.

Fetal MRI imaging acquisition

MRI was performed at 37 weeks of gestational age (GA) on a clinical MR system using the
IDIBAPS image platform, operating at 3.0 Tesla (Siemens Magnetom Trio Tim syngo MR B15,
Siemens, Germany) without fetal sedation and following the American College of Radiology
guidelines'®. A surface coil around the maternal abdomen was centered over the fetal head.
Routine fetal imaging took around 20 minutes and consisted on single-shot, fast spin echo

T2-weighted sequences (TR 990ms, TE 137ms, slice thickness 3.5mm, no gap, field of view
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260mm, voxel size 1.4 x 1.4 x 3.5mm, matrix 192 x 192, flip angle 1809, acquisition time 24
seconds) acquired in the three orthogonal planes. If the quality of the images was
suboptimal, sequences were repeated. Structural MRI images were reviewed for the
presence of anatomical abnormalities by an experienced neuroradiologist blinded to group

membership.

Offline analysis

Imaging post processing and measurements were performed using the semiautomatic
Analyze 9.0 software (Biomedical Imaging Resource, Mayo Clinic; Kansas, USA) by two
experienced examiners blinded to group membership. CC was identified in the mid-sagittal
plane as a slightly curved horizontal T2-weighted hypointense structure. The slice chosen
for CC assessment had to accomplish strict quality criteria defined as: the identification of
the cavum septi pellucidi, thalamus, midbrain, cerebellar vermis and cisterna magna21’ 22

(Figure 1). Furthermore, a clear visualization of the body, splenium, genu, and rostrum of

the CC had to be accomplished.

Linear measurements

a. CC length was measured from the most anterior part of the genu to the most
posterior part of the splenium tracing a straight rostrocaudal line between the two
points, known as the outer-to-outer CC lenght®® (Figure 1). This measurement was
measured three times and the mean value was used for further analysis.

b. CC thickness was measured in its anterior, middle and posterior portions
corresponding to the genu, body and splenium thickness respectively®® ?*. The

thickness of the genu and splenium was measured at the same level where the line
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for CC length was traced. CC body thickness was measured equidistantly from the

anterior and posterior measurements® (Figure 1).

Area measurements

a. Total CC area was delineated through cursor-guided free-hand traces. It was limited
superiorly by the cingulate gyrus which is identified as a hyperintense curved shaped

23,25

line and inferiorly, by the cavum septi pellucidi and cavum vergae (Figure 2).

b. €C was subdivided in seven areas described by Witelson et al*

(Figure 2) in order to
measure the rostrum, genu, rostral body, anterior midbody, posterior midbody,

isthmus and splenium areas (Figure 2).

Cephalic Index

In order to correct for differences in head size, cephalic index (Cl) was considered by
measuring the biparietal and occipitofrontal diameters (BPD and OFD respectively.
BPD and OFD were measured as reported elsewhere®. To calculate the Cl we used a

previously reported formula: Cl= BPD/OFD*100)%.

Neurobehavioral performance

Postnatal follow up was offered to all IUGR patients and neurobehavioral assessment was
performed prospectively at 42-43 weeks using the NBAS test by 1 of 2 observers accredited
by The Brazelton Institute (Harvard Medical School, Boston, MA)?’. The examination
consisted on 7 behavioral areas including habituation, motor, social-interactive,
organization of state, regulation of state, autonomic nervous system and attention, as

27, 28

reported elsewhere . The scores from the behavioral areas were converted into centiles
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according to normal curve references for our population, considering an abnormal result a

score <5" centile for the corresponding cluster®.

Interobserver reliability

To establish both biometric and volumetric measurement reliability, all measurements from
20 fetuses were assessed independently by two experienced examiners blinded to group
membership. Reliability between measurements from both observers was assessed by the
intraclass correlation coefficient (ICC) and their 95% confidence intervals (Cl). A two-way
mixed -model was chosen for agreement analysis. An ICC of 1 indicates perfect
reproducibility between measurements, while a value of 0 is interpreted as reproducibility
that is no better or worse than that expected by chance. We considered an ICC value

between 0.5 and 0.7 as adequate and more than 0.7 as excellent agreement30.

Statistical analysis of clinical and CC data

Due to the exploratory nature of this study and since there was no previous data analyzing
the association between CC morphometry with neurobehavior, we arbitrarily established a
sample size of 120-80 per study group. Student’s t test for independent samples and
Pearson’s X’ tests were used to compare quantitative and qualitative data respectively.
Multivariate analyses of covariance (MANCOVA) adjusted by gender, maternal smoking and
body mass index (BMI) were conducted to assess CC differences between late-onset IUGR
and AGA and also to perform a polynomial contrast in order to evaluate the linear trend of
the different clinical severity subgroups. The association between measurements and NBAS
test scores in IUGR was assessed by an ordinal regression taking into account the same

covariates plus age at NBAS test. The amount of NBAS test’s clusters <5"™ centile were

This article is protected by copyright. All rights reserved.



considered as the dependent variable and CC measurements as the independent variables.
A p value <0.05 was set as significant. The software package SPSS 17.0 (SPSS, Chicago, IL,
USA) and MedCalc 8.0 (Broekstraat, Belgium) were used for the statistical analyses.

RESULTS

Clinical characteristics in the study population

Three (3%) IUGR and seven (9%) AGA fetuses had to be excluded due to insufficient image
quality for delineation according to the quality standards defined in this study, leaving a
total of 117 late-onset IUGR and 73 control fetuses. Among IUGR fetuses, 77 were defined
as I[UGR" and 38 as IUGR™ according to the criteria defined above. Maternal characteristics
and-time of MRI scan did not differ between cases and controls (Table 1). As expected, IUGR
fetuses were delivered earlier with higher rates of labor induction, emergency cesarean

section and longer stay in the neonatal intensive unit care (Table 2).

Interobserver reliability

Overall biometric and volumetric measurements showed acceptable to good interobserver
reliability. Regarding linear measurements analysis, the ICC was for length 0.942 (95% Cl
0.852 to 0.978); 0.577 (95% Cl -0.47 to 0.834) for genu thickness; 0.642 (95% ClI 0.081 to
0.864) for middle thickness; and 0.403 (95% CI -0.332 to 0.755) for splenium thickness. The
ICC for total area was 0.86 (95% Cl 0.398 to 0.954); and for CC subdivisions was 0.69 (95% ClI
-0.20 to 0.892) for rostrum; 0.893 (95% Cl 0.733 to 0.957) for genu; 0.887 (95% Cl 0.715 to
0.955) for rostral body; 0.596 (95% Cl -0.22 to 0.84) for anterior midbody; 0.771 (95% Cl
0.437 to 0.908) for posterior midbody; 0.648 (95% Cl 0.138 to 0.859) for isthmus; and 0.679

(95% Cl--0.162 to 0.896) for splenium.
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CC morphometric analysis

Regarding linear measurements of the CC, late-onset IUGR fetuses showed a trend for
shorter CC length/ClI (IUGR: 0.49 £ 0.05 vs. AGA: 0.51 * 0.04; p=0.2) and thinner splenium/Cl
(0.037 £ 0.010 vs. 0.04 £ 0.009; p=0.05) (Table 3).

In terms of area measurements, late-onset IUGR presented globally smaller CC expressed as
the ratio CC area/Cl (1.3996 * 0.26 vs. 1.664 + 0.31; p<0.01). Likewise, late IUGRs showed
smaller areas in all subdivisions, reaching statistical significance in genu/Cl, rostral body/Cl,
anterior midbody/Cl, posterior midbody area/Cl, isthmus/Cl and splenium/Cl (Table3).

In general, CC length and area were similarly reduced in [IUGR" and IUGR’, as compared with
controls, but there was a linear trend indicating a relationship with the severity criteria

defined in this study (Figure 3).

Association between morphometric CC analyses with neurobehavioral outcome in late-
onset IUGR

The NBAS test was performed at 42.5 £ 2.8 GA weeks in the IUGR population and the time
from birth until the neurobehavior test was 28.8 + 16.8 days. The results from the ordinal
regression analysis between the CC measurements and the neurobehavioral test showed a
significant change of the global scoring distribution towards overall lower NBAS scores in
IUGR at the presence of smaller measurements of the CC (Table 4). Specifically, smaller total
area (p=0.03), rostrum (p=0.02), genu (p=0.03), rostral body (p=0.02), anterior midbody
(p=0.03) and splenium (p=0.03) had a significant negative effect on the number of abnormal

NBAS clusters.
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COMMENT

In this study late-onset IUGR fetuses presented differences in CC linear and area
measurements. Furthermore, several CC measurements were correlated with abnormal
neurobehavioral scores in fetuses with IUGR. These findings confirm previous reports
supporting the notion that brain reorganization may affect WM development in term

growth restriction'” *!

and suggest the potential use of CC as a clinically applicable
biomarker of brain reorganization in late-onset IUGR.

Previous studies in early and severe IUGR infants have shown decreased WM volume in the
cerebellum®'. Moreover, one-year-old IUGR infants present abnormal brain networks, which
might suggest brain reorganization of the WM connectivity®. Referring particularly to the CC,
our results go in line with a previous study reporting a reduced growth rate of this structure
assessed by ultrasound in early-onset IUGR fetuses'. The authors proposed that their
findings may reflect altered maturation of the WM microstructure in IUGR. In another study,
a smaller posterior portion of the CC was also described in preterm children, with a
significant association with worse verbal 1Q and verbal quency32. To our knowledge this
morphometric analysis of the CC development might supports the notion that brain
reorganization could affect WM development in term IUGR as well; although a multifocal
approach study, involving connectivity of the corpus callosum, could further support to this
hypothesis..

The CC achieves its normal shape around 18 weeks of gestation, but its maturational
process extends from pregnancy until the end of the adolescence®’. CC growth in late
pregnancy is predominantly an area rather than a length increase . Thickening occurs in

response to axonal growth and pruning'®, following an anterior-posterior directionality and

reaching uniform measurements at term>>. Interestingly, our findings in late-onset IUGR
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fetuses were mainly related to smaller areas in the majority of CC subdivisions evaluated,
rather than reduced linear measurements of the CC, which supports a late effect. The
impact of in utero conditions on CC development is supported by postmortem studies
showing an intrinsic vulnerability to chronic hypoxia of immature oligodendrocytes and

callosal fibers located closer to the germinal matrix>* >

. Moreover, experimental models
have shown myelination deficits in the CC of rats exposed to hypoxia, resulting in smaller
CC*. Finally, a close relation has been described between an integral CC development and a

33,37 This association is in line with the results of this

proper brain cortical development
study and previous studies on late-onset IUGR fetuses reporting differences in the pattern
of brain sulcation’.

From a clinical perspective, this study provides further evidence of the existence of brain
reorganization in late-onset IUGR. Growth restriction is a well-known risk factor to present

343839 It has been

cognitive challenges, learning disabilities and neuropsychiatric disorders
proposed that subtle structural abnormalities associated to these impairments are
detectable long before the appearance of functional symptoms38. The CC presents the
advantage of being a well-defined structure which can also be explored by a standard
neurosonographic ultrasound scan. Remarkably, CC developmental abnormalities have been
associated to different cognitive disorders'®. The value of CC assessment deserved further
attention to explore its use as a potential imaging biomarker in order to identify higher-risk
pregnancies of abnormal neurodevelopment in several prenatal conditions, suchas growth
restriction®, congenital heart disease™ or congenital cytomegalovirus infection® among
others . Prenatal detection would allow targeted strategies that have shown to improve

neurodevelopmental outcome, functional brain connectivity and brain structure in infants at

risk*2. As in previous studies’ °, we classified IUGR according to the presence or absence of
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signs of adverse perinatal outcome. Although, term IUGR fetuses with the presence of
severity signs showed more accentuated shorter and smaller CC areas, the less severe form
of growth restriction also presented CC differences as compared to controls. These findings

are in line with previous studies " **

, suggesting that late onset IUGR with normal brain
Doppler, also defined as small for gestational age, are not “constitutionally” small fetuses,
but probably suffer a form of restriction that remains to be better characterized.

We acknowledge some limitations in this study. Measurements were performed by manual
delineation. To counter this problem we used a previously reported methodology which has
been widely used by other authors in MRI assessment of the CC®. Another limitation of this
study was the precision of the anatomical landmarks required to delineate the CC, therefore
some images were not susceptible to be processed mostly due to motion artifacts.
Furthermore, we acknowledge that the results on neurodevelopment were based on a
neonatal neurobehavioral test and long term studies of neurocognitive function will
respond to this hypothesis. However, increasing evidence supports the link between
neonatal neurobehavioral skills with later neurocognitive development“. The study has
methodological strengths, as for example we used well-defined anatomical landmarks and a

previously reported CC segmentation21' 23

. Moreover, in order to have more reliable results,
CC measurements were corrected for the potential bias of having smaller CC in smaller
brains. The CC segmentation here used, presents the advantage of an easy transfer to an
ultrasound approach. Finally, cases represented a homogeneous sample which is highly
representative of the condition of interest and all patients were prospectively followed up
until delivery.

To our knowledge this is the first study on CC development in late-onset IUGR fetuses

describing morphometric differences which are further related to their neurobehavioral
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performance. Further research involving long-term follow-up is warranted to evaluate the
potential used of the CC as an imaging biomarker in the prediction of abnormal

neurodevelopment in fetuses with IUGR and other fetal conditions.
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Table 1. Maternal characteristics of the study groups.

IUGR (N =117) AGA (N =73) p*
Maternal age (y) 31.8+5.6 32.2+4.2 0.55
Maternal smoking 23.3% 5.5% <0.01
Maternal BMI (kg/m2) 22.2+3.9 229+3.6 0.19
Primiparity 75.7% 67.1% 0.22
Caucasian ethnicity 76.7% 71.2% 0.40

Results are expressed as mean + SD or percentage as appropriate. *Student’s t-
test for independent samples or Pearson’s X? test. BMI: Body mass index. y=

years; kg=kilograms; m?’= square meter.
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Table 2. Perinatal outcome of the study groups.

IUGR (N =117) AGA (N =73) p*
GA at birth (w) 38.7+x1.1 40.0+1.1 <0.01
Birth weight (g) 2426 £ 301 3429 + 310 <0.01
Birth centile 2.69+2.77 51.8 +24,35 <0.01
Male gender 57.8% 54.8% 0.69
Labor induction 77.2% 23.5% <0.01
Emergency cesarean section 27.2% 5.5% <0.01
Neonatal acidosist 10.6% 6.6% 0.39
Apgar score <7 at 5 minutes 2.6% 0% 0.07
NICU stay length (d) 0.2 0 0.04

Results are expressed as mean * SD or percentage as appropriate. *Student’s t-test for
independent samples or Pearson’s X* test. GA: gestational age. Neonatal acidosist:

umbilical artery pH<7.15 and base excess > 12 mEg/L. NICU: Neonatal Intensive care

unit. w=weeks; g=grams; d=days.
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Table 3. CC measurements in the study groups.

IUGR (N =117) AGA (N =73) p*
Lenght/ClI 0.49 £ 0.05 0.51+£0.04 0.22
Anterior thickness / Cl 0.027 £ 0.008 0.029 £ 0.009 0.25
Middle thickness / Cl 0.018 + 0.004 0.019 + 0.005 0.35
Posterior thickness / CI 0.037 £0.011 0.040 + 0.009 0.20
Total area / Cl 1.40+0.26 1.66 +0.31 <0.01
Rostrum area/ Cl 0.094 + 0.057 0.117 £ 0.068 0.20
Genu area / Cl 0.160 + 0.067 0.21 £ 0.084 <0.01
Rostral body area / Cl 0.315+0.06 0.382 £ 0.076 <0.01
Anterior midbody area / Cl 0.172 £ 0.038 0.201 £ 0.042 0.02
Posterior midbody area / Cl 0.164 £ 0.036 0.189 + 0.044 0.04
Isthmus area / Cl 0.14 £ 0.031 0.169 + 0.04 <0.01
Splenium area / Cl 0.358 £ 0.09 0.396 £ 0.109 0.03

Results are expressed as mean * SD.* GLM adjusted for gender, maternal smoking and

BMI. Cl: cephalic index.
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Table 4. CC measurements and its association with neurobehavioral outcome in late-onset

IUGR.

CC measurement Coefficient value p*

Length -0.14 0.52
Anterior thickness -0.19 0.84
Middle thickness -3.49 0.05
Posterior thickness 0.34 0.65
Total area -0.48 0.03
Rostrum area -0.59 0.02
Genu area 0.54 0.03
Rostral body area -0.56 0.02
Anterior midbody area -0.77 0.04
Posterior midbody area -0.01 0.99
Isthmus area -0.70 0.16
Splenium area -0.52 0.03

*Ordinal regression adjusted for gender, GA at MRI, GA at NBAS, maternal smoking and
BMI, where the NBAS test’s clusters <5 centile were considered as the dependent
variable and CC measurements as the independent variables. A negative coefficient value
indicated that at the presence of smaller CC measurements the amount of NBAS test’s

clusters <5'" centile increased.
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Legend: (A) Thicker red line indicates the CC length measured from its outer to outer limits.
(B) Yellow lines indicate the genu, middle and splenium thicknesses from left to right.

Illustrations are performed in a T2-weighted MR image of 37 weeks of gestational age fetus.

Figure 1. lllustration of CC linear measurements assessed by the Analyze software.
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Legend: (A) Total CC area (B) and areas from CC subdivision corresponding to the rostrum
(purple), genu (blue), rostral body (light blue), anterior midbody (white), posterior midbody
(red), isthmus (green) and splenium (yellow). lllustration is performed in a T2-weighted MR

image of 37 weeks of gestational age fetus.

Figure 2. Illustration of CC areas assessed by semi-automatic delineation.
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Legend: Linear tendency by polynomial contrast analysis showing differences between
IUGR+ (IUGR with signs of clinical severity defined as CPR <5 centile, UtA Doppler before
birth>95" centile, or a birthweight <3rd centile), IUGR- (IUGR without clinical severity sings)

and AGA. Bars depict the mean + SD. *p<0.05 compared with AGA.

Figure 3. Differences among IUGR fetuses according to clinical severity criteria in CC length

and total area.
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ABSTRACT

Objective

To explore corpus callosum (CC) developmental differences by ultrasound in late-onset
small fetuses compared with adequate for gestational age (AGA) controls.

Study design

94 small (estimated fetal weight <10™ centile) and 71 AGA fetuses were included. Small
fetuses were further subdivided into fetal growth restriction (IUGR, n=64) and small for
gestational age (SGA, n=30) based on poor perinatal outcome factors, i.e. birth weight <3
centile and/or abnormal cerebroplacental ratio and/or uterine artery Doppler. The entire
cohort was scanned to assess CC by transvaginal neurosonography obtaining axial, coronal
and midsagittal images. CC length, thickness, total area and the areas after a subdivision in
7 portions were evaluated by semiautomatic software. Furthermore, weekly average
growth of the CC in each study group was calculated and compared.

Results

Small fetuses showed significantly shorter (small fetuses: 0.49 vs. AGA: 0.52; p<0.01) and
smaller CC (1.83 vs. 2.03; p <0.01) with smaller splenium (0.47 vs. 0.55; p<0.01) compared
to controls. CC growth rate was also reduced when compared to controls. Changes were
more prominent in small fetuses with abnormal cerebroplacental Doppler suggesting fetal
growth restriction.

Conclusions
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Neurosonographic assessment of CC showed significantly altered callosal development,
suggesting in-utero brain reorganization in small fetuses. This data support the potential

value of CC assessment by US to monitor brain development in fetuses at risk.

Key words: corpus callosum, neurosonography, SGA, IUGR.
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INTRODUCTION

Intrauterine growth restriction (IUGR) is a frequent condition affecting 6-10% of all
pregnancies and is a major contributor of perinatal and long term morbidity [1-3]. Currently,
the clinical surrogate marker for fetal growth restriction is fetal smallness, as defined by an
ultrasound estimated fetal weight below the 10" centile [4]. The majority of small fetuses
are identified in late gestation [5]. At this pregnancy stage, the distinction between IUGR
associated with placental insufficiency from other forms of fetal smallness, normally termed
small for gestational age (SGA), can be challenging [6]. Abnormal neurodevelopment is
among the most relevant consequences associated with fetal smallness [7-9]. Several
studies have described brain reorganizational changes and neurodevelopment deficits [10-
12]. Defining phenotype(s) of brain reorganization under IUGR could be an opportunity to
develop image biomarkers for the identification of small fetuses at risk and the various

clinical forms under the common diagnosis of fetal smallness.

The corpus callosum (CC) is an interesting imaging biomarker candidate to assess fetal
neurodevelopment [13-15]. CC is the major commissure connecting both cerebral
hemispheres, and it represents an important white matter structure. Previous reports on
preterm infants, children diagnosed with autism spectrum disorders, attention-deficit
hyperactivity and language disorders showed alterations in CC microstructure [13,14].
Furthermore, we have previously shown that CC development assessed by MRI is altered in
term SGA fetuses and is associated with neonatal neurobehavior [16]. CC can be reliably
assessed by fetal neurosonography (NSG), which represents a cheaper and more readily
available imaging technique than MRI [17]. In expert hands and using multiplanar

approaches, brain ultrasound may provide an excellent visualization of the CC after 18
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weeks [18,19]. However, the potential value of fetal NSG to assess CC morphometry as a

biomarker of brain development in fetal smallness has not been explored.

The objective of this study was to test whether NSG can detect CC morphometric and
growth differences in late-onset small fetuses when compared with controls. In addition, we
evaluated whether the pattern of CC changes is different when small fetuses are sub-

classified as IUGR or SGA according to known poor prognosis factors [6].
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MATERIAL AND METHODS

Subjects

This study is part of a larger prospective research program on IUGR involving fetal, neonatal
and long term postnatal follow-up. The specific protocol of this study was approved by the
institutional Ethics Committee (Institutional Review Board 2008/4422) and all participants
gave written informed consent. A total of 175 singleton fetuses were included in our cohort,
classified in 98 late-onset small fetuses and 77 AGA fetuses. The sample size was not
determined a priori by a statistical calculation relating to estimation accuracy, since there is
no data about CC assessment by NSG in small fetuses compared to controls. Therefore the
study design contemplated a recruitment of 70-90 fetuses in each study group. Pregnancies
were dated according to the first trimester crown-rump length measurement [20]. Late-
onset small fetuses were defined by an estimated and postnatally confirmed fetal weight
<10 centile, with diagnosis established later than 32 weeks’ gestation [4-6,21]. AGA fetuses
were recruited among normal pregnancies attending third trimester routine pregnancy care
and delivering at term at our institution. Patients were offered an extra ultrasound which
was scheduled between 34 and 36 weeks. AGA was defined as an estimated and postnatally
confirmed fetal weight >10"™" centile [4], according to local growth charts [21]. Exclusion
criteria included congenital malformations, chromosomal abnormalities, perinatal

infections, chronic maternal pathology and non-cephalic presentations.

Clinical and Ultrasound data
Small fetuses were followed-up in our fetal growth restriction unit from diagnosis until

delivery. Doppler ultrasound scans were performed using a General Electric Voluson ES8, 6-
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2MHz curved-array transducer (GE Medical Systems, Zipf, Austria) obtaining fetal umbilical
artery and middle cerebral artery pulsatility index (Pl) [22]. Both measurements were used
for the calculation of the cerebroplacental ratio (CPR) as CPR= MCA PI/UA PI. Abnormal CPR
was defined as a value <5™ centile for gestational age according to previously published
reference values [23]. Uterine arteries (UtA) Pl were measured transabdominally and mean
value was considered abnormal when >95™ centile [24]. All fetuses in this study had at least
one scan performed within one week before delivery. Maternal, perinatal and neonatal data
were prospectively recorded in all study patients.

To explore if there was an association between CC measurements and the severity of
growth restriction, small fetuses were subdivided into (1) Late-onset IUGR if predictors of a
poorer perinatal outcome were present such as birth weight <3" centile and/or abnormal

CPR and/or abnormal UtA [6], and (2) SGA when none of those factors were present.

Neurosonography

A detailed NSG was performed in both cases and controls at least once in the NSG
Department by two expert examiners (GE and SS) using a two dimensional transabdominal
and transvaginal approach. The same equipment was used for all scans (Voluson 730 Expert
scanner, equipped with a 5-9 MHz transvaginal transducer; GE Medical Systems, Zipf,
Austria). All NSG were performed during the third trimester of pregnancy. In small fetuses,
NSG exam was performed between 1 or 2 weeks after the initial diagnosis of an estimated
fetal weight <10™ centile. AGA fetuses were recruited from our general population matching
the gestational age at NSG of small fetuses. Fetal brain exams were performed and
standardized based on the ISUOG guidelines for fetal brain assessment [25,26]. CC was

identified in the midsagittal plane as a slightly curved hypoechoic structure [27]. The slice
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chosen for CC assessment had to accomplish strict quality criteria defined as the
identification of the cavum septi pellucidi, thalamus, midbrain, cerebellar vermis and
cisterna magna [27] (Figure 1). Furthermore, a clear visualization of the body, splenium,
genu, and rostrum of the CC had to be present. Neurosonographic images were obtained

prospectively and later analyzed offline.

Image processing
Imaging post-processing and measurements were performed using the semiautomatic
Analyze 9.0 software (Biomedical Imaging Resource, Mayo Clinic; Kansas, USA) by two

experienced examiners blinded to group membership.

Linear measurements

a. CC length was measured from the most anterior part of the genu to the most
posterior part of the splenium tracing a straight rostrocaudal line between the two
points, known as the outer-to-outer CC length [28] (Figure 1). This measurement was
obtained three times and the mean value was used for further analysis.

b. CC thickness was measured in its anterior, middle and posterior portions
corresponding to the genu, body and splenium thickness respectively [29,30]. The
thickness of the genu and splenium was measured at the same level where the line
for CC length was traced. CC body thickness was measured equidistantly from the
anterior and posterior measurements (Figure 1). These measurements were

obtained three times and the mean value was used for further analysis.

Area measurements
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a. Total CC area was delineated through cursor-guided free-hand traces limited
superiorly by the hyperechoic sulcus of the CC and the cingulate gyrus and inferiorly,
by the cavum septi pellucidi and cavum vergae [27] (Figure 2).

b. CC was subdivided in seven areas described by Witelson et a/ [30] (Figure 2) in
order to measure, from anterior to posterior, the rostrum, genu, rostral body,

anterior midbody, posterior midbody, isthmus and splenium areas (Figure 2).

Normalization by cephalic Index

In order to correct for a smaller head size influencing the size of brain structures in small
fetuses, cephalic index (Cl) was used as a normalization factor. ClI was calculated using
biparietal (BPD) and occipitofrontal (OFD) diameters by applying a previously reported
formula: Cl= BPD/OFD*100 [31]. All CC measures in this study are reported and compared

statistically as corrected values, defined as the following ratio: CC measurement/Cl.

CC growth assessment

In order to assess CC growth rate differences between small fetuses and controls, we used a
previously reported methodology [32] where the average growth rate per week was
calculated by dividing the differences in CC length/Cl, CC total area/Cl and splenium/Cl by

the number of weeks along the study.

Interobserver reliability
Reliability between measurements from two observers blinded to group membership was
assessed by the intraclass correlation coefficient (ICC) and their 95% confidence intervals

(CI) in 20 fetuses. A two-way mixed model was chosen for agreement analysis. An ICC of 1
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indicates perfect reproducibility between measurements, while a value of 0 is interpreted as
reproducibility that is no better or worse than that expected by chance. We considered an

ICC value between 0.5 and 0.7 as adequate and more than 0.7 as excellent agreement [33].

Statistical analysis of clinical and CC data

Student’s t test for independent samples and Pearson’s X* tests were used to compare
guantitative and qualitative data respectively. Multivariate analyses of covariance
(MANCOVA) adjusted by gestational age (GA) at NSG, maternal smoking and maternal body
mass index were conducted to assess CC differences between small fetuses and controls.
Student’s t test was preformed to evaluate growth velocity differences between the study
groups. A polynomial contrast using MANCOVA was used in order to evaluate CC differences
across clinical severity subgroups adjusting for the same potential confounding variables
above mentioned. A p value <0.05 was set as significant. The software package SPSS 17.0

(SPSS, Chicago, IL, USA) was used for the statistical analyses.
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RESULTS

Clinical characteristics in the study population

Maternal characteristics did not differ between cases and controls (Table 1). No structural
abnormalities were found in the study groups. As expected, small fetuses were delivered
earlier with higher rates of labor induction, emergency cesarean section and longer stay in
the neonatal intensive unit care (Table 2). Five percent of the images had to be discarded
because of insufficient quality to perform image post-processing, leaving a total of 165

fetuses scanned, classified in 94 small fetuses and 71 controls.

Corpus callosum morphometry

Overall, small fetuses showed a significantly reduced CC length, and total CC area. Likewise,
all the subdivisions of the CC had smaller areas, with significant differences in the rostral
body, anterior midbody and the splenium (Table 3). After adjusting for potential
confounding covariates, CC length (p=0.03), total CC area (p=0.03) and splenium (p<0.01)
remained significantly different between the two groups.

CC morphometric comparison was then performed dividing small fetuses into IUGR and
SGA, as defined above. There was a significant linear trend across the study groups for
shorter CC length (p=0.01), smaller total CC area (p=0.04) and smaller spleniums (p=0.02)
(Figure 3). However, as observed in Figure 3, SGA fetuses had in general smaller corrected

values as compared with controls.

Corpus callosum growth comparison between small fetuses and AGA
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Average total CC area growth was lower in small fetuses compared to AGA (0.025/week vs.
0.035/week; p=0.04). Splenium growth (0.010/week vs. 0.027/week; p=0.02) was also lower

in small fetuses.

Interobserver reliability

Overall biometric and area measurements showed acceptable to good interobserver
reliability. Regarding linear measurements analysis, the ICC for length was 0.9 (95% Cl 0.85
to 0.99); genu thickness 0.58 (95% Cl -0.47 to 0.83); middle thickness 0.64 (95% Cl 0.08 to
0.86) and splenium thickness 0.40 (95% Cl -0.33 to 0.76). The ICC for total area was 0.86
(95% Cl 0.40 to 0.95) and for CC area subdivisions was for rostrum 0.69 (95% Cl -0.20 to
0.89); genu 0.89 (95% Cl 0.73 to 0.96); rostral body 0.89 (95% CI 0.72 to 0.96); anterior
midbody 0.60 (95% Cl -0.22 to 0.84); posterior midbody 0.77 (95% Cl 0.44 to 0.91); isthmus

0.65 (95% Cl1 0.14 to 0.86) and for splenium 0.68 (95% CI -0.16 to 0.90).
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COMMENT

We showed how small fetuses present differences in CC linear and area measurements and
had lower callosal growth rate assessed by NSG. These findings support the notion that
brain reorganization may affect white matter development in growth restricted fetuses [34-
36], and also that NSG can be a valid tool to detect such differences.

Although several studies have highlighted how late-onset small fetuses present significant
microstructural and metabolic brain differences when compared with their AGA
counterparts [12,34,37,38], there is no experience assessing this structure in small fetuses
using NSG. Previous reports have highlighted the importance of CC growth in different
conditions associated to neurodevelopmental impairments such as in preterm-born
adolescents that show specific microstructural callosal abnormalities [14] that correlated
with neurodevelopmental impairments [15]. Similarly, children with developmental
language disorders and attention-deficit hyperactive disorders present smaller splenium
areas [13]. Results from early-onset IUGR fetuses show that there is a reduced growth rate
of this structure assessed by ultrasound, suggesting an altered white matter microstructure
maturation [36]. Supporting this knowledge and in line with the results from this study, late-
onset small fetuses showed global and specific callosal differences that were revealed by
brain MRI [16]. Interestingly and coinciding with our results, posterior portions of the CC
were particularly affected.

White matter maturation occurs mainly during the third trimester and persists during the
first years of life; these circumstances make its development particularly vulnerable to
adverse in-utero conditions and hypoxia [35]. Reports from rats show that exposure to

hypoxia resulted in smaller CC [39], which was related to myelination deficits. Furthermore,
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postmortem studies from neonates that suffered perinatal asphyxia showed a reduced
number of callosal fibers and immature oligodendrocytes [40,41]. During gestation,
thickening of CC occurs in response to axonal growth and pruning [13] following an anterior-
to-posterior directionality and reaching uniform measurements at term [42]. CC growth in
late pregnancy is predominantly at the expense of an area, particularly in the posterior
aspect, rather than an increase in length. [13] Interestingly, our findings demonstrated more
marked changes in posterior CC areas such as the splenium.

As in previous studies, we classified small fetuses according to the presence or absence of
signs of adverse perinatal outcome [6]. Although, late-onset IUGR fetuses with the presence
of severity signs showed more accentuated shorter and smaller CC areas, the SGA group had
a trend for CC differences as compared to controls, which is line with results from previous
studies [3,37,43]. Even if this study does not contribute to clarify the nature of SGA versus
IUGR, our results suggest that fetuses currently defined as SGA might suffer forms of growth
restriction that remain to be better characterized. Further pathophysiological studies are
required to gain insight in this matter and clarify the variety of mechanisms involved in fetal
smallness.

From a clinical perspective, given the high prevalence of late-onset small fetuses and its
impact on neurodevelopment [1,2,5,7], early detection of those small fetuses at higher risk
for a suboptimal neurodevelopment is a critical goal in order to trigger strategies such as
delivery planning, breast-feeding promotion and early educational interventions, which
have shown to improve the neurodevelopmental outcome in similar populations at risk
[44,45]. Ultrasonographic assessment of the CC can be obtained with low inter-observer
variation in experienced hands [18,19]. Indeed, the midsagittal plane of the fetal brain is an

easily available view in standard NSG. Evaluation of CC can constitute a useful imaging
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biomarker to assess brain development in IUGR and other conditions associated with
abnormal neurodevelopment.

We acknowledge some limitations in this study. Although our sample size is similar to
previous studies on the same field [34,36], larger studies are required to clarify the clinical
heterogeneity found in late-onset small fetuses. Also, we acknowledge that postnatal
neurodevelopmental outcome was not evaluated, which prevented us to assess how callosal
differences may correlate with postnatal performance. Nevertheless previous neuroimaging
studies have demonstrated how CC changes are associated to postnatal neurobehavior
[14,37,46]. Future studies confirming such association when CC is measured by means of
NSG should be conducted. One of the main strengths of this study is that it was performed
on a well-defined cohort characterized prenatally. Also, well-defined anatomical landmarks
were used to delineate the CC. Furthermore, the study evaluated relative changes, since all
CC measurements were corrected by the Cl to avoid a false influence of fetal head size
differences.

In summary this study demonstrates that late-onset small fetuses present significant
differences in their CC development and morphology. These findings support that NSG can
be considered a valid tool to detect subtle brain differences in fetuses exposed to late-onset
growth restriction. Further research involving long-term follow-up is warranted to evaluate
the potential use of the CC as an imaging biomarker in the prediction of abnormal

neurodevelopment in fetuses at risk.
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TABLES

Table 1. Maternal characteristics of the study groups.

Small fetuses (N=94) AGA(N=71) 7
Maternal age (y) 31.4+5.9 32.9+4.0 0.08
Maternal smoking 19.6% 10.0% 0.09
Maternal BMI (kg/m2) 21.5+ 3.2 22.5+3.4 0.07
Primiparity 70.7% 70.0% 0.93
Caucasian ethnicity 67.4% 67.6% 0.34
GA at NSG (w) 35.7+1.6 359+1.3 0.17

Results are expressed as mean t SD or percentage as appropriate. *Student’s t-test for
independent samples or Pearson’s X* test. BMI: Body mass index. GA: gestational age. NSG:

neurosonography. y= years; kg=kilograms; m?’= square meter; w=weeks.
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Table 2. Perinatal outcome of the study groups.

Small fetuses (N = 94) AGA (N = 71) P

GA at birth (w) 38.0+ 2.6 40.0 + 1.2 <0.01
Birth weight (g) 2292 + 547 3402 + 380 <0.01
Birth centile 3.14 49.54 <0.01
Male gender 58.7% 55.1% 0.65
Labor induction 54.9 % 21.7% <0.01
Emergency cesarean section 20.7% 8.7% 0.04
Neonatal acidosist 10.6% 6.6% 0.39
Apgar score <7 at 5 minutes 0% 0% 0
NICU stay length (d) 2.1 0 0.02

Results are expressed as mean t SD or percentage as appropriate. *Student’s t-test for
independent samples or Pearson’s X’ test. GA: gestational age. Neonatal acidosisT: umbilical
artery pH<7.15 and base excess > 12 mEq/L. NICU: Neonatal Intensive care unit. w=weeks;

g=grams; d=days.
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Table 3. CC measurements in the study groups.

Small fetuses (N = 94) AGA (N=71) p*
Lenght/Cl 0.493 £ 0.042 0.516 £ 0.052 <0.01
Anterior thickness / Cl 0.061 £0.013 0.064 £ 0.014 0.25
Middle thickness / CI 0.041 + 0.007 0.043 £ 0.007 0.06
Posterior thickness / Cl 0.066 £ 0.016 0.068 £ 0.015 0.42
Total area / CI 1.828 + 0.432 2.034 £ 0.441 <0.01
Rostrum area / Cl 0.135+0.054 0.186 + 0.250 0.06
Genu area / Cl 0.283 +0.119 0.314 +0.110 0.09
Rostral body area / Cl 0.341 +0.076 0.367 +0.073 0.03
Anterior midbody area / Cl 0.224 £ 0.056 0.243 £ 0.051 0.03
Posterior midbody area / Cl 0.219 £ 0.06 0.235 £ 0.046 0.05
Isthmus area / Cl 0.206 + 0.074 0.215 + 0.055 0.40
Splenium area / Cl 0.473 £0.125 0.554 + 0.185 <0.01

*Student’s t test for independent samples. Results are expressed as mean = SD. Cl: cephalic

index.
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FIGURES

Figure 1. Midsagittal view of the CC showing linear measurements.

CC length measurement is shown with a red line. Yellow lines indicate the genu, middle and
splenium thicknesses of the corpus callosum from anterior (A) to posterior (P). lllustration is

performed in a 37 weeks of gestational age fetus.
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Figure 2. Midsagittal view of the CC showing area measurements.
A)

A) Total CC area assessment and B) areas from CC subdivisions corresponding from anterior
(A) to posterior (P) to: rostrum, genu, rostral body, anterior midbody, posterior midbody,
isthmus and splenium. Illustration is performed from a NSG scan in 37 weeks of gestational

age fetus.
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Figure 3. Differences in corrected CC biometries among AGA and small fetuses, divided as

IUGR and SGA.
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Linear tendency by polynomial contrast analysis showing differences between late-onset
IUGR fetuses subclassified into IUGR and SGA, compared to adequate for gestational age
(AGA) pairs. IUGR fetuses were defined as those with birth weight <3" centile and/or CPR
<5 centile and/or UtA Doppler >95'™" centile; and SGA were those without clinical severity

signs. *p<0.05 compared with AGA. Results were adjusted by gestational age at NSG,

maternal body mass index and smoking.
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Condensation: We evaluated a theoretical predictive model for neurodevelopmental

outcome at 2 years using fetal brain MRl assessment in small-born infants and controls.

Short version of the article: Correlation between brain structure and neurodevelopment in

SGA.
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ABSTRACT:

Objective: To predict neurodevelopmental outcome in a cohort of small born infants and
controls at 2 years of age based on the differences of cortical development and corpus
callosum assessed by fetal MRI at term. Secondarily, we aimed to obtain a characterization
of brain differences that were present in small fetuses studying cortical development and
corpus callosum morphometry by means of term fetal MRI.

Study design: We recruited 60 small fetuses and 42 controls that underwent a fetal brain
MRI at 37 weeks of gestational age. Fetal cortical development and corpus callosum
morphometry were evaluated. At 2 years, neurodevelopmental outcome was assessed by
means of Bayley scale for infant and toddler development (Bayley-lll). Results were
considered abnormal if one or more of its domains presented a score <1 SD. To assess the
association between brain measurements and neurodevelopment, correlation analyses
were performed. Finally, we assessed which of the cortical development and corpus
callosum variables better characterized differences in small fetuses using principal
component analysis and these were used to construct a composite score for abnormal
neurodevelopment. The predictive value of this composite score was assessed using a
logistic regression.

Results: Small fetuses showed deeper fissures, thinner cortex and smaller corpus callosum;
they also presented worse scores in the Bayley-Ill test. There was a negative correlation
between cortical and callosum measurements with neurodevelopment. Callosal posterior
midbody area, corpus callosum length and right lateral fissure depth were selected and
combined in our composite score, which significantly predicted an abnormal Bayley Il test

re-sult,(p=0.026), outperforming other parameters such as clinical group (p=0.026).
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Conclusions: Infant neurodevelopment can be predicted from term fetal MRI by assessing
cortical development and corpus callosum. Although larger studies are warranted to confirm
our findings, these results may open the possibility to detect those fetuses at risk for an

abnormal neurodevelopment.

Key words: brain development, cortical development, corpus callosum, neurodevelopment,

SGA, IUGR.
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INTRODUCTION

Intrauterine growth restriction (IUGR) remains one of the main challenges in maternity care
due to its frequency affecting between 5-8% of all live birth. Increasing evidence over the
last 20 years has consistently demonstrated how being born small has important
implications for long-term health quality*®, including neurodevelopmental deficits among
the most reported consequences””’. Although the anatomical bases of these outcomes are
still poorly understood, it has been proposed that structural abnormalities might be present
long before the appearance of functional symptoms®*°. Previous studies in preterm and
severe IUGR have shown an association between specific brain structures assessed

postnatally and functional outcome® ***3; the most consistent findings are in relation to

8, 11,12, 14

cortical development and corpus callosum abnormalities . Both structures have been

also explored in adult life and proposed as potential pathophysiological basis of certain

neurocognitive and neuropsychiatric disorders™™*°.

Although neurostructural differences have been characterized in IUGR> %*?? and that
smallness is a well-known independent risk factor for the development of

4,5,7, 22

neurodevelopmental impairements , there is no evidence that we can predict such

outcome from prenatal life. Interestingly, it seems that not all IUGR are equally affected???*.
Thus, there is a need to search for brain imaging biomarkers to better identify those babies
who will have an abnormal neurocognitive profile and accordingly, to allocate
neurostimulation resources to a more limited population. We have recently shown how
changes in brain morphometry are already present at term in small fetuses, and how these
differences are associated to their neonatal neurobehavior** ** °,

The objective of this study was to identify an early brain phenotype that can predict

functional outcome. For this purpose we first evaluated fetal brain developmental
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differences assessed by brain magnetic resonance imaging (MRI) in term small fetuses and
their 2-year neurodevelopmental outcome by means of the Bayley-lll test compared to
controls. After these results were obtained, we tested the predictive value of prenatal
cortical and corpus callosum morphometry to identify those infants at risk for an abnormal

neurodevelopment.
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METHODS

Subjects

This study is part of a larger prospective research program on IUGR involving fetal, neonatal
and long term postnatal follow-up carried out at BCNatal (Spain). The specific protocol of
this study was approved by the institutional Ethics Committee (Institutional Review Board
2008/4422) and all participants gave written informed consent. We assembled a cohort
between January 2009 and December 2011 of consecutive, singleton full-term babies who
were suspected prenatally of being small fetuses defined by an estimated and postnatally

confirmed fetal weight <10™ centile, according to local standards®® *’

. Only those small
fetuses with normal UA pulsatility index were included (<95th centile)?®. Appropriate-for-
gestational age (AGA) subjects were defined as normal term fetuses with an estimated and
postnatally confirmed fetal weight above the 10" centile, according to local standards®® %’.
Pregnancies were dated according to the first-trimester crown—-rump length
measurement®’. Exclusion criteria included congenital malformations, chromosomal

abnormalities, perinatal infections, chronic maternal pathology, contraindications for MRI

and non-cephalic presentations.

Clinical and Ultrasound data

Small for gestational age patients were followed-up in our fetal growth restriction unit from
diagnosis until delivery. Baseline maternal characteristics and obstetric history were
recorded in the hospital database upon study admittance. Data on ultrasound evaluations,
subsequent complications of pregnancy, postpartum follow-up and perinatal progress were

also collected prospectively.
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The entire sample underwent Doppler US scans using a General Electric Voluson E8, 6-2MHz
curved-array transducer (GE Medical Systems, Zipf, Austria). Fetal umbilical artery (UA) and
middle cerebral artery (MCA) pulsatility index (PI) were measured as described elsewere?.
Both measurements were used for the calculation of the cerebroplacental ratio (CPR) as
CPR= MCA PI/UA PI. Abnormal CPR was defined as a value <5™ centile for gestational age
according to previously published reference values®. Uterine arteries (UtA) Pl were
measured transabdominally and mean value was considered abnormal when >95™ centile®'.
All fetuses in this study had at least one US scan within one week before delivery and from

fetal brain MRI.

Fetal MRI acquisition and offline analysis

MRI was performed at 37 weeks of gestational age on a clinical MR system using the Institut
d’Investigacions Biomediques August Pi i Sunyer (IDIBAPS) image platform, operating at 3.0
Tesla (Siemens Magnetom Trio Tim syngo MR B15, Siemens, Germany) without fetal
sedation®”. A body coil with 8 elements was wrapped around the mother’s abdomen.
Routine fetal imaging took around 20 minutes and consisted on single-shot, fast spin echo
T2-weighted sequences (TR 990ms, TE 137ms, slice thickness 3.5mm, no gap, field of view
260mm, voxel size 1.4x1.4x3.5mm, matrix 192x192, flip angle 1809, acquisition time 24
seconds) acquired in the three orthogonal planes. If the quality of the images was
suboptimal, sequences were repeated. Structural MRI images were reviewed for the
presence of anatomical abnormalities by an experienced neuroradiologist blinded to group
membership.

Offline analyses of cortical development and corpus callosum morphometry measurements

were performed using the semiautomatic Analyze 9.0 software (Biomedical Imaging
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Resource, Mayo Clinic; Kansas, USA). The methodologies used to delineate these structures

14,2024 " All cortical development parameters were corrected by the

are reported elsewhere
biparietal diameter (BPD) expressed as ratios (cortical development parameter/BPD) and

the corpus callosum measurements by the cephalic index (Cl) expressed as ratios (corpus

callosum measurement/Cl).

Neurodevelopmental assessment

Developmental function was evaluated at 2 years using the Bayley Scales of Infant and
Toddler Development, 3rd Edition (Bayley-lll), which is a revision of the prior edition
(Bayley, 1993)*. The Bayley-lil is an instrument that assesses infant development across five
domains, including cognitive, language and motor competencies. Parent reported
guestionnaires are incorporated into the Bayley-lll in order to assess social-emotional and
adaptive behaviors. All evaluations were performed by one of three trained psychologists,
blinded to the study group and perinatal outcomes. According to the test manual, abnormal
result for each domain was defined as a Bayley-lll score below 1 SD (<85). We considered a
pathological neurodevelopmental outcome at the presence of at least one abnormal

domain.

Statistical analysis

Student’s-t test for independent samples and Pearson’s X° were used to compare
guantitative and qualitative data, respectively. Multiple Analysis of Covariance (MANCOVA)
adjusting by body mass index, gender and gestational age at the MRI was performed to
assess cortical and corpus callosum developmental differences between small fetuses and

AGA. MANCOVA also was conducted to assess neurodevelopment differences between
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small-born and AGA infants, adjusting by the following confounding variables: gender;
socioeconomic class defined as routine occupations, long-term unemployment, or never
employed (UK National Statistics Socio-Economic Classification); months at the Bayley-llI
test and breastfeeding (at least 6 months after delivery).

The entire sample was divided into two groups according to whether or not they had an
abnormal Bayley-Ill to assess its association with cortical development and corpus callosum
measurements by means of a multivariate analysis. Then, taking into account the entire
cohort, correlations analyses between brain structures and Bayley-lll outcome were
performed to assess the directionality of the associations. The predictive value of cortical
development and corpus callosum morphometry on neurodevelopment was tested by
means of logistic regressions in the entire cohort, adjusting by the same set of covariates
describe above. In order to construct a predictive algorithm to detect those cases that will
present an abnormal neurodevelopment at 2 years, a composite score was created. For this
purpose, and in order to select which variables would better represent the abnormal
neurodevelopment, a dimensionality reduction was performed using a principal
components analysis (PCA). Finally, we conducted a stepwise logistic regression to evaluate
the predictive capacity of this composite score.

The Statistical Package for the Social Sciences (SPSS 17.0, SPSS Inc., Chicago, IL, USA) was

used for the statistical analysis.
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RESULTS

A total of 110 fetuses fulfilled the inclusion criteria. Of these, 8 births were lost during
follow-up, having no means of contact for neurocognitive evaluation leaving a total of 60
small fetuses and 42 controls. Maternal characteristics and gestational age at MRI did not
differ between cases and controls (Table 1). As expected, term small fetuses were delivered
earlier with higher rates of labor induction, emergency cesarean section and longer stay in

the neonatal intensive unit care (Table 2).

A. Differences between small fetuses and AGA

1) Cortical development and corpus callosum assessment

Term small fetuses had overall deeper fissures measurements, reaching statistical
significance in the left insula, right insula and left cingulate fissure. They also presented
thinner insular cortical thicknesses and smaller insular cortical volumes. Regarding the
corpus callosum measurements, small fetuses showed smaller corpus callosum total areas
and smaller areas from its subdivision with statistical significance in the genu, rostral body,

anterior midbody, posterior midbody, isthmus and splenium areas.

2) Neurodevelopmental outcome

It was assessed at 23.5 + 1.2 and 23.9 + 1.0 months in small fetuses and controls,
respectively. Small-born infants showed lower score in all domains from the Bayley-Ill test
(Figure 1). Differences in the cognitive, language and motor domains remained significant

after adjusting for potential confounders variables.
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B. Cortical development and corpus callosum predictive value of an abnormal
neurodevelopmental outcome

1) Abnormal vs. normal Bayley-lIll test

We segregated the entire sample into two groups defined as having an abnormal Bayley-lI
test or not. Those infants with an abnormal Bayley-Ill presented shallower fissures, thinner
insular cortical thicknesses and smaller corpus callosum areas. These differences reached
statistical significance in the right parietoccipital fissure (p=0.04), total corpus callosum area
(p=0.01), rostral body (p<0.01), anterior midbody (p=0.01), posterior midbody (p<0.01),

isthmus (p=0.02) and callosal length (p=0.01).

2) Correlations analyses

Taking into account the entire cohort, we found a negative linear correlation between
cortical and corpus callosum measurements with neurodevelopmental outcome, indicating
that smaller measures were associated to worse Bayley-lll scores, reaching statistical
significance in the biparietal diameter (Pearson -0.329; p<0.01), fronto-occipital diameter
(Pearson -0.372; p<0.01), insular asymmetry (Pearson 0.306; p=0.01), total corpus callosum
area (Pearson -0,250; p=0.02), rostral body area (Pearson -0.298; p<0.01), anterior midbody
area (Pearson -0.232; p=0.03), posterior midbody area (Pearson -0.333; p<0.01) and isthmus

area (Pearson -0.235; p=0.03).

3) Linear regression and principal component analysis
The regression analysis suggested a significant predictive value of abnormal
neurodevelopment for several cortical development features (biparietal diameter, fronto-

occipital diameter, left insular depth, right lateral fissure depth, and the anterior and middle
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insular cortical thicknesses) and corpus callosum measurements (posterior midbody area
and callosal length). These measurements were further tested by a principal component
analysis in order to select the best predictive parameters and we found that a combination
of the posterior midbody area, corpus callosum length and right lateral fissure depth
provided the best classification model of having an abnormal Bayley-lll test (Figure 2). A
composite score (ranging from 0 to 1) was constructed using a combination of these
variables according to the following formula obtained by logistic regression: Composite
score=e-(Y)/ (1 + e-(Y)), where Y= 1.183 + (Posterior midbody/Cl * corpus callosum length/Cl
* Right lateral fissure/BPD * -41.264). The composite score achieved a higher predictiveness
as compared with any of the individual parameters previously analyzed (p=0.026). The ROC
curve of the model resulted in an area under the curve of 78% (95% confidence interval: 62-

93%) (Figure 3).
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DISCUSSION

This study reports for the first time the impact of fetal brain development in functional
outcome in a cohort of term small-born infants and controls. We show that shallower
fissures and smaller corpus callosum can predict an abnormal neurodevelopment defined by
an abnormal Bayley-lll test at 2 years. These findings support the notion that brain
development at term might represent an early phenotype of later functional development®.
A different pattern of cortical development with deeper fissures and thinner cortex in small
fetuses goes in line with previous studies, which have shown how brain reprogramming
affects not only severe IUGR® but term small fetuses as well, through brain microstructure®?,
metabolism?! and connectomic analyses®, and regarding the smaller corpus callosum found
in this population, it has been described how preterm babies present similar alterations in

11, 12

its microstructure . Moreover, small-born infants showed worse neurodevelopmental

outcome, mainly in the cognitive, language and motor domains, which has been recently

5, 22
d

reporte . Different studies on severe IUGR newborns have shown an association

8, 36, 37

between their brain developmental profile and early functional outcome . So, we

thought that it was plausible that brain structure at term could be predictive of neurological
deficits that may appear later on in life. Indeed, a close relation can be established between
the competencies altered in small-born infants and the insular cortex and corpus callosum

38-40

functionality™ ™. We acknowledge that the execution of these domains might involve the

activation of different brain areas; nevertheless, the insula and the corpus callosum have
been specifically involved as sensory and motor integration regions responsible for human

emotion, language and cognition®® “°.

Indeed, a thinner cortical thickness may be
responsible for lower 1Q scores measured in severe IUGR born children’. Moreover, insular

abnormalities have been implicated in a large number of dysfunctions such as aphasia,
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mood disorders and autism® *°

, and corpus callosum alterations have been found in
children with language and attention-deficit hyperactive disorder®.

From a pathophysiological standpoint, it is likely that the alterations found in these brain
regions might be related to their time table of development and a special vulnerability to

8, 41

chronic hypoxic/undernourished environment™ “". It is well-known that by the end of

pregnancy there is an active cortical development, synaptogenesis and pruning, which are

critical for the adult-like appearance of the brain before birth® *°

. Sulci and gyri formation
not only depend on genetic background, but also depend on external factors like the tension
from white matter fibers as pregnancy progresses*2. In a normal scenario, an integral corpus
callosum development facilitates normal fetal brain gyrification*’. However, it seems that
chronic hypoxic conditions can affect this delicate relation, both inducing cortical brain

8, 20, 24

reprogramming and altering immature oligodendrocytes from corpus callosum fibers

44> Our study suggests that term brain development

located closer to the germinal matrix
alterations could constitute the first step in the cascade of functional impairment underlying
neurodevelopmental pathologiesg. This notion is particularly interesting as fetal brain
imaging could give us the opportunity to identify biomarkers of abnormal functional
outcome in pregnancies at risks even before symptomatology is present.

Although IUGR has been defined as an independent risk factor for neuropsychiatric
conditions’, not all small fetuses will develop neurological impairments. This selectivity in
the long-term consequences of smallness has not been address yet. Probably, the
identification of subgroups with true growth restriction will become of greater interest with
the development of new definitions for IUGR. For the moment, a closer prenatal follow-up

of fetal wellness, and maybe brain development monitoring of these fetuses, could be

justified to improve parental counseling. Early educational intervention have been
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documented to improve cognitive performance and, in some cases, to reduce antisocial
behavior at a young age®®. The finding of poorer motor development in the small-born
infants may suggest that motor training and general developmental programs, in which
parents learn how to promote infant development, may be promising ways to promote
these competencies in infants at high risk of developmental motor disorders*” 2.

Although we couldn’t consistently demonstrate a correlation between structure and
function particularly in the small-born population, probably due to the limited sample size,
our results from the logistic regression and principal component analysis selected specific
features of brain development above than belonging to a particular clinical group.
Therefore, neurodevelopmental outcome at 2 years might be more dependent to the
antenatal brain phenotype than being small or not, which opens the door to larger studies.
Another limitation of this study arises in relation to the challenging segmentation of the
fetal brain. Fetal MRI exhibit motion artifacts and limited contrast between different tissues
that are more difficult to overcome than in adult brains, due to the difference in size of the
structures of interest and the age-dependent maturation of the different brain tissues*’. To
overcome this problem, we used strict anatomical landmarks and only subjects with no
motion artifacts images were included in the analyses. Also the MRI scan was performed
close to term to favor an engagement of the fetal head in the maternal pelvis. Between the
strength of this study are the prospective methodology used and the well-defined clinical
groups, accounting for a homogeneous sample, which is highly representative of the
condition of interest.

In conclusion, we found a significant correlation between fetal brain development at term
and the neurodevelopmental outcome at 2 years. Moreover, we evaluated a theoretical

predictive model using several brain structures to detect those fetuses at risk for an
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abnormal neurodevelopment. These results support the value of brain reorganizational
changes as potential image biomarkers to predict those infants at risk for an abnormal

neurodevelopment.
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TABLES

Table 1. Maternal characteristics of the study groups.

SGA (N = 60) AGA (N =42) p*
Maternal age (y) 31.8+5.6 32.2+4.2 0.59
Caucasian ethnicity (%) 76.7% 71.2% 0.40
Primiparity (%) 75.7% 67.1% 0.22
Maternal high education (%) 44.1% 71.8% <0.01
Maternal smoking (%) 23.3% 5.5% <0.01
Maternal BMI (kg/m2) 22.2+3.9 22.9+3.6 0.19
GA at MRI (w) 37.5£0.8 37.6+0.9 0.06
Breastfeeding (%) 55.9% 71.4% 0.21

Results are expressed as mean * SD or percentage as appropriate. *Student’s t-test for
independent samples or Pearson’s X2 test. BMI: Body mass index. y= years; kg=kilograms;

m2= square meter; m=months.
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Table 2. Perinatal outcome of the study groups.

SGA (N =60) AGA (N = 42) p*
GA at birth (w) 38.7+1.1 40.0+1.1 <0.01
Birth weight (g) 2426 + 301 3429 + 310 <0.01
Birth weight centile 3.1+4.9 52.2+24.0 <0.01
Male gender (%) 57.8% 54.8% 0.69
Labor induction (%) 77.2% 23.5% <0.01
Emergency cesarean section (%) 27.2% 5.5% <0.01
Neonatal acidosist (%) 10.6% 6.6% 0.39
Apgar score <7 at 5 minutes (%) 2.6% 0% 0.07
NICU stay length (d) 0.2 0 0.04
Head circumference (cm) 42.5+2.8 43.2+2.3 0.10
Months at Bayley-llI 235+1.2 239+1.0 0.04

Results are expressed as mean t SD or percentage as appropriate. *Student’s t-test for
independent samples or Pearson’s X2 test. GA: gestational age. Neonatal acidosist:
umbilical artery pH<7.15 and base excess > 12 mEg/L. NICU: Neonatal Intensive care unit.
w=weeks; g=grams; cm=centimeters; Bayley-lll= Bayley Scales of Infant and Toddler

Development.
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FIGURES

Figure 1. Score distribution for each neurodevelopmental domain assessed by Bayley-lll in

the study group.
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Figure 2. Composite score between normal and abnormal Bayley-lll
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* p<0.01. Composite score obtained by logistic regression. The score contains a combination

of posterior midbody area, corpus callosum length and right lateral fissure depth.
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Figure 3. ROC curve from the composite score to predict an abnormal Bayley-lil
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ROC curve of the composite score to predict an abnormal neurodevelopment assessed by

the Bayley-lll test showing an area under the curve of 78% (95% confidence interval: 62-

93%).
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6.1 STUDY 1: DIFFERENCES IN CORTICAL DEVELOPMENT ASSESSED BY FETAL MRI IN LATE-

6. RESULTS

ONSET INTRAUTERINE GROWTH RESTRICTION

The results of this project have been published in an international journal and have been
presented at the 22" World Congress on Ultrasound in Obstetrics and Gynecology, 9-13
September 2012, Copenhagen, Denmark (Oral presentation short listed for the Young

Investigator award).

This study evaluated the presence of cortical development differences between late-onset
IUGR (N=52) and controls (N=50). Maternal characteristics and time of MRI scans did not
differ between cases and controls. As expected, IUGR fetuses were delivered earlier with

higher rates of labor induction, emergency cesarean section, neonatal acidosis and lower

Apgar scores at 5 minutes of life (Table 1).

Table 1: Maternal and perinatal data in the study groups.

IUGR (N = 52) AGA (N =50) p*

Maternal data

Maternal Age (y) 31.8+6.2 32.2+4.3 0.64
Maternal Smoking 15.4% 6% 0.13
Maternal Height (m) 1.58 +0.05 1.65+0.06 <0.01
Maternal Weight (kg) 56.9 +10.1 63.2+11.3 <0.01
Maternal BMI (kg/mz) 22.7+3.7 23.2+3.9 0.49
Primiparity 65% 64% 0.88
Caucasian ethnicity 79% 68% 0.18
GA at MRI (w) 37.5+0.8 37.7+0.8 0.30
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Perinatal data

GA at birth (w) 38.8+1.0 40.0+1.0 <0.01
Birth weight (g) 2488 + 247 3452 + 311 <0.01
Birth weight centile 39+6.6 55.2+24.2 <0.01
Male gender 62% 52% 0.34
Labor Induction 77.1% 14.3% <0.01
Emergency cesarean section 31% 6% <0.01
Neonatal acidosist 19.6% 5% 0.04
IApgar score <7 at 5 minutes 5.8% 0% 0.04
NICU stay length (d) 0.3 0 0.09

Results are expressed as mean + SD or percentage as appropriate. *Student’s t-test for independent samples
or Pearson’s X2 test. BMI: Body mass index. GA: gestational age. MRI: Magnetic Resonance Imaging. TNeonatal
acidosis: umbilical artery pH<7.15 and base excess >12mEg/L. NICU: Neonatal Intensive care unit. y=years;
m=meters; kg=kilograms; m’= square meter; w=weeks; g=grams; d=days.

We found that late-onset IUGR fetuses showed a different pattern of brain development

expressed by smaller BPD and deeper fissures measurements, with statistical significance in

the right and left insula, and the left cingulate fissure as compared to controls (Table 2).

Table 2. Fissure depths in the study groups.

IUGR (N = 52) AGA (N =50) P*
Left Insular Depth/BPD 0.293 £ 0.052 0.267 £ 0.029 0.02
Right Insular Depth/BPD 0.379 + 0.066 0.318 £ 0.075 <0.01
Left Lateral Fissure/BPD 0.154 + 0.042 0.151 £ 0.024 0.81
Right Lateral Fissure/BPD 0.151 £ 0.037 0.154 +0.042 0.82
Left Parietooccipital Fissure/BPD 0.139 +0.029 0.132 £ 0.036 0.18
Right Parietooccipital Fissure/BPD 0.138 £ 0.029 0.132 + 0.036 0.22
Left Cingulate Fissure/BPD 0.096 + 0.016 0.087 + 0.019 0.03
Right Cingulate Fissure/BPD 0.093 +0.019 0.088 + 0.018 0.19
Left Calcarine Fissure/BPD 0.180 £ 0.039 0.182 £ 0.040 0.56
Right Calcarine Fissure/BPD 0.179 £ 0.038 0.187 £ 0.041 0.14

Results are expressed as mean + SD.* GLM adjusted for gender, gestational age at MRI and maternal body

mass index. BPD: biparietal diameter.
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Regarding the volumetric analysis, late-onset IUGR fetuses presented smaller total

intracranial and brain volumes. They also showed smaller left opercular volumes (Figure 1).

Figure 1. Total brain volumes (A) and opercular volumes (B) in late-onset IUGR and AGA.
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*p <0.05. (A) TIC: total intracranial volume and TBV: total brain volume; adjusting for gender, gestational age

at MRI and maternal body mass index. (B) Opercular volumes adjusting for TBV, gender, gestational age at

MRI and maternal BMI. AGA: adequate for gestational age.

IUGR fetuses showed a more pronounced right insular asymmetry compared to controls.
We further explored the differences of cortical development among IUGR fetuses according
to clinical severity, defined by the presence of any of the following factors associated to a
poorer perinatal outcome (Figueras 2014): estimated fetal weight <3™ centile (Savchev
2012), abnormal cerebroplacental ratio (Bahado-Singh 1999) and abnormal uterine artery
Doppler (Severi 2002). There was a significant linear tendency to more pronounced

alterations in those growth restricted fetuses with clinical severity factors.

171



Figure 2. Differences among IUGR fetuses according to severity in globally significant cortical development
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*and** p<0.05. Polynomial contrast analysis showing differences between IUGR+ (IUGR with factors
associated to a poorer perinatal outcome), IUGR- (IUGR without these previously described factors) and AGA.

Bars depict the mean within each group.

Finally, we performed a regression analysis in which the dependent variable was the
diagnosis of late-onset IUGR and the independent variables were the cortical development
parameters. The regression suggested that a combination of left and right insular depth
corrected for BPD (LID/BPD and RID/BPD, respectively) and left parietoccipital fissure
depth/BPD (LPOD/BPD) provided the best classification model of being late-onset IUGR. A
composite score (ranging from 0 to 1) was constructed using a combination of these

variables according to the following formula: Composite score= e-(Y)/ (1 + e-(Y)), where Y=
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6.259 + [(LID/BPD * RID/BPD * -41.264) + (LPOD/BPD * -16.247)]. The composite score
achieved a higher discrimination performance as compared with any of the individual
parameters previously analyzed (Figure 3). The ROC curve of the model resulted in an area

under the curve of 79% (95% confidence interval: 70-88%).

Figure 3. Classified model between late-onset IUGR and AGA fetuses.
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* p<0.01. Composite score obtained by logistic regression. The score contains a combination of left and right

insular depth, and left parietoccipital fissure depth, all corrected by BPD.

Our findings support the hypothesis that late-onset IUGR fetuses present a different pattern
of cortical development, with deeper fissures, smaller brain volumes and more pronounced
right insular asymmetry. These alterations seem to follow a linear tendency according to the

severity of growth restriction.
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6.2 STUDY 2: FETAL MRI INSULAR CORTICAL MORPHOMETRY AND ITS ASSOCIATION WITH

NEUROBEHAVIOR IN LATE-ONSET SMALL FOR GESTATIONAL AGE FETUSES.

The results of this project have been published in an international journal and have been
presented at the 12" Fetal Medicine Foundation World Congress, 23-27 June 2013,

Marbella, Spain (Oral presentation).

Maternal characteristics and gestational age at MRI did not differ between cases and
controls. As expected, late-onset SGA fetuses were delivered earlier with higher rates of
labor induction, emergency cesarean section and longer stay in the neonatal intensive unit
care, as in our previous study.

We found that SGA fetuses showed thinner insular cortex in all measurements and smaller

left and right insular cortical volumes (Table 1).

Table 1. Insular cortical thicknesses and volumes in the study groups.

SGA (N = 65) AGA (N =59) p*
Insular cortical thickness/insular depth
Left anterior ICT/ left ID 0.044 + 0.011 0.051 + 0.014 <0.01
Left middle ICT/ left ID 0.047 + 0.011 0.054 + 0.013 <0.01
Left posterior ICT/ left ID 0.048 + 0.011 0.053 + 0.014 0.02
Right anterior ICT/ right ID 0.038 + 0.011 0.046 + 0.013 <0.01
Right middle ICT/ right ID 0.040 + 0.011 0.048 + 0.014 <0.01
Right posterior ICT/ right ID 0.038 + 0.012 0.046 + 0.013 <0.01
Insular cortical volumes
Left insular volume (cm3) 0.904 + 0.274 1.099 +0.283 <0.01
Right insular volume (cm3) 0.860 + 0.258 1.059 + 0.287 <0.01

Results are expressed as mean + SD.* GLM adjusted for gender, gestational at MRI, maternal smoking and

body mass index. ICT: insular cortical thickness; ID: insular depth. Insular volumes were additionally adjusted

for total brain volume.
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Late-onset SGA fetuses also showed a more pronounced left insular cortical asymmetry in
thickness and volume analyses compared to controls, with significant differences in the left
posterior insular cortex (asymmetry index: -0.115 vs. -0.078; p= 0.038). They also showed a
trend for lower fractional anisotropy values in the left insula, reaching statistical significance
in the left anterior insula.

As in our previous study (Egana-Ugrinovic 2013), small fetuses were divided into two groups
according to the presence of signs associated to a poorer perinatal (Figueras 2014). There
was a significant linear tendency to more pronounced alterations in thickness and volume of
the insular cortex in SGA with signs of poorer perinatal outcome as compared with cases

without them and controls (Figure 1).

Figure 1. Insular cortical thicknesses (A) and volumes (B) according to prenatal severity signs.
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Polynomial contrast analysis showing differences between late-onset SGA showing the presence of severity
signs (black box plot), late-onset SGA without these signs (grey box plot) and AGA (light grey box plot). Bars
depict the mean within each group. A) *p<0.01 and tp<0.05. Linear tendency for insular cortical
thickness/insular depth. AL, ML and PL: anterior, middle and posterior left thickness; AR, MR and PR: anterior,
middle and posterior insular cortical left thickness. B) * and 1 p<0.05. Linear tendency for left and right insular

cortical volume.
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Finally we tested the association between insular morphometry and neurobehavior and we
found that several insular measurements and NBAS test scores from specific clusters in late-
onset SGA were associated (Table 2). These findings were supported by the ordinal
regression analysis which showed a significant change of the global scoring towards overall
lower NBAS scores in late-onset SGA (model p value=<0.01), with statistical significance in:
left-anterior, left-middle, right-anterior and right-middle insular cortical thickness (p<0.05);
anterior and middle cortical thickness asymmetry index (p=0.03); left insular lobe depth

(p=0.04) and TBV (p=0.03).

Table 2. Insular cortical morphometry and its association with neurobehavioral outcome in late-onset SGA.

Insular measurement NBAS Cluster P*

Left insular cortical thickness

1. Anterior Organization of state 0.04
Autonomic nervous system 0.04
Social-interactive 0.03
2. Middle Regulation of state 0.03
Attention 0.04
3. Posterior Autonomic nervous system 0.04

Right insular cortical thickness

1. Middle Regulation of state 0.02

2. Posterior Autonomic nervous system 0.04

Insular lobe depth

1. Right Regulation of state 0.04

Cortical thickness Al

1. Posterior Autonomic nervous system 0.02

2. Middle Regulation of state 0.03

* GLM considering the NBAS test’s clusters <5 centile as the dependent variable and insular measurements as

the independent variables adjusted for gender, GA at MRI, GA at NBAS, maternal smoking and BMI.
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Our findings confirm the study hypothesis that insular cortical morphometry was
significantly different in late-onset SGA fetuses and correlated with poorer neurobehavioral

performance in this population.
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6.3 STUDY 3: CORPUS CALLOSUM DIFFERENCES ASSESSED BY FETAL MRI IN LATE-ONSET

INTRAUTERINE GROWTH RESTRICTION AND ITS ASSOCIATION WITH NEUROBEHAVIOR.

The results of this project have been published in an international journal and have been
presented at the 12" Fetal Medicine Foundation World Congress, 23-27 June 2013,
Marbella, Spain (Oral presentation).

Three (3%) IUGR and seven (9%) AGA fetuses had to be excluded due to insufficient image
quality for delineation, leaving a total of 117 late-onset IUGR and 73 control fetuses. Small
fetuses presented smaller areas in the corpus callosum, particularly in the posterior portion.
Again, we subdivided IUGR according to the presence of signs associated of a poorer
perinatal outcome (Figueras 2014). In general, corpus callosum length and area were
similarly reduced in IUGR with and without sings of poorer perinatal outcome, as compared
with controls, but there was a linear trend suggesting a relationship with the severity criteria

defined in this study (Figure 1).

Figure 1. Differences among IUGR fetuses according to clinical severity criteria in CC length and total area.
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*p<0.05 compared with AGA.

178



The NBAS test was performed at 42-43 weeks in the IUGR population, with a mean of 28.8 +
16.8 days after birth. The results from the ordinal regression analysis between the corpus
callosum measurements and the neurobehavioral test showed a significant change of the
global scoring towards lower NBAS scores in IUGR at the presence of smaller measurements
of the corpus callosum. Specifically, smaller total area (p=0.03), rostrum (p=0.02), genu
(p=0.03), rostral body (p=0.02), anterior midbody (p=0.03) and splenium (p=0.03) had a

significant negative effect on the number of abnormal NBAS clusters (Table 1).

Table 1. Corpus callosum measurements and its association with neurobehavioral outcome in late-onset
IUGR.

Corpus callosum measurement Coefficient value P*
Length -0.14 0.52
Anterior thickness -0.19 0.84
Middle thickness -3.49 0.05
Posterior thickness 0.34 0.65
Total area -0.48 0.03
Rostrum area -0.59 0.02
Genu area 0.54 0.03
Rostral body area -0.56 0.02
Anterior midbody area -0.77 0.04
Posterior midbody area -0.01 0.99
Isthmus area -0.70 0.16
Splenium area -0.52 0.03

*Ordinal regression adjusted for gender, gestational age at MRI, gestational age at NBAS, maternal smoking
and body mass index, where the NBAS test’s clusters <5™ centile were considered as the dependent variable
and corpus callosum measurements as the independent variables. A negative coefficient value indicated that
at the presence of smaller corpus callosum measurements the amount of NBAS test’s clusters <5" centile

increased.
To our knowledge this is the first study on corpus callosum development in late-onset IUGR
fetuses describing morphometric differences which are further related to their

neurobehavioral performance.
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6.4 STUDY 4: NEUROSONOGRAPHIC ASSESSMENT OF THE CORPUS CALLOSUM AS A
POTENTIAL BIOMARKER OF ABNORMAL NEURODEVELOPMENT IN LATE-ONSET FETAL

GROWTH RESTRICTION

The results of this project have been accepted for publication in an international journal and
have been submitted as an abstract for the 24™ World Congress on Ultrasound in Obstetrics

and Gynecology, 14-17 September 2014, Barcelona, Spain.

Maternal characteristics did not differ between cases and controls. As expected, small
fetuses were delivered earlier with higher rates of labor induction, emergency cesarean
section and longer stay in the neonatal intensive unit care, as in our previous studies. Five
percent of the images had to be discarded because of insufficient quality to perform image
post-processing, leaving a total of 165 fetuses scanned, classified in 94 small fetuses and 71

controls. No structural abnormalities were found in the study groups.

Small fetuses showed a reduced corpus callosum length, smaller total corpus callosum area
and smaller areas in all the subdivisions (Table 1). After adjusting for potential confounding
covariates, corpus callosum length, total corpus callosum and splenium area were

significantly different between the two groups.

Table 1. Corpus callosum measurements in the study groups.

Corpus callosum measurement Small fetuses (N = 94) AGA (N =71) P*
Lenght/CI 0.493 +0.042 0.516 + 0.052 <0.01
Anterior thickness / ClI 0.061 +0.013 0.064 +0.014 0.25
Middle thickness / ClI 0.041 + 0.007 0.043 + 0.007 0.06
Posterior thickness / ClI 0.066 + 0.016 0.068 + 0.015 0.42
Total area / Cl 1.828 £ 0.432 2.0344 £ 0.441 <0.01
Rostrum area / Cl 0.135 £ 0.054 0.186 £ 0.250 0.06
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Genu area / Cl 0.283 £ 0.119 0.314 +0.110 0.09
Rostral body area / Cl 0.341+0.076 0.367 £ 0.073 0.03
Anterior midbody area / Cl 0.224 + 0.056 0.243 £+ 0.051 0.03
Posterior midbody area / Cl 0.219 £ 0.06 0.235 + 0.046 0.05
Isthmus area/ Cl 0.206 £ 0.074 0.215 £ 0.055 0.40
Splenium area / Cl 0.473 £0.125 0.554 £ 0.185 <0.01

*Student’s t test for independent samples. Results are expressed as mean * SD. Cl: cephalic index.

To explore if there was an association between corpus callosum measurements and the
severity of growth restriction, small fetuses were subdivided into (1) Late-onset IUGR if the
previously reported predictors of a poorer perinatal outcome were present (Figueras 2014),
and (2) SGA when none of those factors were present. We found that callosal differences
were markedly present in late-onset IUGR fetuses, showing a significant linear trend for

shorter and smaller corpus callosum, and smaller splenium area (Figure 1).

Figure 1. Differences in corrected corpus callosum biometries among AGA and small fetuses, divided as IUGR
and SGA.
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Linear tendency by polynomial contrast analysis showing differences between late-onset IUGR fetuses
subclassified into IUGR and SGA, compared to AGA. IUGR fetuses were defined as those with birth weight <3™
centile and/or cerebroplacental ratio <5™ centile and/or UtA PI >95'" centile; and SGA when non of this factors
were present. *p<0.05 compared with AGA. Results were adjusted by gestational age at NSG, maternal body

mass index and smoking.

Regarding corpus callosum growth, significant differences were present between clinical
groups. Average total corpus callosum area growth was lower in small fetuses compared to
AGA (0.025/week vs. 0.034/week; p=0.04) as well as splenium growth (0.010/week vs.

0.027/week; p=0.02).

In summary this study shows that late-onset small fetuses present significant differences in
their corpus callosum development and morphology. These findings support how NSG can
be considered a valid tool to detect subtle brain differences in fetuses exposed to late-onset
growth restriction. Further research involving long-term follow-up is warranted to evaluate
the potential use of the corpus callosum assessment by NSG as an imaging biomarker of

subtle anomalies of neurodevelopment in children at risk.
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6.5 STUDY 5: CORRELATION BETWEEN BRAIN MICROSTRUCTURE ASSESSED BY FETAL MRI
AND NEURODEVELOPMENTAL OUTCOME AT 2 YEARS IN TERM SMALL FOR GESTATIONAL

AGE BORN INFANTS

The results of this project have been submitted to an international journal and as an abstract
for the 24" World Congress on Ultrasound in Obstetrics and Gynecology, 14-17 September

2014, Barcelona, Spain.

A total of 110 fetuses fulfilled the inclusion criteria. Of these, 8 births were lost during
follow-up, having no means of contact for neurocognitive evaluation leaving a total of 60
small fetuses and 42 controls. Maternal characteristics did not differ between cases and
controls and as expected, small fetuses were delivered earlier with higher rates of labor

induction, emergency cesarean section and longer stay in the neonatal intensive unit care.

Differences between term small fetuses and AGA

1) Cortical development and corpus callosum assessment: small fetuses had overall

deeper fissures measurements, reaching statistical significance in the left insula, right insula
and left cingulate fissure. They also presented thinner insular cortical thicknesses and
smaller insular cortical volumes. Regarding the corpus callosum measurements, small
fetuses showed smaller corpus callosum total areas and smaller areas from its subdivision
reaching statistical significance in the genu, rostral body, anterior midbody, posterior
midbody, isthmus and splenium areas.

2) Neurodevelopmental outcome: Neurodevelopmental outcome was assessed at

23.5+1.2 and 23.9£1.0 months in small fetuses and controls, respectively. Small born infants

showed lower score in all domains from the Bayley-lll test (Figure 1). Differences in the
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cognitive, language and motor domains remained significant after adjusting for potential

confounders variables.

Figure 1. Score distribution for each neurodevelopmental domain assessed by Bayley-lll in the study group.
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*p <0.05. GLM adjusting for gender, smoking, socio-economic class, month at Bayley-Ill and breastfeeding.

Correlation between CD and CC with abnormal neurodevelopmental outcome

1) Correlations analyses: taking into account the entire cohort, we found a negative

linear correlation between cortical development and corpus callosum assessment with the
neurodevelopmental outcome, indicating that smaller measurements were associated to
worse Bayley-lll scores, with statistical significance in the BPD (Pearson -0.329; p<0.01),
fronto-occipital diameter (Pearson -0.372; p<0.01), insular asymmetry (Pearson 0.306;
p=0.01), total corpus callosum area (Pearson -0,250; p=0.02), rostral body area (Pearson -
0.298; p<0.01), anterior midbody area (Pearson -0.232; p=0.03), posterior midbody area
(Pearson -0.333; p<0.01) and isthmus area (Pearson -0.235; p=0.03).

2) Linear regression analysis: we used a principal component analysis in order to select

the most significant variables in the model. These variables were the posterior midbody
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area, corpus callosum length and right lateral fissure depth. A composite score (ranging
from 0 to 1) was constructed using a combination of them according to the following
formula obtained by logistic regression: Composite score=e-(Y)/ (1 + e-(Y)), where Y= 1.183
+ (Posterior midbody/Cl * CC Length/Cl * Right lateral fissure/BPD * -41.264). The composite
score achieved a higher predictiveness as compared with any of the individual parameters
(p=0.026) (Figure 3) and showed an area under the curve of 78% (95% confidence interval:

62-93%) for an abnormal Bayley-IIl (Figure 2).

Figure 2. Composite score and Bayley-lll test.
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* p<0.01. Composite score obtained by logistic regression and its ROC curve for an abnormal Bayley-lIl test.

Our findings support the hypothesis that late-onset IUGR fetuses present a different pattern
of cortical development with deeper fissures and smaller brain volumes, and a different
corpus callosum morphometry with smaller areas. Moreover, full term IUGR fetuses have
poorer neurodevelopmental outcome. We propose the use of a composite score using a
combination of cortical development and corpus callosum parameters to predict abnormal

neurodevelopment at 2 years.
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7. DISCUSSION

Our first study provides evidence that late-onset IUGR fetuses present a different pattern of
cortical development compared to normally grown fetuses, with deeper fissures, smaller
brain volumes and a more pronounced right asymmetry. This data suggests that an
abnormal brain maturation and reorganization could occur under chronic placental
insufficiency conditions (Batalle 2012; Sanz-Cortes 2013; Makhoul 2004). These results are
in line with reports from early IUGR neonates, where a disrupted cortical sulcation pattern
was detected (Tolsa 2004; Dubois 2008). Furthermore, fetuses diagnosed with congenital
heart defects whose brains are exposed to chronic/moderate hypoxia due to an impaired
brain perfusion, present significant differences in cortical development and sulcation

(Limperopoulos 2010; Clouchoux 2013).

Despite most areas were affected, the insula and cingulate fissure were the areas
predominantly altered; both are responsible for interoceptive awareness and higher
cognitive functions (Allen 1991). It could be inferred that they are predominantly affected
due to their vulnerability to sustained undernutrion and/or hypoxia from a later maturation
during pregnancy (Hernandez-Andrade 2008). On the other hand, the decreased brain
volumes in IUGR might reflect reductions in brain cellularity, as described in experimental

animal models of chronic hypoxia (Uno 1990).

It is also remarkable that term IUGR fetuses presented differences in the physiological brain
asymmetry. This feature of normal brain development is thought to be responsible of
lateralization of language and handedness, but abnormalities in normal brain asymmetry

have been reported in different neurodevelopmental disorders such as autism, dyslexia and
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schizophrenia among others. Therefore, it remains unknown whether the altered brain
asymmetry in IUGR could be related to the prenatal origin of some of these neurocognitive

disorders (Barker 2007; Dubois 2008; Huppi 2008).

The second study was designed in light of the results of the first study, where the
perisylvian region showed to be one of the most affected areas of cortical development in
term IUGR. Therefore, this study shows how late-onset IUGR fetuses present significant
differences in thickness, volume and fractional anisotropy values of the insular cortex. Our
results go in line with other authors who reported thinner cortex and decreased gray matter
(Dubois 2008) in early and severe IUGR newborns. Previous reports on neurodevelopmental
outcome of late-onset IUGR fetuses, have shown worse scores in attention, social, self-
regulation, communication, problem-solving and memory function competencies among
others (Geva 2006; Eixarch 2008; Figueras 2009). All of these functions are closely related to
the insula and the limbic system functionality (Nieuwenhuys 2012; Augustine 1996).
Accordingly, we found that thinner and smaller insulas were associated with worse

neurobehavioral outcomes in IUGR.

From a pathophysiological standpoint, the potential mechanisms leading to prominent
alterations in the insular cortex under IUGR conditions could be related to the fact that: 1)
morphometric changes of the insula occur late in pregnancy, with an important deepening
and stretching of the area under the surrounding brain lobes, and the fact that 2) during the
third trimester an active synaptogenesis takes place, which could be particularly vulnerable
to a chronic hypoxic environment. Supporting to some extent this hypothesis, lower
fractional anisotropy values in our IUGR population could be interpreted as a sign of a less

mature or organized cortex in this area.
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Although our results are based on fetal brain MRI which has undeniable advantages when
analyzing the fetal cortex, overall cortical development can be assessed by means of simpler
techniques, particularly ultrasound, to identify the emergence of the brain fissures along the
pregnancy (Pistorius 2010; Cohen-Sacher 2006). It seems feasible to assess the fetal cortex
by means of a dedicated neurosonography in IUGR fetuses; this study seems warranted in
the near future. To conclude, this study provides further evidence that late-onset IUGR
fetuses present differences in their cortical development, particularly on the insular cortex

which was further related a worse neurobehavioral performance.

The third study shows how late-onset IUGR fetuses presented differences in their corpus
callosum morphometric MRI assessment. Furthermore, several callosal measurements were
correlated with abnormal neurobehavioral scores in fetuses with IUGR. Our results go in line
with previous studies reporting a reduced growth rate of the corpus callosum assessed by
ultrasound in early-onset IUGR fetuses (Goldstein 2011) and smaller spleniums in preterm
and growth restricted children (Nosarti 2004). Interestingly, our findings in late-onset IUGR
fetuses were mainly related to smaller areas in the majority of corpus callosum subdivisions,
rather than reduced linear measurements. This could be explained because callosal growth
in the third trimester of pregnancy is predominantly based on an area increase rather than a

length increase, and its thickening follows an anterior-to-posterior direction (Moses 2000).

Since the corpus callosum is one of the most representative white matter structures in the
human brain, this study further supports the notion that brain reorganization affects white
matter development as shown by connectivity analyses in one year old IUGR infants (Batalle
2012; Eikenes 2012). Remarkably, corpus callosum developmental abnormalities have been

associated to different cognitive disorders (Paul 2011). Therefore, the value of corpus
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callosum assessment deserved further attention to explore its use as a potential imaging
biomarker in order to identify high-risk pregnancies of abnormal neurodevelopment, as
reported in growth restriction (Savchev 2013), congenital heart disease (Owen 2014) and

congenital cytomegalovirus infection (Foulon 2008).

To our knowledge this is the first study on corpus callosum development in late-onset IUGR
fetuses describing morphometric differences which are further related to their

neurobehavioral performance.

Based on the results obtained from our third study and the potential role of the corpus
callosum as an imaging biomarker, we tested whether a detailed corpus callosum evaluation
could be performed by a standard fetal brain ultrasound examination and if it could
replicate our MRI findings. In our fourth study we found that late-onset small fetuses
showed global and specific callosal differences, with a lower growth rate when assessed by
neurosonography. Interestingly, and coinciding with our MRI results from the third study,
posterior portions of the corpus callosum were particularly affected in small fetuses.
Reports from rats show how the exposure to hypoxia resulted in smaller corpus callosum
(Langmeier 1989), which was related to myelination deficits. Furthermore, postmortem
studies from neonates that suffered perinatal asphyxia showed a reduced number of
callosal fibers and immature oligodendrocytes (Vasung 2011; Back 2001). It seems that
perinatal events can affect corpus callosum growth and can persist with clinical significance
as shown in preterm-born adolescents who present smaller corpus callosum (Nosarti 2004).
The potential role of the corpus callosum as an imaging biomarker is further supported by
studies in subjects diagnosed with language disorders, autism and attention deficit

hyperactivity disorders where smaller corpus callosums are found (Counsell 2008).
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In summary this study provides further evidence that late-onset small fetuses present
significant differences in their callosal development and morphology. Also, these findings
support how neurosonography can be considered a valid tool to detect subtle brain

differences in fetuses exposed to late-onset growth restriction.

In all these studies, we classified IUGR according to the presence or absence of signs of
adverse perinatal outcome (Figueras 2014) in order to explore a relation between structural
alterations and clinical severity. Although, small fetuses with the presence of severity signs,
or so called IUGR, showed more accentuated differences in their cortical development and
and corpus callosum morphology, those small fetuses without signs of adverse perinatal
outcome also presented these differences when compared to controls. This is a relevant
concept since small fetuses without the presence of these adverse perinatal outcome

III

predictors are usually considered as “constitutionally small”. Our findings are in line with
other studies that found how this subpopulation presents metabolic differences and signs of
cardiovascular remodeling, challenging the concept of being constitutionally small (Crispi
2010; Sanz-Cortes 2013; Savchev 2013). Our results support the need to better characterize
those small fetuses at term that undergo true forms of placental insufficiency. As a
consequence of this imprecise definition of real growth restriction and the difficulty in
finding a common cause for all forms of IUGR, we used different terminology throughout
the studies to define this population. As the term has evolved, we named them late-onset
IUGR, term SGA or small fetuses. However, there is abundant evidence that SGA is a

surrogate of fetal growth restriction (Figueras 2014) and that milder forms of IUGR will show

signs of brain reprogramming as well, supported by the findings of our research.
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Based on the results of the first four studies, we conducted our fifth project to test the
predictive capacity of these brain microstructural differences detected in small fetuses for
an abnormal neurodevelopment at two years of age. We found that small fetuses presented
worse neurodevelopmental outcome. Furthermore, the prenatal brain assessment was
associated to the results from the neurodevelopmental test. Some relevant
pathophysiologic implications can be extracted from this association: an abnormal Bayley-Il|
test was correlated to shallower fissures, thinner insular cortex and smaller corpus callosum

areas.

Although previous studies have shown poorer neurodevelopmental outcome in term SGA
(Arcangeli 2012; Savchev 2013), none of them have provided information about their brain
developmental status before birth. Indeed, our previous experience showing how small
fetuses show a different pattern in cortical development, with particular changes in the
insular area and differences in their corpus callosum morphology, which were further
associated to a worse neurobehavioral outcome in the neonatal period, give grounds on this
microstructural/functional association (Egafia-Ugrinovic 2013; Egafia-Ugrinovic 2014; Sanz-
Cortes 2013). Interestingly, we found that small-born babies had lower cognitive, motor and
language competencies. All of these functions are closely related to the insula and callosal
functionality. We acknowledge that the expression of these domains might involve the
activation of different brain areas; nevertheless, the insula and the corpus callosum have
been specifically involved in human emotion, language and cognition (Nieuwenhuys 2012;
Paul 2011). Indeed, Geva et al. proposed that thinner cortex found in severe IUGR born

children could be responsible for their lower 1Q scores (Geva 2006). Therefore, our study

192



suggests that brain alterations at term could constitute the first step in the cascade of

functional impairments underlying neurodevelopmental pathologies (Dubois 2008).

The importance of this work relies on the notion that late-onset IUGR is far more prevalent
than the early-onset form. Consequently, late-onset IUGR represents a significant public
health problem and its impact on the adverse neurodevelopment outcome of this
population cannot be overestimated. The development of brain image biomarkers offers the
possibility to detect structural abnormalities long before the appearance of functional

symptoms (Huppi 2008).

Identifying fetuses at-risk for abnormal neurodevelopment in fetal medicine lays the basis to
perform specific strategies to potentially improve both pre and postnatal outcome in the
critical period of the first years of life. Simple strategies such as reinforcing breast feeding,
early stimulation, the inclusion in Newborn Individualized Developmental Care and
Assessment Programs (NIDCAP) have shown to improve neurobehavior, electrophysiology

and brain structure when compared to those receiving standard care (Als 2012).

Moreover, the implications of these results open the door to the potential implementation
of these biomarkers into other conditions in fetal medicine aiming to identify

endophenotypes more susceptible to develop neurological disorders.

We finally conclude that SGA fetuses showed differences in their cortical development and
corpus callosum microstructure and during their follow up presented worse
neurodevelopmental outcome at 2-years. Based on these results we showed that fetal brain
MRI cortical development and corpus callosum parameters have the potential value to

predict an abnormal neurological outcome. These results support the value of brain
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reorganizational changes as potential image biomarkers to identify those infants at risk for
an abnormal neurodevelopment. Further research involving long-term follow-up is
warranted to construct predictive models of abnormal neurodevelopment in fetuses with

IUGR and other fetal conditions based on their prenatal brain assessment.
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8. CONCLUSIONS

Final considerations of the contribution of this research work

With these five studies we add to the body of evidence that term small fetuses with normal
umbilical artery Doppler, present differences in their brain cortical and corpus callosum
microstructure as compared to controls. Furthermore a worse neurodevelopmental

outcome was present which correlated with their brain microstructural alterations.
In this respect, the objectives of this research have been accomplished as follows:
1. Term SGA present deeper brain fissures, smaller volumes and different asymmetries.

2. Term SGA show thinner cortex and smaller cortical volumes in the insula which

correlated to their neurobehavioral performance.

3. Small fetuses present abnormal corpus callosum morphology with smaller areas,
mainly affecting its posterior portion as shown by MRI, which was further associated

to their neurobehavioral performance.

4. These corpus callosum differences in term SGA shown by fetal MRI where also
present in the neurosonographic assessment of late-onset IUGR as compared with

controls.

5. Finally, we provided evidence that prenatal brain assessment of late-onset IUGR
correlated with their neurodevelopmental outcome at 2 years. A combination of
fetal brain imaging biomarkers can help to improve the characterization of late-onset

IUGR and identify those fetuses at risk of an abnormal neurodevelopment.

195



9. ABBREVIATIONS

IUGR Intrauterine growth restriction

SGA Small for gestational age fetus

AGA Adequate for Gestational Age

MRI Magnetic resonance imaging

NBAS Neonatal behavioral assessment scale

Bayley-lll Bayley scale for infant and toddler development

BPD Biparietal diameter

Pl Pulsatility Index

ISUOG International Society of Ultrasound in Obstetrics and Gynecology
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