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Prologue  
 

This PhD thesis comprises a general introduction, two sections written in the form of 

manuscripts, and a book chapter. The introduction sets the background for the whole group of 

studies. The first chapter is on the characterisation in terms of grey and white matter integrity, 

as well as neuropsychological, of a group of children who are now between 8 and 16 years 

old and were born preterm at risk. Although the results regarding grey/white matter are 

reported for the whole brain, this study tries to focus its attention on the possible 

abnormalities of these children in the four limbic subareas of the medial prefrontal cortex. 

Precisely because of this fact, the second chapter is an attempt on creating a 

cytoarchitectonic-based protocol that could allow the segmentation of these subareas in MRI 

scans, with the aim that such guidelines can help in the future to better understand the 

anatomical and functional features of this cortical region, the medial prefrontal cortex, which 

seems to be involved in different higher order functions such as memory.  Finally, the book 

chapter focuses on the anatomical and functional organization of the hippocampal formation, 

a region that, although widely considered as the main brain structure related with the memory 

system, has been shown to play its role together with some other cortical and subcortical 

structures, including the medial prefrontal cortex. Thus, all the chapters comprising this PhD 

thesis try to join anatomical knowledge regarding the memory system in terms of two of its 

main components, the hippocampus and the medial prefrontal cortex, as well as identify 

possible deficits linked to prematurity. 

 

Therefore, the long-term goal of this PhD thesis is not only to achieve a better understanding 

of the neuropsychological and anatomical signatures of at risk prematurity, but it also has a 

translational aim. The earlier identification with neuroimaging and neuropsychological tools 

of abnormalities in this population would alert parents and teachers and encourage the setting 

in place of appropriate remediation or rehabilitation programmes. The development of 

alternative learning strategies based on individual differences and personal needs could help 

these adolescents to reach a completely independent life. 
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SUMMARY 
 

The precise anatomical characterization of the status of a specific area of the central nervous 

system is critical to understand function and, in clinical populations, to assess the underlying 

impairment in cognition. This work constitutes an effort to contribute to both aims. In one 

hand, this set of studies aims to determine the neuropsychological status in at risk 

prematurity. A second objective is to create a tool to identify anatomically the specific areas 

of the medial prefrontal cortex (mPFC), an important region for memory function.  

 

Although the survival rates of children born preterm at risk are increasing, neurological and 

cognitive morbidity due to hypoxia/ischemia episodes at birth is still a concern. The new 

techniques in the field of neuroimaging provide increasingly more precise methods to 

establish the possible consequences of at risk prematurity in the brain, but there are questions 

still needing to be addressed at methodological, anatomical, functional, and clinical levels. 

The limbic memory system constitutes one of these unsolved problems as, although it appears 

to be vulnerable to hypoxia/ischemia, one of its central structures, the hippocampus, as well 

as the hippocampal dependent memory, are relatively preserved in preterm children, who 

seem to have executive and social problems. This study begins to address this issue by 

investigating the mPFC, the frontal component of the limbic memory system. Although this 

frontal region has been consistently related with memory, numerous studies in both animal 

models and humans, as well as functional studies, involve this area in many other higher-

order functions, such as decision-making, error monitoring, or social cognition. Part of the 

complexity of the mPFC roots not only in the existence of several architectonic subareas, but 

in the great diversity in boundary locations reported in previous anatomical and imaging 

studies. This make difficult the establishment of the distinct roles played by each one of the 

subareas, and also to determine their distinct vulnerability to the episodes of hypoxia/ischemia 

caused by prematurity.  

 

To investigate this issue, we first studied a group of 29 children who were born preterm at 

risk (gestational age<32 weeks; birth weight<1500g) and 14 age-matched term-born controls. 

Both groups were evaluated in terms of neurological and neuropsychological outcomes, as 

well as grey and white matter integrity as measured with voxel-based morphometry, tract-

based spatial statistics, and probabilistic DTI tractography. To deal with the identification of 
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the medial prefrontal subareas in histological tissue and in MRI scans, a second study was 

conducted to determine the architectonic boundaries in 11 ex vivo hemispheres processed for 

cyto- and myelo- architectonics. This second study allowed the creation of a segmentation 

protocol for the limbic medial prefrontal subareas (Brodmann’s areas 24 or anterior cingulate 

cortex, 32 or prelimbic, 25 or infralimbic, and 14) based on anatomical references, sulci 

patterns, and cortical surface lengths measured in coronal sections. This protocol was applied 

to an in vivo sample, generating probabilistic maps for each of the limbic mPFC subareas. 

Such maps allowed the anatomical identification of the location of the changes in the preterm 

group relative to the control group. Using these references, preterm children showed 

significant reductions in grey matter density in areas 14 and 25 of the mPFC and decreased 

fractional anisotropy in areas 24, 32, 14, and 25 of this region, as well as in the fornix and in 

thalamic white matter. Neuropsychologically, the children born preterm had lower IQ, 

perceptual reasoning, immediate memory for stories, and phonological fluency scores than 

age-matched controls, and they also showed learning difficulties and lower academic 

achievements. The decrease in cortical grey matter density in area 32 correlated significantly 

with lower perceptual reasoning scores. The diminished general cognitive abilities and for 

working memory in the low average and its association with changes in the mPFC and fornix 

points out to possible undetected deficits in executive components of memory in preterm 

children.  

 

A complete characterisation of these children at both neurological and neuropsychological 

levels would allow the implementation of individual strategies in order to improve their long-

term outcomes. 
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RESUMEN 
 

Una caracterización anatómica precisa del estatus del sistema nervioso central es crítica para 

entender su función y, en poblaciones clínicas, para valorar las causas de los posibles déficits 

cognitivos. Este trabajo supone un esfuerzo en esa dirección. Por un lado, pretende determinar 

el estatus neuropsicológico de una población de niños prematuros de riesgo. El segundo 

objetivo consiste en la creación de una herramienta que permita identificar anatómicamente 

las subáreas de la corteza prefrontal medial, una región que ha sido relacionada con la 

memoria.  

 

Aunque la tasa de supervivencia de niños nacidos prematuramente a riesgo está aumentando, 

la morbilidad neurológica y cognitiva de estos niños debida a episodios de hipoxia/isquemia 

en el nacimiento es todavía un problema. Las nuevas técnicas en el campo de la neuroimagen 

proporcionan métodos de estudio cada vez más sofisticados para establecer las posibles 

consecuencias de la prematuridad de riesgo sobre el cerebro, pero hay todavía preguntas sin 

resolver a niveles metodológicos, anatómicos, funcionales y clínicos. El sistema límbico de la 

memoria constituye una de estas cuestiones ya que, aunque se considera vulnerable a 

episodios de hipoxia/isquemia, una de sus estructuras centrales, el hipocampo, así como la 

memoria dependiente del mismo, están relativamente preservados en niños prematuros, los 

cuales parecen presentar deficiencias en funciones ejecutivas y sociales. Este estudio pretende 

comenzar a abordar esta cuestión investigando la corteza prefrontal medial, el componente 

frontal del sistema límbico de memoria. Aunque esta región frontal ha sido consistentemente 

relacionada con la memoria, numerosos estudios en modelos animales y en humanos, así 

como estudios funcionales, defienden el papel de este área en muchas otras funciones 

superiores tales como toma de decisiones, detección de errores o las relacionadas con 

comportamientos sociales.  Parte de la complejidad anatómica de la corteza frontal medial 

radica no solo en la en la existencia de varias subáreas citoarquitectónicas, sino también en la 

gran diversidad en cuanto a la localización de sus límites publicada en estudios anatómicos y 

de neuroimagen previos. Esto dificulta tanto el establecimiento de las distintas funciones en 

las que puedan estar implicadas cada una de estas subáreas, como la determinación específica 

de su vulnerabilidad a los episodios de hipoxia/isquemia causados por la prematuridad. 
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Para investigar esta cuestión, estudiamos en primer lugar un grupo de 29 niños nacidos 

prematuros de riesgo (edad gestacional<32 semanas; peso al nacer<1500g) y otro de 14 niños  

de edades similares nacidos a término y que fueron considerados como controles. Ambos 

grupos fueron evaluados neurológica y neuropsicológicamente, así como en términos de 

integridad de sustancia gris y blanca medida mediante voxel-based morphometry, tract-based 

spatial statistics y tractografía probabilística. Para identificar las subáreas de la corteza frontal 

medial tanto en tejido histológico como en resonancia magnética, un segundo estudio se llevó 

a cabo para determinar los límites citoarquitectónicos en 11 hemisferios ex vivo procesados 

para su análisis cito- y mieloarquitectónico. Este segundo estudio permitió la creación de un 

protocolo de segmentación para las subáreas de la región límbica de la corteza frontal medial 

(áreas de Brodmann 24 o corteza cingular anterior, 32 o prelímbica, 25 o infralímbica y 14) 

basado en referencias anatómicas, patrones de surcos y medidas de la longitud de la superficie 

cortical en secciones coronales. Este protocolo se aplicó a una muestra in vivo generando 

mapas probabilísticos para cada una de las subáreas límbicas de la corteza frontal medial, los 

cuales permitieron la identificación anatómica de la localización de los cambios del grupo de 

prematuros con respecto al grupo control. Usando estas referencias, el grupo de niños 

prematuros mostró reducciones significativas en densidad de sustancia gris en las áreas 14 y 

25 de la corteza frontal medial, y anisotropía fraccional reducida en las áreas 24, 32, 14 y 25 

de esta región, así como en el fórnix y en la sustancia blanca talámica. En la evaluación 

neuropsicológica, los niños prematuros obtuvieron menores puntuaciones que el grupo control 

en cociente intelectual, razonamiento perceptivo, recuerdo inmediato de historias y fluidez 

fonológica, así como mayor proporción de problemas de aprendizaje y peor rendimiento 

escolar. La disminución de la densidad en sustancia gris en el área 32 correlacionó 

significativamente con menores puntuaciones de razonamiento perceptivo. Las habilidades 

cognitivas generales y de memoria de trabajo cayeron en el rango medio-bajo, y la relación de 

éstas con cambios en la corteza frontal medial y en el fórnix sugieren posibles déficits no 

detectados en componentes ejecutivos de la memoria en niños prematuros.  

 

Una descripción completa de estos niños tanto neurológica como neuropsicológica permitiría 

la implementación de estrategias aplicadas de manera individual para mejorar su completa 

adaptación a la sociedad a largo plazo. 
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Abbreviations 
 
ACC  Anterior cingulate cortex 
AD  Axial diffusivity 
ADC  Apparent diffusion coefficient  
ADHD  Attention deficit hyperactivity disorder 
BOLD  Blood oxygen-level-dependent  
BPD  Bronchopulmonary dysplasia  
BW  Birth weight 
CB  Cingulum bundle 
cc  Corpus callosum 
DLPFC  Dorsolateral prefrontal cortex 
dMRI  Diffusion magnetic resonance imaging 
DTI  Diffusion tensor imaging  
EC  Entorhinal cortex  
EC   Entorhinal cortex, caudal subfield (Amaral et al., 1987) 
ECL   Entorhinal cortex, caudal limiting subfield (Amaral et al., 1987) 
EO   Entorhinal cortex, olfactory subfield (Amaral et al., 1987) 
EI  Entorhinal cortex, intermediate subfield (Amaral et al., 1987) 
ER  Entorhinal cortex, rostral subfield (Amaral et al., 1987) 
FA  Fractional anisotropy 
fMRI  Functional magnetic resonance imaging 
Fx  Fornix 
GM  Grey matter 
HF  Hippocampal formation 
MD  Mean diffusivity 
mPFC  Medial prefrontal cortex 
MRI  Magnetic resonance imaging 
MTL  Medial temporal lobe 
OBFC  Orbitofrontal cortex 
PFC  Prefrontal cortex 
Pre-OL  Pre-oligodendrocyte  
RD  Radial diffusivity 
RE  Nucleus reuniens 
ROI  Region of interest 
ROP  Retinopathy of prematurity  
RS  Retrosplenial 
rs-fMRI  Resting-state functional magnetic resonance imaging 
SMA  Supplementary motor area 
TBSS  Tract Based Spatial Statistics 
TF   area TF (von Bonin and Bailey, 1947) 
TH   area TH (von Bonin and Bailey, 1947) 
TS1   area Ts1 (Seltzer and Pandya, 1978; 1989) 
TS2   area Ts2 (Seltzer and Pandya, 1978; 1989) 
TAa  area TAa, mid portion of superior temporal gyrus (Seltzer and Pandya, 1978) 
TPO  area TPO, upper bank of the superior temporal cortex (Seltzer and Pandya, 1978) 
UF  Uncinate fasciculus 
VLPFC  Ventrolateral prefrontal cortex 
VOI  Volume of interest 
WHO  World Health Organisation 
WM  White matter 
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PREMATURITY 

Epidemiology 

In humans, a complete pregnancy lasts about 40 weeks. According to the World Health 

Organization (WHO), a birth is considered premature if takes place more than three weeks 

before is due, that is, less than 37 weeks of pregnancy. Depending on how early a baby is 

born, he or she may be: late preterm (between 32 and 37 weeks of pregnancy); very preterm 

(from 28 to <32 weeks); or extremely preterm (when the baby is born with less than 28 

weeks). Although there are some preterm births due to early induction of labour or caesarean 

delivery, most preterm births occur spontaneously for a variety of reasons including multiple 

pregnancies, infections, chronic conditions such as diabetes and high blood pressure, and even 

genetic influence can be involved. However, often no clear cause is identified. According to 

the WHO (November, 2014):  

1. Every year, an estimated 15 million babies are born preterm, and, in almost all 

countries with reliable data, this number is rising. 

2. Preterm birth complications are the leading cause of death among children under 5 

years of age. In 2013, it was responsible for nearly 1 million deaths. There are 

dramatic inequality differences in survival rates of premature babies depending on 

where they are born. This value ranges from more than 90% of deaths of extremely 

preterm babies (<28 weeks) born in low-income countries, to less than 10% of babies 

of this gestational age in high-income settings. 

3. So, around three-quarters of these deaths could be avoided with current cost-effective 

interventions like essential care during child-birth and in the postnatal period, 

antenatal steroid injections, kangaroo mother care, or antibiotics, among others. 

4. Across 184 countries, the rate of preterm birth ranges from 5% to 18% of babies born. 

In lower-income countries, the mean value reachs the 12% of the total born babies 

with the higher rates in Africa and South Asia. By contrast, in higher-income countries 

the mean value is around the 9%. Within countries, poorer families are at higher risk. 

 

Not only prematurity itself, but also low birth weight (BW) (defining by the WHO as weight 

at birth less than 2500g) is a risk factor when evaluating the future outcome of the new-born. 

In fact, low BW is considered a major predictor of prenatal mortality and morbidity, and 

recent studies report that this condition continues to be a significant public health problem 
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globally, being associated with a range of both short- and long term consequences, and 

increasing the risk for non-communicable diseases such as diabetes and cardiovascular 

disease later in life (Larroque et al., 2001; Risnes et al., 2011). Overall, it is estimated that 

15% to 20% of all births worldwide are low BW, representing more than 20 million births a 

year. Although these values have considerable variations across regions with the great 

majority of low-BW births occurring in low- and middle-income countries (28% in south 

Asia, 13% in sub-Saharan Africa, and 9% in Latin America), some high-income countries like 

Spain, the United Kingdom, or the United States1 are also faced with high rates for their 

contexts. As in the case of prematurity, there are multiple causes of low BW including early 

induction of labour or caesarean birth (for medical or non-medical reasons), multiple 

pregnancies, infections, and chronic conditions such as diabetes and high blood pressure (Kim 

et al., 2013), and more investigation regarding the causes and the possible interventions to 

reduce the morbidity of these children is needed. 

Long-term outcomes 

Physical 

Although in the last decades and due to perinatal cares the survival rates are rising, the 

morbidity of this population is still a problem all over the world. Preterm children born with a 

BW under 750g have been reported to be more likely to show cerebral palsy, motor 

disabilities, spastic paralysis, severe epilepsy, some kind of mental deficit, visual and hearing 

loss, hydrocephalus, or pulmonary fibrosis. A follow-up study of children born at 25 weeks 

gestational age or less in the United Kingdom reported that, at 30 months of age, some kind of 

impairment could be identified in around half of these infants (Wood et al., 2000). In the case 

of visual deficits, extremely low BW infants have been found to be three times more likely to 

have a vision of less than 6/60 than those born at term (Hack et al., 2002), and the effects of 

prematurity on ocular and neurological development include retinopathy of prematurity 

(ROP), strabismus, cerebral visual impairment, colour vision deficits, reduced contrast 

sensitivity, visual field defects, and decreased visual acuity (Robaei et al., 2006). Also 

respiratory problems are more common in preterm children. For example, one study has 

shown recurrent respiratory symptoms into adolescence and lung function abnormalities, 

                                                
1 March of Dimes, The Partnership for Maternal, Newborn & Child Health, Save the Children, WHO. Born too 

soon: the global action report on preterm birth. Geneva: World Health Organization; 2012 
(http://whqlibdoc.who.int/publications/2012/9789241503433_eng.pdf, accessed 13 October 2014). 
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particularly air flow limitation, in children who were born with low BW. Also the 77% of 

infants born preterm and with a BW of <1 kg develop bronchopulmonary dysplasia (BPD) 

(Greenough, 2012). 

Neuropsychological  

Although the physical consequences of prematurity can lead to important medical problems, it 

is important to note that even those children with no identifiable physical disability during 

childhood may experience some cognitive difficulties in adolescence, especially during the 

first years of school. These disorders are mainly related with anxiety and relational problems 

affecting their social adaptation (Botting et al., 1997, 1998; Horwood et al., 1998; Indredavik 

et al., 2004; Nadeau et al., 2004). In middle childhood, these children are commonly reported 

to have lower IQ scores than age-matched born-term (Wolke and Meyer, 1999; Peterson et 

al., 2000; Taylor et al., 2000; Böhm et al., 2002; Bowen et al., 2002; Ment et al., 2003), lower 

academic performance at school (Taylor et al., 2000; Böhm et al., 2002; Pharoah et al., 2003), 

and are approximately three times more likely to be diagnosed with attention deficit 

hyperactivity disorder (ADHD) than children born at term (Bhutta et al., 2002). These more 

subtle impairments contribute substantially to the needs for special education resources (Msall 

and Tremont, 2002; Saigal et al., 2003), as more than half of these children require special 

assistance in school (McCormick et al., 1996). The most common long-term potential impact 

of prematurity can be seen in table 1. 

 

Memory, in particular working memory (Anderson et al., 2004; Dyet et al., 2006), and 

attention, have been reported to be affected in preterm children. A meta-analysis has shown 

that attentional impairments are detectable across a wide range of forms including selective 

attention, sustained attention, inhibition, and shifting attention (Mulder et al., 2009), and all 

the attentional neural networks have been reported to be at some point impaired in preterm 

children. Studies using marker tasks of visual orienting and novelty preference paradigms 

have shown that after an initial period of higher alertness, infants born preterm show less 

efficient orienting and shifting of attention as well as more problems with maintaining 

anticipatory attention than infants born at term (Butcher et al., 2002; Rose et al., 2002; 

Stroganova et al., 2005, 2006a, 2006b). 
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Table 1. Most common long-term potential impacts of prematurity on survivors (WHO, November, 
2014). 

Long-term outcomes  Examples Frequency in 
survivors 

Physical deficits 

Visual 
impairment 

• ROP 
• Increased hypermetropia and 

myopia 

25% of extremely 
preterm1 

Hearing 
impairment  5-10% of extremely 

preterm2 

Chronic lung 
disease 

Respiratory problems ranging 
from reduced exercise tolerance 
to requirement for home oxygen 

Up to 40% of 
extremely preterm3 

Long-term non-
communicable 

diseases 

• Increased blood pressure 
• Increased rates of asthma 
• High rates of diabetes 
• Growth failure in infancy 

Difficult to quantify 

Neurodevelopmental/ 
behavioural effects 

Disorders of 
executive 
functions 

• Learning difficulties and 
dyslexia 

• Reduced academic achievement 
• Memory and attention deficits 

 

Global 
developmental 

delay 

• Cognitive and motor 
impairments 

• Cerebral palsy 

Dependent on 
gestational age and 

perinatal cares5 

Psyquiatric/ 
behavioural 

• Anxiety and depression 
• Relational problems 
• ADHD 

 

Family, economic, 
and social effects 

Impact on 
family and on 
health service 

• Psychosocial, emotional, and 
economic 

• Cost of cares 

Varying with 
medical factors, 
disability, and 
socioeconomic 
family status6,7 

References: 1O’Connor et al., 2007. Ophthalmological problems associated with preterm birth. Eye. 21:1254-1260. 2Marlow 

et al., 2005. Neurologic and developmental disability at six years of age after extremely preterm birth. N engl J med. 352:9-

19 ; Doyle et al., 2001. Outcome at 5 years of age of children 23 to 27 weeks’ gestation: refining the prognosis. Pediatrics 

108:134-141. 3Greenough, 2012. Long term respiratory outcomes of very premature birth (<32 weeks). Semin Fetal Neonatal 

med. 17:73-76. 4Mwaniki et al., 2012. Long-term neurodevelopmental outcomes after intrauterine and neonatal insults: a 

systematic review. Lancet 379:445-452. 5Hagberg et al., 2001. Changing panorama of cerebral palsy in Sweden. VIII. 

prevalence and origin in the birth year period 1991-94. Acta paediatr. 90:271-277. 6Singer et al., 1999. Maternal 

psychological distress and parenting stress after the birth of a very low-birth-weight infant. Jama 281:799-805. Moore et al., 

2006. Longitudinal changes in family outcomes of very low birth weight. J pediatr psychol. 31:1024-1035. 7Institute of 

Medicine of the National Academies, 2006. Preterm Birth: causes, consequences, and prevention. From 

http://www.iom.edu/reports/2006/preterm-Birth-causes-consequences-and-prevention.aspx 
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The alerting network has also shown susceptibility to prematurity, although the results 

regarding this network are not so clear, whereas some researchers found infants born preterm 

to performance less sustained attention than infants born at term (Rose et al., 2001; Sun et al., 

2003), others found no differences (Pridham et al., 2000), or even longer periods of sustained 

attention in infants born preterm than in infants born at term (Ruff et al., 1990). Executive 

attention skills are also hindered in preterm children, although with some contradictory 

findings (Ross et al., 1992; Matthews et al., 1996; Sun et al., 2003). In general, in school-age 

cohorts, the main problems showed by born preterm children seem to be related with 

inhibiting attention to irrelevant task-features or distracters more than with inhibition of a 

previously rewarded response (Espy et al., 2002; Woodward et al., 2005). However, due to 

the difficulty in detecting these subtle cognitive deficits that are not as evident as the physical 

ones, there may be a population of children whose deficiencies are not well recognized or 

underestimated, but that could have severe difficulties in young adulthood affecting their fully 

adaptation to the society (Gadian et al., 2000).  

 

Another important issue regarding these consequences is whether the negative effects of 

shorter gestational age on attention skills are due to the immaturity of the brain or to other 

related differences such as level of stress or pain (van de Weijer-Bergsma et al., 2008), or 

even to an altered vulnerability of the brain due to the concomitant hypoglycaemia (Vannucci 

and Vannucci, 1978; see Boardman and Hawdon, 2015). It is also important to understand the 

role that the genes can be playing on the different outcomes, as neuroanatomic and 

neurocognitive functions are strongly heritable (Plomin et al., 1994; Thompson et al., 2001; 

Toga and Thompson, 2005).  

DEVELOPMENT 

Brain development  

The cortex and subcortical grey matter (GM) nuclei develop during fetal life in a sequence of 

cell proliferation, migration and maturation. This leads to ≈100 billion neurons in the human 

brain at birth. However, the brain of a new born child is only one-quarter to one-third of its 

adult volume, and it continues growing and specializing according to a precise genetic 

programs, with modifications driven by environmental influences and experiences (Toga et 

al., 2006). Therefore, in all mammalian species, the histogenesis and maturation of the 

prefrontal cortex (PFC), like those of the rest of the neocortex, follow characteristic trends of 
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expansion, attrition, cell migration, and lamination that are genetically programmed, but also 

nurtured by the environment.  

 

In terms of microstructure, three distinct phases have been classically differentiated: neuronal 

division and migration, neuronal connectivity and synaptogenesis, and synaptic pruning. 

Neuronal proliferation and migration toward the outer brain surface begin at the first half of 

pregnancy, around the third month, and extend to the fifth month of gestation (Rakic, 1988). 

By the 24th week of gestation the majority of the cerebral cortical neurons have migrated 

from the proliferative dorsal telencephalic ventricular/subventricular areas using radial glia as 

a scaffold to reach their destinations (Bystron et al., 2008). Not surprisingly, this phase is 

associated with a noticeable cortical growth not only in terms of volume but also in terms of 

thickness as a result of later-arriving GABAergic interneurons from the cerebral dorsal 

subventricular zone and the ventral germinative epithelium of the ganglionic eminence 

(Volpe, 2009; Sun and Hevner, 2014). Neural connectivity spans from mid-gestation 

throughout 2 years postnatally, and at the same time, myelination induces extreme white 

matter (WM) growth. The newly formed connections induce the beginning of cortical folding. 

Synaptogenesis and organization of the cerebral cortex consist mainly of the attainment of 

proper alignment, orientation, and layering of cortical neurons, elaboration of axonal contacts, 

establishment of synaptic contacts, and selective elimination of neuronal processes and 

synapses (Goodman and Shatz, 1993; Craik and Bialystok, 2006). These processes begin 

during the prenatal period, but continue as robust processes after birth with the shifting and 

topographic refinement of branches may occurring throughout life as part of a larger 

developmental phenomenon whereby, once a topographic map is roughly established, it is 

adjusted, modified, and fine-tuned based on growth patterns but also as a result of experience 

(Fuster, 2008). Overlapping the growth and the nervous system differentiation, there is a huge 

loss of neurons and glia with a number of differentiated cells that degenerate during 

development that range from 20 to 80% depending on the brain region (Oppenheim, 1991).  

 

As human brain development progresses, synaptic density assumes an ‘adult pattern’ with 

highest cellular density in cortical layers II and III, layers which are functionally involved in 

information processing, which gives an idea about the crucial relationship between 

morphological and functional features. It is worth noting that, at molecular levels, one of the 

features of particular relevance to the potential neurological sequelae of any kind of damage 

in the new-born are the dynamic maturational processes that involve the premyelinating 
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oligodendrocytes (pre-OL), microglia, axons, subplate neurons, thalamus, cerebellum, and 

cerebral cortex during the last trimester of pregnancy. Pre-OLs develop through the 24th to 

40th weeks of gestation but do not become abundant in cerebral WM until after term. Pre-

OLs are maturation-dependent and therefore especially vulnerable to insults such as ischemia 

and inflammation that lead to excitotoxicity and generation of free radicals. Furthermore, pre-

OLs have been also pointed out as the main cellular contributor in the diffuse component of 

periventricular leukomalacia, a common injury in preterm infants (Volpe, 2009). 

 
 
 
 
 
 
 
 
Figure 1. Changes in cortical grey matter (GM) 
density in a longitudinal study. GM density is 
defined as the proportion of tissue segmented as 
GM within a 15mm diameter sphere centered at 
each point on the cortical surface. This measure 
ranges from 0 to 1 and it is highly correlated 
with cortical thickness. From Toga et al., 2006. 

 

Regarding cortical changes, the most accepted idea supports that this maturation process 

progresses at different rates from region to region of brain with the myelination of cortical 

areas in the perinatal period following a definite chronologic sequence (Flechsig, 1901, 1920). 

It seems clear that GM volumes generally declined after 6–7 years of age and continued to 

decrease during adolescence, although the underlying mechanisms for this reduction of GM 

are not completely known. While some studies support that the increasing WM volumes over 

time due to axonal myelination (Giedd et al., 1999; Bartzokis et al., 2001), may partially 

explain the observed GM loss (Benes, 1989; Benes et al., 1994), some others speculate that it 

may be driven at least partially by the process of synaptic pruning (Huttenlocher, 1979) 

together with trophic glial and vascular changes and/or cell shrinkage (Morrison and Hof, 

1997; Gogtay et al., 2004). Gogtay et al., (2004) measured GM density in children followed 

over ten years revealing a shifting pattern of GM volume loss that appeared first (at 4–8 years 

of age) in the occipital pole and in dorsal parietal and primary sensorimotor regions, 

spreading laterally over the rest of the parietal lobe, and anteriorly into dorsolateral prefrontal 

cortex (DLPFC). Lateral temporal lobes seem to be the last to mature in the posterior half of 
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the brain. According to this study, in the case of the frontal lobe, maturation progressed in a 

back-to-front direction, beginning in the primary motor cortex (the precentral gyrus) and 

spreading anteriorly over the superior and inferior frontal gyri, with the PFC developing last. 

This maturational sequence is reflected in the peak ages for maximum GM values, which 

increase as development progresses anteriorly. As a general principle, the first regions to 

mature are those associated with the most basic and primary functions, including motor and 

sensory systems, followed by parietal and temporal association cortices that allow for basic 

language skills and spatial orientation. By contrast, the last cortical areas to mature, as the 

inferior temporal cortex, parts of the superior temporal gyrus, posterior parietal cortex, and 

PFC, are the most recent phylogenetically (Fuster, 2002; Toga et al., 2006) (Figure 1). These 

areas are responsible for higher order cognitive and executive processes such as integrating 

information from the senses, attentional and sensorimotor processing, or reasoning. These 

areas include the medial prefrontal cortex (mPFC), which is well-known to be immature at 

birth as it is shown by the absence of stainable myelin sheaths around its intrinsic and 

extrinsic nerve fibres. Moreover, Gogtay et al., (2004) showed also a left-dominant 

hemisphere laterality on the maturation for right-handed children as the PFC and the inferior 

parietal cortex on the left side matured earlier than the corresponding regions on the right 

side. 

 

With age, the morphological development of the mPFC is accompanied by the development 

of its chemical neurotransmission substrate. In the human newborn, neuroepinephrine and 

dopamine are higher in PFC than in posterior association cortex, though the reverse is true for 

serotonin. After birth, cortical monoamines increase gradually to reach their maxima at about 

age 3 years, and decline thereafter, again gradually, to stabilize at adult levels. Dopamine 

concentrates more in layer III than in other layers, a fact that is important to note in view of 

the importance of this layer as the source and termination of cortico-cortical connections, and 

thus in the formation and maintenance of cognitive networks (Fuster, 2008). 

 

Although most brain-mapping studies of development have focused on the cortex, some 

others regarding structures like the corpus callosum (cc) have shown a continuous 

myelination of interhemispheric fibbers at 3–15 years of age that results in increased axonal 

conduction speed and transmission of information between the brain hemispheres (Thompson, 

2000). The results are not so clear in other subcortical structures where there are some studies 

showing a relative uniform decrease in subcortical volume with age (Sowell et al., 2007), 



Introduction	

 

  37 

while others support a progressive volume loss during childhood and adolescence in the deep 

GM nuclei, especially the caudate, but an increase in regions such as the basal ganglia, 

amygdala, and hippocampus (Thompson, 2000).  

 

In the last decades, magnetic resonance imaging (MRI) techniques have been widely used to 

try to offer new insights on the development of the brain.  Advances in MRI techniques, other 

than anatomical MRI, are offering additional perspectives on the functional development of 

the brain as well as providing a better understand of the links between changes in the brain 

and cognitive development. Also studies with functional MRI (fMRI) and fibre-mapping 

studies using diffusion tensor imaging (DTI) are emerging as tools that allows the study of 

brain development by tracking connections and following their development during 

maturation. More than restrictive to in vivo analysis, these new techniques are also promoting 

ex vivo studies, enhancing the ability to visualize the structure of brain tissue in MRI. Optical 

coherence tomography, for example, is emerging as a method to image ex vivo human cortical 

tissue, providing high-resolution imaging of cytoarchitecture with less distortion than 

standard microscopy techniques (Magnain et al., 2015). All these high-resolution MRI 

tecniques together are allowing substantial progress both in ex vivo and in in vivo analyses 

(Poldrack and Farah, 2015). However, several limitations still need to be taken into account, 

not only the ones related with technical statistical limits, but also with some anatomical 

features that can affect the interpretation of the data (Toga et al., 2006). 

Networks Development 

 Memory 

There is in general agreement that implicit memory is functional in the moment of birth while 

explicit memory does not develop until the brain further matures, around the second year of 

life. This accounts for the phenomenon known as “childhood amnesia,” or the inability to 

recollect anything before the age of three. As explicit memories develop, children achieve a 

self-reference in their everyday actions and environment creating a sense of mental “time 

travel” that allows to remember events in the past and to predict events in the future (Siegel, 

2001). Ultimately, autobiographical memory is dependent mainly on the development of the 

hippocampus and the orbitofrontal (OBFC) regions, which may not fully mature until five 

years old, when children are generally regarded as having the same capacity to form new 

memories and recollect past ones as an adult. Memory strategies seem to change in children 
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as the environment changes, for example shifting from a more passive stance to an active one 

when they start to go to school (Coffman et al., 2008). As the brain matures, so does the 

ability to form and retain explicit memories and the children develop enhanced working 

memory skills, with particular gains in perceptual analysis, construction and maintenance of 

memory traces, retention of order information, and complex working memory functioning 

(Gathercole, 1998). However, the patterns of maturation seem to be different for the different 

regions and, while visuospatial memory appears to develop rapidly up until around 11 years 

of age (Gathercole, 1998), complex working memory tasks, that load more heavily on the 

central executive function, appear to develop steadily through adolescence and adulthood.  

Attention 

An influential neuropsychological model of attention development though the entire life span 

suggested by Posner and co-workers (Posner and Petersen, 1990; Posner, 1995; Posner and 

Raichle, 1997) proposes three attention networks: the first, the alerting network, involves 

changes of state and is related to the capacity to achieve and maintain the state of alert; the 

orienting system is responsible of the movement of attention toward specific locations in the 

environment, involving a number of behavioural processes that include shifting and inhibition 

(Johnson and Tucker, 1996); finally, the executive control system is involved in the regulation 

of thoughts, feelings, and behaviour. Although these three networks are considered as 

interconnected, they have been shown to be dependent of different neuromodulatory 

mechanisms and to relay on relatively independent neuroanatomical structures. While the 

orienting system has been associated with posterior brain areas including the superior parietal 

lobe, the temporal parietal junction, and the frontal eye fields, the alerting system involves the 

right parietal and right frontal lobes, and the executive network seems to be related mainly 

with the PFC.  

In developmental terms, during the first year of life, when the orienting network becomes 

functional, much of the response to external stimuli involves orienting toward the source of 

stimulation, and the level of attention depends mostly on the novelty and intensity of the 

stimulus (Sokolov, 1963). At about the end of the first year, executive attention frontal 

structures, involving areas of the frontal cortex, begins to mature allowing for a progressive 

increase in the duration of orientation based on goals and intentions (Weissberg et al., 1990). 

The voluntary disengagement of attention requires further inhibitory skills that appear to 

emerge at about 18 months of age, when the frontal cortex is undergoing further development 
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and infants become more able to plan and self-generate the direction of their attention (Ruff 

and Capozzoli, 2003). In general, several models of attention development agree that the 

development of attention is accompanied by a gradual shift from subcortical processing to 

increasing cortical control over attention (Posner and Petersen, 1990; Posner and Raichle, 

1997; Colombo, 2001; Colombo and Richman, 2002).  

Therefore, attention and memory are functions linked to both medial temporal and prefrontal 

networks, so they are likely to be at risk when insults to these regions occur early in life. 

However, the developmental consequences that these insults can have in the adaptability of 

these children to society in the adult life are still controversial.  

HYPOXIA 

Although there are some focal ischemic damage related with prematurity due to the 

interruption of foetal maturation that leads to cerebral immaturity at birth (Saigal and Doyle, 

2008), some common injuries observed such global decreases in cortical volume and 

ventriculomegaly are clinically more attributable to hypoxic episodes. Therefore, not only the 

immaturity of the brain itself, but also the immaturity of some systems, such as the respiratory 

system, is an important factor to take into account when the risk for neurodevelopmental 

impairment is evaluated. In fact, multiple lines of evidence support that cerebral ischemia is 

often the major factor that initiates cerebral injury in very-low-BW infants (Tsuji et al., 2000; 

Volpe, 2008; Greisen, 2009; Back, 2014). The problems related with this kind of episodes can 

range from brain injury with severe neuropsychological or motor disorders such as cerebral 

palsy or periventricular leukomalacia, to lesions that are more difficult to detect in 

conventional MRI scans including those affecting to higher cognitive functions as memory or 

attention. This study has as its main target the population of preterm children that show no 

evident neurological damage, but may have nevertheless deficits in higher cognitive 

functions.  

 

The central nervous system is known to be vulnerable to a wide variety of insults including 

hypoglycemia, undernutrition, hypothyroidism, hypoxia/ischemia, infection, or inflamation. 

In preterm born, these pathologic abnormalities have been described in both GM and WM. 

The susceptibility of the preterm GM has been shown in studies employing biomarkers of 

oxidative damage that provide indirect support for preterm cerebral injury from 

hypoxia/ischemia (Haynes et al., 2003; Back et al., 2005). Surprisingly, animal models 
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studies support that this reduced growth of the cerebral cortex and some GM structures such 

as the basal ganglia can also occur in response to conditions that disrupt neuronal maturation 

without neuronal or axonal loss, explained by a significant reduction in the complexity of the 

dendritic arbor (Figure 2) (Dean et al., 2013). In the case of WM, damage is characteristically 

localized to the WM surrounding the lateral ventricles (Banker and Larroche, 1962), a region 

that is thought to be especially vulnerable to injury in these children. This is because of the 

nature of its blood supply and is particular vulnerability to proinflammatory cytokines 

triggered by stimuli such as hypoxia or infection (Dammann et al., 2002). 

 

 

Figure 2. Example of computer-assisted reconstructions of a pyramidal neuron in (A) control and (B) 
hypoxia/ischemia groups. The yellow, white, pink, green, and blue lines represent, respectively, first, 
second, third, fourth, and fifth order branches. Note that, in response to ischemia, cortical neurons 
display disrupted maturation, reflected by the less arborized dendritic arbor. The red concentric Scholl 
rings are overlaid to appreciated the relative complexity of the cells, showing that the neuron of the 
hypoxia/ischemia group intersect less frequently with the rings (C). From Back et al., 2014. 
 

Independent previous studies with animal models and post mortem human brains have shown 

distinct vulnerability between the different brain structures to hypoxia/ischemia, with the 

basal ganglia, thalamus, and hippocampus showing particular susceptibility both in animals 

(Raman et al., 2006; Golan et al., 2009; Rodricks et al., 2010) and in humans (Van Paesschen 

et al., 1997; Mañeru et al., 2003; Rutherford et al., 2004; Okereafor et al., 2008). In the 

neonatal basal ganglia and thalamus, hypoxia can induce cell loss leading to the motor 

problems of cerebral palsy and, in humans, speech problems manifesting early in life 

(Okereafor et al., 2008). Pierson et al., (2007) reported around a 40% of preterm born children 

showing neural loss and 60% with gliosis in the thalamus. In the case of the basal ganglia 

neurons, the same study showed around a 15% of neural loss in the caudate and putamen. 

Also the cerebellum has shown vulnerability to prematurity, especially in infants with very 

low BW. The neuropathological analysis of Pierson et al., (2007) identified neuronal loss (in 
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25-30% of the infants) and gliosis (30–45%) in the dentate nucleus and the cerebellar cortex, 

and also in the cerebellar relay nuclei, basis pontis, and inferior olive (neural loss in 15–20% 

and gliosis in 90-100% of the infants). Within the hippocampus, CA1/subiculum sclerosis 

seems to be the most common damage due to hypoxia, and it has been related with reductions 

in hippocampal volume and, therefore, chronic developmental amnesia in adolescents 

(Vargha-Khadem et al., 1997; Isaacs et al., 2003). In contrast to the evident and early motor 

effects due to basal ganglia and thalamus injury, damage to the hippocampus is more difficult 

to detect and leads to impairments that can be masked during the childhood, manifesting later 

in life span when the children become more independent and more reliable reporters of events 

(Gadian et al., 2000; Isaacs et al., 2003; Mañeru et al., 2003; Raman et al., 2006; Cooper et 

al., 2015). The hippocampal areas project to high-order processing areas, including mPFC 

areas 32, 24, 25, and 14 in the gyrus rectus. These projections are thought to be part of the 

limbic memory system. While projections from the hippocampal formation (mainly from 

CA1 and subiculum) terminate in parts of the mPFC and OBFC, direct connections between 

DLPFC and the hippocampus appear very limited (Aggleton et al., 2012). Therefore, apart 

from the hippocampal-mPFC/OBFC connections, there are apparently two additional distinct 

routes from PFC to the hippocampus: one via the retrosplenial (RS) cortex through the 

cingulum bundle (CB), and the other one via the thalamus, mainly implicating the anterior 

magnocellular division of medial dorsal nuclei, the anterior thalamic nuclei, and the nucleus 

reuniens (RE), that runs mainly through the fornix (Fx).  

 

Temporal-thalamic-frontal connections are thought to participate in efficient encoding, 

processing, and recall of declarative memory (Muñoz and Morris, 2009; Aggleton, 2014) 

(Figure 3). In particular, RE, which has been established as the major source of thalamic input 

to the hippocampus (Herkenham, 1978; Bokor et al., 2002), seems to be required for tasks 

that rely on both mPFC and hippocampus (Porter et al., 2000; Hembrook and Mair, 2011; 

Loureiro et al., 2012; Cholvin et al., 2013; Moser et al., 2015) as some of the mPFC effects on 

the hippocampus seem to be mainly relayed on the nucleus RE (Vertes, 2006; Vertes et al., 

2007). Due to this, several studies are nowadays pointing to the nucleus RE as the main 

coordinator of convergence and transfer of information between the hippocampus and mPFC. 

Another main objective of this PhD thesis is to better characterize the anatomical localization 

of the mPFC subareas in human brains with the view of using that to delimit these areas in 

MRI scans. This would allow a more precise anatomical localization of damage in patient 

studies or of function in the case of functional studies.   
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Figure 3. Neuroanatomy of episodic-like memory 
in nonhuman primates. The diagram summarizes 
the cortical and thalamic connections of the 
hippocampus and the entorhinal, perirhinal, and 
posterior parahippocampal cortices. From Muñoz 
and Morris, 2009. 

 

Neuroimaging 

Early neuroprotective strategies for the preterm infants have been proposed and clinical trials 

undertaken with some success (Solaroglu et al., 2003; Bierer et al., 2006; Brown et al., 2009; 

Neubauer et al., 2010; Anblagan et al., 2015), but their results are still very limited and more 

investigation is needed. Since, at least half of these children possess normal appearing brains 

when they are evaluated with conventional MRI, improving the understanding of the brain’s 

functional organization is critical to develop more effective treatment strategies. Damage not 

only to cortical regions but also to axon bundles linking them (“disconnection hypothesis”, 

Geschwind, 1965a, 1965b) underpin a wide range of neurological disorders. The 

understanding of the mechanisms underlying these deficits is important to improve the 

intervention therapeutic strategies. With this aim, in the last decades, advances in 

neuroimaging techniques have been harnessed to dissect the neural substrate of brain 

dynamics, allowing inferring in vivo the integrity of neural GM and WM in clinical and non-

clinical conditions.  

Grey matter integrity 

In terms of GM integrity, reduced cortical surface area has previously been reported in 

extremely low BW children at the age of 10 (Grunewaldt et al., 2014), adolescents (Frye et 

al., 2010), and late adolescents (Skranes et al., 2013). Although the magnitude of these 
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reductions and the precisely gyri/sulci that are affected differ between studies, the fact that 

similar cortical regions appear affected in both children and late adolescent cohorts suggests 

that the morphological abnormalities observed in these studies may not simply reflect delayed 

maturation in preterm children, but rather aberrant development leading to permanently and 

irreversible altered cortical architecture (Nagy et al., 2003).  

 

Morphometric studies have demonstrated a number of macro-structural differences compared 

to brain findings in term control infants including smaller GM, WM, and total brain volumes, 

in particular in the sensorimotor and premotor cortical regions as well as in the basal ganglia 

and the thalamus (Inder et al., 2005; Boardman et al., 2006; Nosarti et al., 2008; Fancy et al., 

2011); thinning of cc, which is reduced in size and shows abnormal morphological features, 

particularly in posterior regions; significantly reduced cortical surface area in frontal, 

temporal, posterior parietal and medial occipital regions, as well as the right anterior cingulate 

cortex (ACC) (Sølsnes et al., 2015); and enlarged lateral ventricles (Skranes et al., 1993; 

Mercuri et al., 1997; Inder et al., 1999; Krägeloh-Mann et al., 1999) (Figure 4). Furthermore, 

a study supports that perinatal risk factors seem to alter different brain structures in a distinct 

way (Thompson et al., 2007), showing OBFC and sensorimotor cortex as particularly 

sensitive to GM and WM injury, posterior reductions in volume associated with WM injury in 

the preterm group, and a more global reduction in volume across all regions associated with 

BPD. Structural MRI studies have been particularly valuable in the identification of cerebellar 

disease in premature infants showing in most of the cases a bilateral, generally symmetric, 

decrease in cerebellar hemispheric volumes at term-equivalent age or later in childhood or 

adolescence (Mercuri et al., 1997; Peterson et al., 2000; Allin et al., 2001; Messerschmidt et 

al., 2005; Johnsen et al., 2005; Parker et al., 2008).  

 

Other MRI studies have found that GM abnormalities correlate with subsequent cognitive 

deficits (Woodward et al., 2006; Thompson et al., 2007; Nosarti et al., 2008; Taylor et al., 

2011) revealing relations between poorer verbal fluency and reduced thalamic volume 

(Nosarti et al., 2004; Giménez et al., 2006), and poorer verbal memory related with smaller 

hippocampal volume in individuals born preterm (Isaacs et al., 2001). Nosarti et al. (2008) 

reported reduced GM in different cortical and subcortical regions that was associated with 

lower executive function and memory. 
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Figure 4. Three-dimensional representation of areas with decreased and increased GM (A) and white 
matter (WM) (B) volumes in very preterm individuals compared to controls at p<0.05 FEW corrected 
values. From Nosarti et al., 2014. 
 

White matter integrity 

More recently, diffusion techniques (dMRI) based on the Brownian motion of water 

molecules in brain tissues have been developed to the study of WM. In these techniques, the 

MRI signal is sensitive to the random thermal motion of water molecules. Water diffuses 

preferentially along WM fibres while structures such as cell walls and myelin restrict such 

motion. Thus, to assess the characteristics of this self-diffusion in a particular region provides 

an insight into the underlying tissue microstructure (Le Bihan, 2003) allowing to determine 

the location and direction of cerebral WM tracts and to create MRI-based quantitative maps of 

these microscopic, natural displacements of water molecules. These techniques are nowadays 

considered as critical complement to fMRI. Techniques based on fMRI have a delay of 

several seconds between the visible haemodynamic response and the onset of the neuronal 

response, which intrinsically limits the temporal and spatial resolution of the method. On the 

other side, dMRI could be used to visualize changes in tissue microstructure that might arise 

during large extraphysiological neuronal activation (Zhong et al., 1993). Changes in the 

apparent diffusion coefficient (ADC) of water during neuronal activation would probably 

reflect transient microstructural changes of the neurons or the glial cells during activation, 

which would be directly linked to neuronal events. Therefore, whereas fMRI provides 

information about the cortical areas involved in a given cognitive process, DTI allows 

generating information on the structural/dynamic wiring that determines how those areas are 

networked. DTI techniques generate maps based on the different DTI values i.e. fractional 

anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD), 
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which permit to infer the damage underlying the differences between groups. However, its 

molecular substrate is not completely understood and the biophysical interpretation of the 

DTI changes is still an issue in neuroimaging field. Reductions in FA have been associated 

with myelination deficits, axonal damage, or decreased fibre coherence (Clayden, 2013), and 

some ex vivo studies suggest that also breakdown in axonal cell membranes is expected to 

have some effect on DTI values (Beaulieu, 2002). Also some studies have related this 

increased in anisotropy with the ensheathement of axons by pre-OLs, an active process in the 

premature brain (Wimberger et al., 1995; Hüppi et al., 1998; Drobyshevsky et al., 2005; 

Counsell et al., 2006; Provenzale et al., 2007). The three eigenvalues, λ1, λ2, and λ3, have 

been shown not to necessarily reflect the same underlying structural characteristics in 

different datasets, especially in areas of low anisotropy such as GM, voxels affected by partial 

volume, or areas of crossing fibres (Wheeler-Kingshott and Cercignani, 2009), and that is 

why many authors have considered changes in AD and in RD separately in order to provide 

some distinction between different possible sources of changes. Despite of these 

methodological considerations, DTI has been already used not only to describe changes 

during normal brain maturation, but also, as it detects changes in response to brain injury, to 

characterize the effect of prematurity on WM maturation. Decreases in the water ADC could 

serve as an early indicator of brain injury relevant for initiation of neuroprotective treatments, 

although regional maturation-dependent differences in baseline diffusion coefficients need to 

be considered when interpreting injury-related diffusion abnormalities (Hüppi and Dubois, 

2006).  

 

Although results of different published studies in children born preterm agree that there is a 

relationship between prematurity and WM damage (Anjari et al., 2007; Rose et al., 2008), 

there are some authors supporting that prematurity is not necessary associated with impaired 

development of brain microstructure (Counsell et al., 2006; Bonifacio et al., 2010). Moreover, 

some authors have defined certain regional hierarchy of DTI metrics in preterm children with 

delayed WM maturation compared to infants born at term using mainly manual ROI (Hüppi 

et al., 1998; Neil et al., 1998; Partridge et al., 2005; Berman et al., 2005; Dubois et al., 2006; 

Kasprian et al., 2008), although nowadays there is a preference in using tract-based spatial 

statistics (TBSS) that allows comparisons between groups not just in a predefined region but 

in the whole brain (Anjari et al., 2007; Rose et al., 2008; Anjari et al., 2009; Ball et al., 2012). 

However, even based on the general agreement that prematurity affects WM maturation and 

taking into account the different methodologies used, the results across studies vary. 
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Functional MRI and prematurity 

fMRI studies have also shown potential associations between preterm birth, attentional 

control, and brain activation. These data relay in the indirect (although still not completely 

understood) link between local blood oxygen-level-dependent (BOLD) signal and neuronal 

activity (Logothetis, 2002). Using this technique, differences in patterns of brain activation 

and performance related to the levels of medical risk at birth, as well as environmental risk in 

infancy and early childhood, have been reported (Carmody et al., 2006). Other fMRI studies 

have revealed differences in brain activation between individuals term-born and preterm even 

in the presence of intact cognitive performance (Peterson et al., 2002; Ment and Constable, 

2007), in particular in the frontal areas, a fact that has been interpreted as a use of alternative 

strategies when challenged with higher-cognitive processing (Nosarti et al., 2006). A study 

with resting-state fMRI (rs-fMRI) showed statistically significant differences in resting state 

networks size and conFigureuration for preterm infants without significant cerebral injury 

when compared with healthy term-born control infants (Smyser et al., 2010) (Figure 5). 

 

Figure 5.  Significant differences in functional connectivity between term equivalent and term control 
infants using seed region in the thalamus. Average fcMRI correlation maps generated using a right 
thalamic seed demonstrate qualitative differences in functional connections between preterm infants 
and term equivalent PMA and term control infants in sensorymotor cortex, thalamus and brainstem 
regions. The correlation map generated for the term equivalent infants demonstrates limited functional 
connections superiorly to the sensorimotor cortex and inferiorly to the brainstem and cerebellum in 
comparison with those identified for term control infants. These patterns were confirmed thought 
direct comparisons between these populations via voxel-wise t-test. Connections between the thalamus 
and sensorimotor cortex and brainstem and cerebellum were significantly stronger in term control 
infants. From Smyser et al., 2010. 
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PREFRONTAL CORTEX ANATOMY 

Prefrontal cortex   

Prefrontal cortex (PFC) is the common designation for the anterior pole of the mammalian 

brain. Although its boundaries vary between studies due to the different methodologies and 

criteria used, not only the anatomical complexity of the PFC in terms of morphological 

features, but also behavioural, clinical findings, and experimental lesion studies have 

demonstrated that the functional homogeneity of this region is implausible (Figure 6B,C). It 

seems clear that, whatever the limits, this region can not be considered as a homogeneous 

entity (Fuster, 2008) and, thus, the PFC can be subdivided in six main regions: dorsolateral 

prefrontal cortex (DLPFC), ventrolateral prefrontal cortex (VLPFC), orbitofrontal cortex 

(OBFC), frontopolar cortex formed by the frontal pole, and medial prefrontal cortex (mPFC). 

Phylogenetically, the PFC undergoes more expansion than the rest of the cerebral cortex 

(Papez, 1929; Kappers, 1967) reaching the greatest relative size (with respect to brain size or 

body weight) in humans, which presumably is indicative of its role in higher order functions.  

 

In general, the PFC is a collection of interconnected neocortical areas working as an 

integrator of current inputs from virtually all cortical sensory and motor systems as well as 

from many subcortical sources (Figure 6A). Since the pattern of connections of a specific 

brain area is considered one of the main determinants of its function (Petrides and Pandya, 

2002), the understanding of connectivity has become an important goal. Although the human 

projections cannot be studied directly, information can be inferred from anatomical studies in 

monkeys. This kind of tract tracing studies of the PFC in primates have shown that although 

there is substantial overlap in terms of projections, each prefrontal region can be distinguished 

by its unique pattern of connections. As summarized in Figure 6A, while both VPLFC and 

DLFPC regions are closely associated with visual, somatosensory, auditory, and multimodal 

information, (Goldman-Rakic and Schwartz, 1982; Barbas and Pandya, 1989; Pandya and 

Yeterian, 1990; Petrides and Pandya, 1999), the DLPFC has preferential connections with 

dorsal visual and auditory and motor systems (Bates and Goldman-Rakic, 1993; Schmahmann 

and Pandya, 1997) and the VLPFC with ventral visual and auditory systems. In contrast, the 

OBFC and mPFC are more related with limbic structures including the medial temporal lobe 

(MTL), hippocampus, amygdala, and the diencephalon, although they also have connections 

with ventral visual, ventral auditory, and multimodal processing areas (Amaral and Price, 

1984; Goldman-Rakic et al., 1984; Barbas and Pandya, 1989).  
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Figure 6. A. Schematic diagram of some extrinsic and intrinsic connections of the prefrontal cortex. 
Most connections are reciprocal, the exceptions are indicated by arrows. From Miller and Cohen, 
2001. B, C. Cytoarchitectonic maps of the lateral and medial surfaces of the frontal lobe in (B) human 
and (C) macaque monkey brain. In C, the inset diagrams display the sulcus principalis and the upper 
limb of the arcuate sulcus opened up to show the cytoarchitectonic areas lying within their banks. 
From Petrides and Pandya, 1999. 
 

Functionally, the PFC feeds signals forward to effectors and receives feedback from them 

serving as a cognitive centre for planning, executive function, and information processing. In 

general, the frontal lobe provides the individual self-awareness to use past personal 

knowledge to understand current behaviours and to select and guide future responses to 

integrate the personal self into a social context (Miller, 1999). All these functions have been 

already investigated in the different areas in both primate and human.  

 

Briefly, studies in non-human primates have shown that lesions of the DLPFC give rise to 

severe impairments in working memory (Goldman-Rakic, 1992), and the involvement of 

DLPFC in this type of memory has been also found in humans (Petrides et al., 1993; 

Courtney et al., 1997; Cohen et al., 1997). Moreover, DLPFC seems to be related with social 

decision-making (Sanfey et al., 2003; Knoch et al., 2006) and cognitive control (Miller and 

Cohen, 2001). Regarding the VLPFC, it has long been implicated in decision making and 

emotions (Kringelbach, 2005), and patients with bilateral lesions of the VLPFC have shown 

severe difficulties in learning from previous mistakes (Bechara et al., 1994), although most of 

these patients retain normal intellect, memory, and problem-solving ability in laboratory 
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settings (Bechara et al., 1998). In contrast, mPFC, although largely unknown, has been more 

associated with memory-related skills, mainly due to its strong connections with the limbic 

region and the hippocampal formation (HF), connections that are practically inexistent with 

the latest and DLPFC and the ventromedial prefrontal region.  

 

Medial prefrontal cortex  

The mPFC comprises area 10, in the frontal pole, the medial surfaces of areas 9 and 8 that 

extend to the dorsolateral part, and the more limbic regions including area 32 or prelimbic 

cortex, area 24 of the ACC, area 25 or infralimbic cortex, and area 14 in the gyrus rectus 

(Figure 6B).  

 

Phylogenetically, there is general agreement that these limbic areas are already present in 

rodents (Kolb, 1984; Uylings et al., 2003), although the exact homologue of the human mPFC 

in rodents is still a matter of debate (Ongür and Price, 2000), and it seems to combine 

elements from the primate ACC and DLPFC (Seamans et al., 2008). In non-human primates, 

the limbic mPFC makes up a substantial portion of the PFC and is more similar to human’s, 

which has allowed the description of these areas and the existence of comparative studies. In 

both, human and non-human primates, this limbic region is characterized by prominent layers 

V and VI relative to layers II-III, and a poorly differentiated layer IV, although each mPFC 

subarea has its own distinct features (Barbas and Pandya, 1989).  

 

In regard with functionality, studies in both species consistently support the involvement of 

the mPFC in memory as well as in higher-order cognitive functions including planning, 

context and value processing, and executive functions such as decision making, working 

memory, or error monitoring (Kolb, 1990; Petrides, 1995; Goldman-Rakic, 1995; Miller et 

al., 2002; Fuster, 2008; Kesner and Churchwell, 2011) (See reviews in Bush et al., 2000; 

Euston et al., 2012). In vivo electrophysiological studies have shown that single mPFC 

neurons exhibit a variety of behavioural correlates during memory in primates and navigation 

and working memory tasks in rodents. Although there have been conflicting reports regarding 

the degree of spatial selectivity exhibited by mPFC neurons (Jung et al., 1998; Euston and 

McNaughton, 2006), its direct hippocampal input (Jay and Witter, 1991) makes reasonable to 

some authors to hypothesize that mPFC neurons could show some spatial tuning like place 

cells of the hippocampus (Griffin, 2015). Instead, the most robust feature of mPFC neurons is 
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their sustained activity during tasks that require information to be held over a temporal gap. 

Some studies have shown that mPFC neurons that show elevated activity during the delay 

period are predictive of future behaviour in primates (Chang et al., 2000; Baeg et al., 2003), 

and this persistent firing is cited as the neural signature of working memory processes 

(Goldman-Rakic, 1995; Miller et al., 2002). Rats with lesions of the hippocampus have shown 

a diminished activity in single mPFC neurons compared to control, accompanied by 

impairments in performance in a conditioned place preference tasks (Burton et al., 2009). This 

disruption of the activity suggests that hippocampal input may provide the mPFC with 

contextual information that is necessary for the selection of appropriate responses (Griffin, 

2015). 

 

 

Figure 7.  Diagrammatic representations of the medial, lateral, and ventral surfaces of the macaque 
monkey cerebral hemisphere showing bi-directional local (within the frontal lobe), and long (post-
Rolandic) association connections of areas 32 (A) and 24 (B). From Yeterian et al., 2012 (A) and 
modified from Morecraft et al., 2012 (B). 
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Tract tracing studies in primates indicate that the subareas comprising the limbic mPFC 

receive strong projections from memory related areas of the HF including the hippocampal 

field CA1, subiculum, the entorhinal cortex (EC), and area 35 of the perirhinal cortex (Figure 

7). In addition, the mPFC also receives strong projections from multisensory processing areas 

such as the rostral superior temporal gyrus and insular cortex (Barbas and Blatt, 1995; 

Insausti and Muñoz, 2001; Suzuki and Amaral, 2004). The densest HF-mPFC projection 

originates in CA1, followed by the subiculum, presubiculum, and parasubiculum (Insausti and 

Muñoz, 2001).  

 

However, and despite that these projections can be considered as common to all the mPFC 

areas, there is also a preference in patterns of connectivity between the different regions of the 

HF and the mPFC.  

 

 

Figure 7 (cont).  Diagrammatic representations of the medial, lateral, and ventral surfaces of the 
macaque monkey cerebral hemisphere showing bi-directional local (within the frontal lobe), and long 
(post-Rolandic) association connections of areas 14 (C) and 25 (D). From Yeterian et al., 2012. 
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While the rostral half of CA1 leads the projection to areas 25 and 32, the subiculum leads the 

projection to the caudal half (Barbas and Blatt, 1995; Insausti and Muñoz, 2001). The HF 

projections to area 24 are less dense compared with that to areas 32 and 25. Rostral and mid 

portions of the EC (subfields EO, ER, EI) receive projections from the most caudal parts of 

area 32 and 25, and area 24 contributes with a projection to the caudal portions of the EC 

(subfields EC and ECL) (Insausti et al., 1987; Barbas et al., 1999; Muñoz and Insausti, 2005). 

In contrast, the number of neurons projecting from EC to area 14 and to the rostral part of 

area 32 is lower (Barbas et al., 1999).  

 

In terms of differential connectivity of the mPFC subareas with other cortical areas outside 

the MTL, area 25 leads the connections with the hypothalamus and amygdala and with the 

medial part of the OBFC, but it has no direct connections with DLPFC or RS cortex. By 

contrast, area 32, apart from the projections to more differentiated dorsal trend areas 14, 10, 

and 9 medially, has strong connections with the DLPFC areas 46d and 9/46d, OBFC, and RS, 

and less so with amygdala and hypothalamus. Area 14 is also connected with the lateral part 

of OBFC and DLPFC, although its main singularity lies on its strong and specific connections 

with olfactory and gustatory structures, and with visual processing areas of the rostral inferior 

temporal region (see Yeterian et al., 2012 for a review). Finally, area 24, in addition to the 

widespread connections with areas in the inferior and superior parietal lobes, OBFC, DLPFC, 

and RS cortices, is distinct by its very strong connections with the cingulate motor, 

supplementary motor (SMA), and pre-SMA areas (Morecraft et al., 2012) (Figure 7). 

 
The limbic mPFC areas, as detailed above, receive distinct afferents from, and send efferents 

to post-Rolandic sensory association areas, to the temporal lobe, as well as to multimodal and 

paralimbic regions. These projections are conveyed by specific fibre pathways studied in 

detail, being possible to discern fibre trajectories and their specific origins and terminations in 

primates but also in humans using new MRI techniques such as DTI or tractography (Petrides 

and Pandya, 2002, 2006; Croxson et al., 2005; Schmahmann and Pandya, 2007). These new 

techniques and the comparisons with macaque studies have allowed not only to delimitate the 

tracts, but also to highlight the still problematic issue of whether the same pathways can be 

identified in primate and in humans. So far, it is assumed that, although the areal boundaries 

can be different between species in some regions, similar trends can be identified in both 

species (Croxson et al., 2005). The connections that form part of the limbic circuit important 

for memory take three main pathways: the uncinate fasciculus (UF), the CB, and the Fx.  
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The UF originates in the rostral part of the superior temporal gyrus and the superior temporal 

sulcus, the rostral part of the inferior temporal region, areas TH, TL and TF of the posterior 

parahippocampal cortex, and the perirhinal cortex and EC. The UF courses dorsally in the 

WM of the limen insulae (Petrides and Pandya, 2007) and terminates mostly in the OBFC, 

specially in the ventral trend areas 13, 11, and 47/12, in frontal area 10 as well as in mPFC 

areas 32, 14, 25, and rostral 24 (Ungerleider et al., 1989; Petrides and Pandya, 2002; Croxson 

et al., 2005; Petrides and Pandya, 2007; Schmahmann et al., 2007; Petrides and Pandya, 2009; 

Muñoz et al., 2009) (Figures 8 and 10). This pathway appears to be critical for processing 

novel information, self-regulation including the regulation of emotional responses to auditory 

stimuli (Frey et al., 2000), and recognition memory (Mishkin, 1982; Squire and Zola-Morgan, 

1991), including auditory recognition memory (Muñoz et al., 2009). These connections 

provide support for the notion that the UF enables the interaction between emotion, memory, 

and cognition (Barbas, 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8. Diagrams depicting the uncinate fasciculus (UF) as determined by the isotope (A, B) and 
DSI tecniques (C). A. Views of the medial (top), lateral, and ventral (lower) surfaces of the cerebral 
hemisphere of the rhesus monkey showing the trajectory of the UF and the areas that it links. B. 
Coronal section in rhesus monkey taken at the level indicated in A shows the location of the CB as 
blue filled areas. C. UF fibres intersecting the disc (arrow) are shown in the rostro-caudal dimension 
overlapped upon a DWI sagittal view of the cerebral hemisphere. From Schmahmann and Pandya, 
2007. 
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Other main tract, the CB, extends longitudinally above the cc and constitutes the dorsal limbic 

pathway, in contrast to the UF, which is considered as the ventral limbic fibre bundle. It 

originates from the region of the cingulate gyrus, especially the caudal portion, and from the 

adjoining RS area, including also some contingents of fibres from the inferior parietal and 

medial preoccipital regions. These fibres include connections with the DLPFC, including the 

ones that terminate in areas 9, 46d, 9/46d, 8, and 11, and with the dorsomedial areas of the 

mPFC (Petrides and Pandya, 2002; Croxson et al., 2005; Petrides and Pandya, 2006; 

Schmahmann et al., 2007; Schmahmann and Pandya, 2007) (Figures 9 and 10). CB fibres are 

connected with structures in the temporal lobe, including the parahippocampal and subicular 

cortices and the amygdala (Goldman-Rakic et al., 1984; Petrides and Pandya, 2006). The CB 

is crucial for a wide range of motivational and emotional aspects of behaviour, and is 

involved also in spatial working memory. The CB and the UF serve as prefrontal efferents; as 

area 32 sends fibres via the CB to areas 24 and 23 while the same area 32 connects via the UF 

with temporal areas Pro, TS1, TS2, TAa, and TPO (Petrides and Pandya, 2007).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 9. Diagrams depicting the cingulum bundle (CB) as determined by the isotope (A, B) and DSI 
techniques (C). A. Views of the ventral (top), medial, and lateral (lower) surfaces of the cerebral 
hemisphere of the rhesus monkey showing the trajectory of the CB and the areas that it links. B. 
Coronal section in rhesus monkey taken at the level indicated in A shows the location of the CB as 
blue filled areas. C. CB fibres intersecting the disc (arrow) are shown in the rostro-caudal dimension 
overlapped upon a DWI sagittal view of the cerebral hemisphere. From Schmahmann and Pandya, 
2007. 
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The Fx is considered not only as the principal tract linking the hippocampal region with 

diencephalic areas (mamilary bodies) and septal nuclei, but also as the link of the HF with 

some cortical areas located in the ventromedial region of the mPFC (Poletti and Creswell, 

1977; Rosene and Van Hoesen, 1977). The major region within the HF contributing to this 

tract is the rostral portion of CA3 that projects to the OBFC (Carmichael and Price, 1995), 

and prosubiculum, subiculum, and presubiculum, while CA1 projects to both mPFC and 

OBFC (Barbas and Blatt, 1995; Carmichael and Price, 1995; Cavada et al., 2000; Saunders 

and Aggleton, 2007). In humans, probabilistic tractography shows the greatest probability of 

connection with the most ventral region of the mPFC (Croxson et al., 2005) (Figure 10). This 

is in line with the primate tracing studies showing that the main pathway from the 

hippocampus to the limbic areas of the mPFC is via the Fx (Aggleton et al., 2015).  

 

Given all these differences in terms of anatomical connectivity, the mPFC has been proposed 

to be part of an executive hub for guiding memory processing and consolidation via the 

interaction with hippocampal and/or semantic memory networks including the temporal pole, 

angulate gyrus, and RS cortex (Nieuwenhuis and Takashima, 2011). Data from fMRI studies 

including both mPFC and MTL support that the acquisition of knowledge is mediated by the 

interplay mainly between the MTL and mPFC. Next to consolidation, processing in the MTL 

and mPFC, as well as interactions between these areas and other cortical regions including 

occipital, parietal, and temporal cortices, contribute to encoding (Frankland and Bontempi, 

2005; Rasch and Born, 2007; Benchenane et al., 2010). The MTL-mPFC interaction as well 

as the balance of processing between these two regions, are thought to be important during 

initial stages of knowledge acquisition, possibly contributing to differences in long-term 

memory performance, and seem to be dependent on pre-existing schema (van Kesteren et al., 

2010; Tse et al., 2011; van Kesteren et al., 2013). According to this hypothesis, mPFC serves 

to assimilate new information into a previous schema by activating the schema enabling 

integration of novel information, whereas MTL detects mismatches with a schema and serves 

to bind different parts of the memory trace into a specific episodic memory (van Kesteren et 

al., 2014).  

However, despite of the differences in terms of cytoarchitectonic features and the distinct 

connectivity between subareas, mPFC is in most of the studies considered as a whole, without 

taking into account the different subareas it comprises. Moreover, the different criteria for 

delimitation used on the investigations regarding this region makes difficult the integration 
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and comparison between their results. Therefore, the possible specific role played by each one 

of the subareas of the mPFC is still unclear. In order to be able to study the possible different 

functions in which each subarea is involved not only more specific tasks are needed, but also 

a more detail delimitation of the mPFC is critical. 

 

 

Figure 10. Quantitative results of probabilistics tractography from the UF, CB, and Fx in the human 
brain. The majority of connections from anterior temporal lobe via the UF are to orbital PFC, with a 
greater bias to central orbital areas. The majority of connections of the CB are with CS and CG. The 
Fx has a high proportion of projections to PFom. CS: banks of the cingulate sulcus; CG: cingulate 
gyrus; PFvl: ventrolateral PFC; PFdl+dm dorsolateral and dorsomedial PFC; PFom: medial orbital 
PFC; PFoc: central orbital PFC; PFol; lateral orbital PFC. From Croxson et al., 2005. 

 

SEGMENTATION 

The segmentation process started to be considered as critical in the investigation of the brain 

when non-human primates studies concluded that both the microstructure and connectional 

architecture of the cortex are the main determinants of the different functions played by each 

brain region. There is nowadays a general consensus that cortical areas, defined by their 

microstructure and/or connectivity, can be regarded as functional units of the cortex 

(Felleman and Essen, 1991; Passingham et al., 2002). Segmentation has also become one of 

the critical points to take into account when comparing between studies in both connectivity 

and functional investigations as the use of different criteria to establish the limits between 

regions might lead to differences that are more methodological than anatomical. With the aim 

of unifying criteria, some atlases like Talairach and Tournoux’s map (Talairach and 

Tournoux, 1988), which provides stereotaxic coordinates for inferring the localization of 
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architectonic cortical areas, were developed and used in many functional studies. However, 

years later, with the improvement of the MRI techniques, they have been shown to be poor 

predictors of some areas. Also automatic parcellation has been an important goal in this field 

and there are several automated and semi-automated tools available, but those methods, 

although in use, are still limited even in well-studied structures such as the hippocampus, due 

to individual differences in healthy subjects. Several studies support that nowadays the best 

way to deal with this inter-subject variability is trying to approach the anatomical location 

based on the distinct anatomical parcellation of the standard space by means of a maximum 

probability map (Zilles et al., 1997; Eickhoff et al., 2005), which show the location where a 

specific area is most likely found (Figure 11). This can be highly useful for defining regions 

of interest (ROI) or volumes of interest (VOI) for testing anatomically specified hypothesis in 

fMRI experiments (Eickhoff et al., 2006). Such maps have been published for various brain 

regions, including the motor, somatosensory, visual, auditory, and language related areas 

(Rademacher, Bürgel, et al., 2001; Rademacher, Morosan, et al., 2001) showing that the 

combination of cytoarchitectonic and functional imaging data can greatly enhance the 

structural information behind functional imaging experiments. 

 

 
 

Figure 11. Parcellations of the medial region in human brain generated by different anatomical 
atlases. (A) AAL (automated anatomical labelling), and (B) HO (Harvard Oxford) are derived from 
anatomical landmarks (sulci and gyral). (C) EZ (Eickhoff-Zilles) and (D) TT (Talairach Daemon) are 
derived from post mortem cyto- and myelo- architectonics segmentations. Note that even the atlases 
that use the same methodology show differences in terms of boundaries between areas, including the 
mPFC. From Craddock et al., 2013. 
 

In the last years, different techniques based on connectivity profiles or “fingerprints” are 

emerging as new methods useful to parcellate the cortex in vivo. Studies from monkeys have 

showed that cytoarchitectonically and functionally distinct regions of the cortex have distinct 

connectivity fingerprints (Passingham et al., 2002) that can be used to delineate subdivisions 

in primate within regions previously considered as homogenous (Vogt, 1993). Furthermore, 
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this connectivity anatomical data provide evidence about the nature of the information 

available to a region and the influence that it can exert over other regions (Griffin 2015). In 

humans, DTI and fMRI techniques have also confirmed this strong relationship between 

structure and function in some regions such as the thalamus (Behrens et al., 2003) and SMA 

and pre-SMA areas (Johansen-Berg et al., 2004). Also rs-fMRI (Biswal et al., 1995) is 

emerging nowadays as a new technique with this aim (Blackford et al., 2014; Jacobs et al., 

2014; Sami et al., 2014; Horowitz-Kraus et al., 2015; Sawaya et al., 2015). As it reveals low 

frequency BOLD spontaneous fluctuations, correlations on these fluctuations across distant 

brain areas can be interpret as functional similarities and be used for parcellation (Goulas et 

al., 2012; Yuan et al., 2015).  

However, even though more time-consuming and not totally bias-free, manual segmentation 

is still considered as the gold standard. In manual segmentation, most of the protocols are 

nowadays based on sulci and gyri patterns, but there is still controversy about whether these 

anatomical features can be consistently related with areal boundaries or not. While some 

studies have shown that the high individual variability makes probabilistic maps essential 

(Zilles et al., 1997; Amunts et al., 2007), some others support that an estimation of cortical 

regions on the basis of sulcal and gyral pattern is the best possible approximation at the 

present time (Fischl et al., 2008). In this line, there are some structures whose boundaries are 

nowadays accepted and used by most of the authors, like the already published manual-

segmenting protocol that allows hippocampal measurements in MRI scans based on sulci 

depth and shape (Insausti et al., 1998). However, these studies are not that common and many 

structures remain undelimitated. In the case of the PFC, and more specifically of the mPFC, 

its complex anatomical organization in different subareas and, therefore, difficult delineation 

using MRI or DTI-tractography results in a great variability of boundary definitions across 

studies. 

One of the studies included in this PhD thesis aims to create a method or protocol that 

integrates sulci and gyry with probabilistic maps by identifying first the anatomical 

relationships of mPFC areas with sulci, and second the frequency of sulci patterns in a large 

sample of control subject’s MRI scans.  This allows generating probabilistic maps of the 

limbic mPFC areas included in the study.  
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OBJECTIVES  

This PhD thesis roots in the need of understanding the consequences of prematurity 

associated events like hypoxia/ischemia on the grey and white matter, as well as on specific 

tracts, and, therefore, on some higher-order cognitive functions which could be related with 

mPFC dysfunction. 

The main general aim of this study is to identify abnormalities in the grey and white matter in 

MRI scans of children born preterm at risk of hypoxia/ischemia, and to correlate those with 

the neuropsychological profile. The specific objectives are specified in the following 

paragraph. The specific hypotheses, materials, and methods are included in each one of the 

sections specified below.   

 

1. To determine the incidence of problems in higher-order cognitive functions (IQ, 

memory, attention, and verbal fluency) in children who were born preterm (under 

32 weeks of gestation) and with low birth weight (less than 1500g) in the 

University Hospital of Albacete, but who have been previously classified as 

neurologically normal and without clinical findings on their MRI scans. To identify 

specific correlations between higher-order cognitive deficits and neuropathology in 

terms of grey and white matter integrity in the different mPFC subareas. These two 

objectives correspond to the section entitled: Being born pre-term creates a risk 

for alterations in white and grey matter integrity of the limbic memory system 

evaluated between the age of 8 and 16. 

2. To determine the boundaries of the limbic mPFC subareas in ex vivo tissue based 

on cytoarchitectonic and myeloarchitectonic features and identify anatomical 

references that could guide the delineation of these areas in in vivo MRI scans. This 

objective corresponds to the section entitled: Anatomical segmentation of the 

human medial prefrontal cortex.  
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Abstract 

Children born preterm are at risk of suffering hypoxia/ischemia (H/I) due to immaturity of 

their respiratory system and cognitive morbidity is a concern. High incidence of attentional 

problems and hippocampal related memory problems, although moderate, have been reported 

in children born preterm. This study aimed to investigate with structural MRI and 

neuropsychologically whether the attentional problems might be masking the memory ones in 

29 children with gestational age <32 weeks and birth weight <1500g that were neurologically 

normal and with no MRI findings as compared with 14 age-matched controls. Voxel-based 

morphometry, tract-based spatial statistics, and DTI tractography were used. The 

neuropsychology assessment protocol included tests of intelligence, attention, memory, verbal 

fluency, and behavioural questionaires. Attention and memory in the pretem cohort were 

unexpectedly at control levels. However, the children born preterm had lower IQ, perceptual 
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reasoning, immediate memory for stories, and phonological fluency scores, learning 

difficulties as judged by the school tutors, as well as lower academic achievements (p<0.05). 

The preterm cohort had reduced grey matter (GM) density in areas 14 and 25 of the medial 

prefrontal cortex (mPFC) and decreased fractional anisotropy (FA) in areas 14, 32, 24, and 25 

of the mPFC, in the fornix, and in thalamic white matter. This moderate impairment in 

general cognitive abilities, including working memory, and its association with deleterious 

changes in the mPFC and fornix points to hitherto undetected risks in former pre-terms to 

executive components of memory that may hinder their academic achievements. 

 

Key words: Preterm, medial prefrontal cortex, anterior cingulate cortex, prelimbic cortex, 

infralimbic cortex, gyrus rectus, area 24, area 14, area 32, area 25, MRI, DTI, probabilistic 

tractography.  
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INTRODUCTION 

A complete pregnancy lasts about 40 weeks in humans, sufficient time for a new-born baby to 

be neurologically sufficient at birth. According to the World Health Organization (WHO), a 

birth is considered premature if takes place more than three weeks before it is due, that is, at 

or less than 37 weeks of pregnancy. Depending on how early a baby is born, he or she may be 

extremely preterm (less than 28 weeks), very preterm (less than 28-32 weeks), and late 

preterm (32-37 weeks). The risk of neurological complications increases with weeks preterm. 

Additionally, an overlap between prematurity and low birth weight (BW) will typically result 

in an even worse outcome. In this study, we use the term “preterm” hereafter for those babies 

who were born with a gestational age (GA) under 32 weeks and with BW under 1500g. 

 

Although mortality has decreased in the last decades due to medical, pharmacological, and 

technological advances, prematurity is currently the leading cause of new-born deaths among 

children under 5 years of age (WHO, November 2014). Although the long-term outcome of 

these children is variable with even some genetic variations playing a role on it (Boardman et 

al., 2014), the morbidity of these children is still a concern throught the world. At 30 months 

of age, impairment can be identified in half of all extremely preterm infants born at 25 weeks’ 

gestational age or less, and even those with no identifiable disability may experience some 

difficulties in adolescence, with a high prevalence of learning and behavioural problems, 

especially related to attentional deficit disorders, anxiety, and relational problems affecting 

their social skills (Botting et al., 1997, 1998; Indredavik et al., 2004; Anderson et al., 2011). 

Studies have also shown memory problems with poor performance in working memory 

(Anderson et al., 2004; Dyet et al., 2006), three times more likely to be diagnosed with 

attention deficit hyperactivity disorder (Bhutta et al., 2002), and lower intelligent quotient 

(IQ) scores in preterm children compared to age-matched control children (Saigal et al., 1991, 

2000; Wolke and Meyer, 1999; Løhaugen et al., 2010). A meta-analysis has indicated that the 

IQ scores of preterm children can even decrease over time, diverging from those of full-term 

children after the age of 2 years (Aylward et al., 1989). 

 

In terms of development, preterm children are born during the third trimester of pregnancy, 

which is marked by important and complex changes in the foetal brain. Interruption of foetal 

maturation leads to cerebral immaturity at birth (Saigal and Doyle, 2008) with some local 

ischemic injuries associated specifically with prematurity. However, the most common 
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injuries observed clinically are a global decrease in cortical volume and an enlargement of the 

ventricles (ventriculomegaly) – both of which are attributable to episodes of hypoxia/ischemia 

(H/I). About half of children born preterm have normal appearance of their brains when 

evaluated clinically with conventional magnetic resonance imaging (MRI). However, 

quantitative morphometric studies have demonstrated a number of macro-structural 

differences compared to brain findings in term control infants including: smaller brain 

volumes and reduced cerebral grey matter (GM) and white matter (WM) volumes in preterms, 

in particular in the sensorimotor and premotor cortical regions as well as in the basal ganglia 

(Mercuri et al., 1997; Inder et al., 2005; Boardman et al., 2006; Nosarti et al., 2008); thinning 

of the corpus callosum (cc), which is reduced in size and shows abnormal morphological 

features, particularly in posterior regions; significantly reduced cortical surface area in frontal, 

temporal, posterior parietal and medial occipital regions, as well as the right anterior cingulate 

(Sølsnes et al., 2015); and enlarged lateral ventricles (Skranes et al., 1993; Inder et al., 1999; 

Krägeloh-Mann et al., 1999; Nagy et al., 2003). Moreover, these differences persist through 

childhood and adolescence, suggesting that the cerebral abnormalities seen in preterm infants 

are permantent (Allin et al., 2007). 

 

Regarding the episodes of H/I, studies using animal models or post mortem human brain 

tissue have shown distinct vulnerability across brain structures, with basal ganglia, thalamus, 

and hippocampus showing particular susceptibility (Van Paesschen et al., 1997; Mañeru et al., 

2003; Rutherford et al., 2004; Raman et al., 2006; Okereafor et al., 2008; Golan et al., 2009; 

Rodricks et al., 2010). Within the hippocampus, CA1/subiculum sclerosis seems to be the 

most common damage due to hypoxia, and has been correlated with reductions in 

hippocampal volume and the syndrome of developmental amnesia (Vargha-Khadem et al., 

1997; Isaacs et al., 2003). However, hippocampal volume is reduced by about 10% in preterm 

children, less than in children with developmental amnesia (>30%, Gadian et al., 2000; Isaacs 

et al., 2003). In addition, higher order functions, mediated in part by the frontal lobe, such as 

attention, social skills, and executive function have been affected in otherwise neurologically 

normal children born preterm. The extended limbic memory system includes the medial 

prefrontal cortex (mPFC), via direct connections with the hippocampus as studied in primates 

(Barbas and Blatt, 1995; Insausti and Muñoz, 2001; Muñoz and Insausti, 2005; Schmahmann 

et al., 2007; Aggleton et al., 2015). However, the consequences of hypoxia/ischemia within 

mPFC or in the anatomical pathways that connect it with the hippocampus are still unknown. 
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More recently, diffusion tensor imaging (DTI) techniques have been used to investigate WM 

and GM regions in foetus, preterm, and full-term newborn brain (Hüppi et al., 1998; Neil et 

al., 1998; Mukherjee et al., 2001; Zhai et al., 2003; Berman et al., 2005; Partridge et al., 2005; 

Dubois et al., 2006; Kasprian et al., 2008; Lebel et al., 2008). Published results regarding the 

effects of prematurity have shown delayed WM maturation in preterm born (Hüppi et al., 

1998; Hasegawa et al., 2011; Thompson et al., 2011). Studies using tract-based spatial 

statistics (TBSS) have reported an association between premature birth and more immature 

WM compared to infants born at term (Anjari et al., 2007; Rose et al., 2008). By employing 

tractography algorithms, DTI techniques have also allowed researchers to reconstruct entire 

major human neuroanatomical tracts (Poupon et al., 2000; Stieltjes et al., 2001; Mori et al., 

2002; Behrens et al., 2003) following pathways of maximum diffusion in the brain (Basser et 

al., 2000). However, while most of the DTI studies to date have focused on the cc or other 

structures that can be delineated easily, the prefrontal cortex has not been investigated in 

detail due to its complex organization and, therefore, the relative difficulty in using DTI 

tractography. Moreover, the consequences of the detected WM impairments on other higher-

order cognitive functions, which could be related to mPFC, are unknown. 

 

The main aims of this study were structural and functional. First, to determine possible 

changes in GM and WM integrity and microstructure in the MRI scans of children born very 

preterm (i.e. GA ≤32 weeks and BW<1500 g) at ages 8-16 years. Second, to discriminate 

possible memory problems from the attentional ones in this preterm cohort. It should be noted 

that inclusion criteria were very restrictive and only children classified as normal by the 

neurologist and with normal neuroradiology were included in the study.  

 

MATERIALS AND METHODS 

Participants 

The inclusion criteria for the ‘at risk’ preterm-born group were: (a) born between January 

1997 and December 2004 with a gestational age below 32 weeks; (b) BW under 1500g; (c) 

born or referred at birth to the University Hospital of Albacete. The exclusion criteria were: 

(a) neurological impairment identified at birth; (b) chromosome disorders; (c) 

neuroradiological findings. The control group was recruited in schools in the same 

demographic area, with some being relatives or friends.  
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A socioeconomic status questionnaire was used to explore possible differences between the 

two groups. Occupations were recoded into the International Standard Classification of 

Occupations (ISCO-08) adopted by the International Labor Organization (ILO), a United 

Nations specialised agency (www.ilo.org).  

Ethics 

This study was conducted according with the World Medical Association ethical principles 

for research involving human material and data (Helsinki, Finland, 1964). Ethical approval 

for this study was also granted by the local committee for clinical research at the University 

of Castilla-La Mancha (UCLM) School of Medicine, in association with the University 

Hospital Complex of Albacete (Acta 02/12). Written informed consent was obtained for all 

the participants and their parents. 

MRI acquisition and data analysis 

All participants were scanned in an Optima MR 450 W General Electric 1.5T scanner with the 

following two sequences: 1) anatomical SPGR 3D, TR: 8.5 ms, TE: 3.2 ms, TI: 400 ms, 

thickness: 1 mm, gap: 0, isotropic matrix: 256x256x256, nex: 1, acquisition time= 7.28 min; 

2) Diffusion Tensor Imaging: 20 directions, TR: 9425 ms, TE: 103 ms, angle: 90 degrees, 

thickness: 3, gap: 0, nex: 2, voxel size: 3x3x3, acquisition time= 6.45 min. A clinical 

neuroradiologist (F.M.) examined the MRI scans and no significant findings were reported 

that could confound the subsequent image analysis.  

Voxel-Based Morphometry (VBM) 

Structural data were analysed with the FSL-VBM processing stream (Smith et al., 2004; 

Douaud et al., 2007). This processing stream uses an optimized VBM protocol described 

previously (Good et al., 2001). The FSL brain extraction tool (BET) (Smith, 2002) was 

applied to all subjects’ T1-weighted images to remove non-brain tissue, FSL’s standard VBM 

processing pipeline was adopted and the processing steps were carried out using FSL version 

5.0.5 (http://www.fmrib.ox.ac.uk/fsl/). First, all brain-extracted images were segmented into 

GM, WM, and cerebrospinal fluid volume probability maps. A study-specific GM template 

was generated using randomly selected participants’ T1-weighted images. These images were 

re-registered to this GM template by nonlinear registration. The VBM protocol introduces at 

this point a modulation for the contraction or enlargement due to the non-linear component of 

the transformation depending on the Jacobian of the warp field (Good et al., 2001). After all 
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the native GM images were non-linearly re-registered to the template and modulated, they 

were concatenated into a 4D image and smoothed. The general linear model was used to 

compare voxel-wise differences in GM volume between groups. Non-parametric statistics 

were performed and results were corrected for multiple comparisons (n=5000 permutations) 

using threshold free cluster enhancement (TFCE), with age at scan, gender, and intracranial 

volume (ICV) as covariates.  

Diffusion MRI data pre-processing 

The DICOM images were converted into NIfTI format using dcm2nii tool from MRIcron 

(Rorden and Brett, 2000). DTI data were then pre-processed with the FMRIB’s Diffusion 

Toolbox (FDT, FSL, FMRIB Software Library, Oxford, UK). The DTI images were first 

registered to the non-diffusion-weighted (b0) image to minimize artefacts due to eddy 

currents distortions, and a mask was created in order to exclude non-brain voxels. The skull 

was then removed from the image using the FSL BET tool. Fractional anisotropy (FA), mean 

diffusivity (MD), λ1, λ2, and λ3 values were calculated by using the FSL DTI-FIT to fit all the 

tensors. λ1 is considered axial diffusivity (AD). The values of λ2 and λ3 were averaged in 

order to obtain radial diffusivity (RD) maps.  

Tract-Based Spatial Statistics (TBSS) 

Participants’ FA maps were aligned to a 1x1x1mm standard space, using a non-linear 

registration and the FMRIB58 image as a target. The aligned images were then used to create 

another mean FA map and a mean FA skeleton, which represented the centres of all the tracts 

common to the group. This FA skeleton was thresholded at FA>0.2 in order to include the 

major WM pathways and excluding most of the GM. Then, each subject’s aligned FA data 

were projected onto this skeleton and the resulting data were fed into voxelwise cross-

subjects. Finally, FSL’s TFCE Randomise tool was used to carry out non-parametric 

permutation-based statistical comparisons of preterm and term-born FA maps. 5000 

permutations were performed to determine significance. ICV, gender, and age at scan were 

included as covariates in the matrix. Significant voxels were classified as p<0.05 using the 

FSLview tool. Voxelwise statistics between groups were also processed for MD, AD, and RD 

data using TBSS and Randomise in the same way as for the FA data on the WM skeleton. 

 

The Randomise tool and the general lineal model were used to examine multiple regression 

between GM (VBM) and FA (TBSS) values and the neuropsychological scores of those tests 

(see below) that detected significant differences in the preterm group relative to controls. 
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Changes between preterm and control groups were considered significant at p<0.05 (corrected 

for ICV, gender, and age at scan) in the FSLview tool. 

DTI tractography 

Participants’ DTI data were pre-processed (Behrens et al., 2007) using TractoR (Clayden et 

al., 2011). Image processing steps are summarized in Figure 1. Once the TBSS analysis was 

conducted, we further analysed the anatomical pathways with decreased FA using DTI 

tractography, namely the fornix (Fx) and two other memory related control pathways 

(uncinate fasciculus, UF, and cingulum bundle, CB). In order to reconstruct these WM tracts, 

regions of interest (ROI) were manually defined on each subject's image in native space 

following the landmarks described by Catani and Thiebaut (Catani and Thiebaut, 2008) using 

FSLview. Tracts were visualized using TrackVis v.0.5.2.2 software (TrackVis.org, Martinos 

Center for Biomedical Imaging, Massachusetts General Hospital) (Wedeen et al., 2008).  

 

TrackVis uses the fibre assignment by continuous tracking (FACT) approach to reconstruct 

fibre paths. Tracking is initiated from the centre of each voxel, proceeding to follow the 

direction of water diffusivity to the next appropriate voxel, where directionality is reassessed. 

Tract end points occur when severe angular orientation changes occur suddenly or, typically, 

when the underlying value of FA falls below a pre-set threshold (Mori et al., 1999). In the 

TrackVis program, unlike in other tractography visualization software programs, no FA 

threshold is employed. Rather, an image mask is used based on the b0 image. As is customary 

for the display of WM fibre tract orientation, fibre oriented anterior-to-posterior are coloured 

green, superior-to-inferior as blue, and left-to-right as red. Fibres that have directions that are 

linear combinations of those directionalities are coloured with a corresponding combination 

of colours according to the degree to which they are oriented in each of the standard 

directions.  

 

The UF was delineated on the FA maps according to Catani and Thiebaut (Catani and 

Thiebaut, 2008) using a two-ROIs approach. The first ROI was placed in the junction 

between the frontal and temporal lobes on axial slices, while the second ROI was defined 

around the white matter (WM) of the anterior floor of the external/extreme capsule (Figure 1).  
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Figure 1. Flow diagram summarizes the processing steps used in the DTI-probabilistic tractography in 
this study for the uncinate fasciculus, the fornix, and the cingulum bundle.  
 

The Fx was also traced following the Catani and Thiebaut atlas. One single ROI was defined 

around the Fx body on the axial plane. To better visualize its entire course, additional regions 

around the fimbria (Fi) were also included in this ROI (Figure 1). 

The CB was traced likewise using axial slices. One single ROI was delineated, as it seemed 

the best way of including the short U-shaped fibres connecting adjacent gyri. When, ventrally, 

the cingulum separates into two branches, both anterior and posterior regions were defined on 

each slice (Figure 1). 

  

Once delineated, fibre number, voxel counts, and fibre length were automatically calculated 

via TrackVis. Relative fibre track density was also calculated as the ratio of the track count 

over the voxel count in the ROIs (Wen et al., 2013). Mean FA (arithmetic average of FA 

taken over all voxels comprising each fibre) of each tract was obtained using TractoR.  
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Neuropsychological assessment  

A battery of neuropsychological standardized tests was administered to both the preterm 

group and the term-born control group (Table 1). In this protocol, intelligence, general and 

everyday memory, attentional interference (STROOP), and verbal fluency were assessed with 

paper and pencil tests, while selective attention, impulsivity, and vigilance were tested with a 

computerized test (CPT-II). Behaviour and potential psychopathologies (as diagnosed in 

DMS-IV) were investigated with a set of BASC questionnaires that include a self-report 

questionnaire for participants, another for parents, and a third one for school tutors. The 

parents also filled out an everyday memory and spatial memory questionnaire (Table 1).  
 

Table 1. Neuropsychological assessment protocol  
 

Objective Test 

Intellectual capability WISC-IV (Wechsler Intelligence Scale for Children; 
Wechsler, 2003) 

Everyday and Spatial memory RBMT (Rivermead Behavioral Memory Test; Wilson, 
1985) 

General Memory TOMAL (Test of Memory and Learning; Reynolds and 
Bigler, 1994) 

Selective attention, Impulsivity, 
Vigilance 

 
CPT II (Conner ́s Continuous Performance Test; Conner ́s, 
1994)  

Resistance to interference  
STROOP (Stroop Color and Word Test; Golden, 1978) 

Phonological and semantic 
fluency ENFEN (Portellano et al., 2009) 

Behavioural questionnaire for 
participants, parents and 
teachers 

BASC/S (Behavioral Assessment System for Children; 
Reynolds and Kamphaus, 1994)  

Everyday and spatial memory 
questionnaire Sunderland (Sunderland et al., 1984)  

 

Statistics 

Statistical Package for the Social Sciences (SPSS, v.19) software was used to analyse the 

neuropsychological data. Kolmogorov-Smirnov and Shapiro-Wilk normality tests were used, 

with parametric or non-parametric statistical tests chosen appropriately. Multivariate analysis 

of variance (ANOVA) tests or Mann-Witney U tests were used and p values <0.05 were taken 

as significant.   
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RESULTS 

Participants 

Table 2.  Perinatal characteristics of the preterm group.  
 

Perinatal variables Mean (SEM) Median (IQR) 
Gestational age (weeks) 29.59 (0.33) 30 (3) 
Birth weight (g) 1185.86 (39.36) 1260 (387.5) 
Birth length (cm) 37.67 (0.49) 38 (4) 
Cranial perimeter (cm) 27.13 (0.38) 28 (2.5) 
Ventilation days 5.52 (1.39) 3 (8) 
Hospitalization days 60.86 (5.24) 60 (26.5) 

 

Of a total of 23,610 live births, 124 met the inclusion and the exclusion criteria (0.5%) and 

were invited to participate in our study. Of the 124, 41 (33%) agreed to participate. Of these 

41, 2 were excluded because they failed to arrive for the MRI scan, 2 likewise had no 

neuropsychological assessment, and there were 8 cases of poor MRI quality due to motion 

artefacts. The final study sample consisted of 29 patients (16 males, 55%) with mean age at 

scanning of 11.38 years (SD=2.82). Of the control group (N=17), 3 participants had to be 

removed from the study because of problems with MRI quality. The final control group 

consisted of 14 infants (9 males, 64%) and with mean age at scanning of 10.90 years 

(SD=2.67). Patients and controls had similar ages at scanning (t41=-0.50, p=0.62) and similar 

gender proportion (X1
2=0.32 p=0.74).  

 

 
Figure 2. Decreased grey 
matter (GM) density in the 
preterm group as detected 
with VBM is shown in 
coronal, sagittal, and axial 
views of the study-specific 
GM template (corrected 
results, p< 0.05). Changes 
in GM were observed 
specifically in the limbic 
medial prefrontal areas. A. 
Area 14. B. Area 25. See 
coordenates in the text.  
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Grey matter 

The FSL-VBM analysis with ICV, gender and age as covariates, and corrected for multiple 

comparisons, showed decreased GM density in the mPFC in the preterm group relative to 

controls (p< 0.05; Figure 2). This change was observed in areas 14 (x=48, y=83, z=23) and 25 

(x=37, y=68, z=28), according with our previous mPFC segmentation protocol (Córcoles-

Parada et al., 2015). There was no significant increase in GM density in the preterm group. 

White matter 

Fractional anisotropy (FA). After applying correction for multiple comparisons and 

using ICV, gender, and age at scan as covariates, significant differences in WM voxels 

between groups were classified as p<0.05.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Regions in the WM of the mPFC with significantly decreased FA values in the preterm 
group (corrected, p<0.05, in red-yellow). The FA skeleton (in green) shows the common voxels with 
maximal FA values. The skeleton is overlaid on the mean FA map (grey scale). Coronal (left side), 
sagittal (middle), and axial (right side) views show those voxels with significant decreased FA values 
in the mPFC of the preterm group (corrected, p<0.05, in red-yellow). A. Area 24. B. Area 14. C. Areas 
32 and 25.  
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This analysis showed significant decreased FA values in preterm born children in the WM of 

mPFC areas 14, 24, 32, and 25 (Figure 3), thalamic WM, and Fx (Figure 4). There was no 

significant increase in FA in the preterm group. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Regions within the fornix (Fx) and the thalamic (Thal) WM with significantly decreased FA 
values in the preterm group (corrected, p<0.05, in red-yellow) are shown in coronal, sagittal, and axial 
views of the WM mean FA skeleton (in green) overlaid on the mean FA map (grey scale). A. 
Precomissural Fx. B, C. Body of the Fx. D. Posterior columns of the Fx and fimbria (Fi).  
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Radial diffusivity (RD). The voxels with significant increase in RD values overlapped 

with the regions that showed lower FA values (compare Figures 3 and 4 with Figures 5 and 

6). As diffusivity in the longitudinal axes (measured as AD) and MD appeared unaffected in 

the preterm group when compared with the term-control group, this decreased WM integrity 

might be due, therefore, to increased diffusivity in the mean perpendicular axis (λ2 and λ3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 5. Regions of WM with significantly increased RD values in the preterm group relative to 
controls (corrected, p<0.05, in blue). Significant voxels are shown in coronal, sagittal, and axial 
sections. A. Significantly increased RD voxels in area 32. B. Area 14. C. Area 25. 
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Figure 6. Regions of WM with significantly increased RD values in the preterm group relative to 
controls (p<0.05, in blue). Significant voxels are shown in coronal, sagittal, and axial sections. A. 
Precomissural Fx. B. Body of the Fx and Thal. C. Posterior columns of the Fx.  
 

DTI tractography 

 
Given that significantly lower FA was detected along the Fx in the preterm group, DTI 

tractography was used to further determine the degree of integrity of this tract as compared to 

two other memory tracts that form part of the limbic memory system, but did not show 

significant microstructural changes using TBSS (i.e. UF and CB). Although both groups had 

similar mean fibre length in the Fx, the Fx in the preterm group had a significant decreased in 

voxel number (F1=10.02, p<0.01), tract number (F1=14.21, p<0.01), and fibre density 

(F1=6.17, p=0.02) compared with control levels (Figure 7). This is indicative of a possible 

reduction in connectivity between the hippocampus and the mPFC and diencephalon. No 

differences were detected for the UF and the CB. This dissociation suggests that the 

hippocampal (subiculum and CA1)-Fx connections with the mPFC and thalamus are the 
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specifically affected whereas the UF and CB that connect anatomically the mPFC with the 

parahippocampal cortex and other anterior parts of the temporal lobe are preserved. 

 

 
 

 
 
 
 
 
 
 
 
 

Figure 7. Fibre density in the control versus the preterm group in the fornix (Fx), the uncinate 
fasciculus (UF), and the cingulum bundle (CB), the three main tracts that connect the hippocampus 
with the mPFC and thalamus.  
 

Neuropsychological results 

Despite that all dimentions of attention and general aspects of memory including everyday 

memory were intact in the group with children born preterm, some tests detected problems. 

Mean data from both groups and p-values are shown in Table 2. Children who had been born 

preterm showed a mean full scale IQ that was 11 points below control levels, falling in the 

low average range. The perceptual reasoning index (WISC IV) was also below control levels. 

Two of general memory test (TOMAL) revealed poor performance in two measures of 

working-memory - immediate memory for stories and inverse letter sequencing (i.e. letters 

backward). Mean scores in phonological fluency (ENFEN) were lower in the target group 

relative to control levels. To further test the effect of the age in the neuropsychological 

performance, participants were re-grouped as age≤11years or age>12 years. No new 

significant differences were found, confirming that the performance in the battery test was 

independent of the age. 

 

Learning difficulties were reported by the teachers (BASC, F1,41=4.48, p=0.04), and academic 

results as reported by the schools were lower in the preterm group (p= 0.04, Table 2).  

 

The socioeconomic questionnaire revealed lower level of education of the mother in the 

preterm group (F1=4.59, p=0.05). This difference was of just one point in a scale from 1 
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(none) to 8 (PhD/MD) with a mean educational level (SD) in the control group of 4.85 (2.19), 

and in the preterm group of 3.11 (1.89). Mother’s educational level predicted children’s IQ in 

both groups (linear regression, R=0.42, B= 3,91, F1= 12.59, p< 0.01).  

 

In sum, general cognitive abilities as measured by the intelligence test appear to be below 

control levels, but do not fall into the pathological range. Specific cognitive abilities such as 

memory, including everyday memory, and attention are within normal levels as measured 

with the standardized tools used in this study. However, working memory, and school results 

and tutors reports indicate poorer learning levels. The mother’s level of education seems to be 

correlated with children’s performance on IQ tests.  

 
Table 3. Neuropsychological differences between preterm and control groups. 
 

Test Controls (N=14) 
Mean (SD) 

Patients (N=29) 
Mean (SD) p 

Intelligence (WISC IV)    
Full IQ 112.57 (14.33) 101.69 (16.49) 0.04 
Perceptual reasoning 109.07 (15.19) 96.97 (17.09) 0.03 
Block design 10.93 (2.53) 8.66 (3.38) 0.03 
Information 13.00 (2.22) 10.55 (3.15) 0.01 
Arithmetic 12.86 (2.51) 9.59 (3.79) 0.01 

 
General memory (TOMAL) 

   

Immediate memory for stories  14.29 (2.59) 11.93 (2.98) 0.02 
Letters Backward 12.00 (4.28) 9.41 (2.59) 0.02 

 
Executive function (ENFEN)  
Phonological fluency1 

 
 
0.05 (0.96) 

 
 
-1.03 (1.73) 

 
 
0.01 

 
Academic achievement 

 
8.47 (0.46) 

 
6.33 (1.93) 

 
0.04 

 
Behaviour at school (BASC-T) 
 Learning difficulties  

 
 
45.25 (8.15) 

 
 
52.09 (10.30) 

  
 
0.04 

1 Standard z scores.  
 

Neuropsychological assessment and grey and white matter associations 

A VBM correlation analysis with perceptual reasoning index showed a cluster of significant 

voxels in the area 32 of the mPFC (corrected, p< 0.05). It is interesting to note a similar but 

smaller cluster was found in the same area 32 for IQ (uncorrected). In contrast, WM 

correlation analysis (TBSS) showed no significant correlation of DTI parameters with any of 

the neuropsychological variables at corrected levels.  
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Gestational age, birth weight, and grey and white matter associations 

A cluster of significant voxels located in the cortex of the medial parietal lobe (area 23, x=40; 

y=40; z=53) correlated with gestational age (GA). This cluster was also present in the 

correlation with BW, although greater in extent in this case (Figure 8A). The correlation of 

BW showed an additional cluster of voxels located in the visual processing area of the caudal 

inferior temporal gyrus (x=15; y=40; z=32) (Figure 8B). 
 

 
 
 
 

 
Figure 8.  GM density 
correlation with birth 
weight as detected with 
VBM is shown in 
coronal, sagittal, and 
axial views of the study-
specific GM template 
(corrected results, p< 
0.05) A. Medial parietal 
lobe. B. Inferior 
temporal gyrus. 

 

The correlation of WM with the same perinatal variables showed only differences at 

uncorrected levels. GA correlated with FA values in the fimbria (Fi), whereas BW did so with 

the WM in the caudal ventromedial mPFC (subgenual regions of areas 24 and 32). No 

significant correlations were observed between GA, BW, hospitalization days, intensive care 

unit days, and days on ventilation and any of the neuropsychological variables. 

DISCUSSION 

The main functional result of this study was the surprisingly well preserved attention and 

memory abilities of the children born preterm and the poor performance in tests that require 

working and immediate memory as well as the learining problems reported by the tutors and 

judge by the poorer school scores relative to the control group. The main feature of our 

structural MRI results was the observed structural changes restricted specifically to the limbic 

mPFC areas 14 and 25, paralleled by changes in the fornix. DTI tractography allowed us to 

further demonstrate that the hindered parameter of this important fibre pathway was fibre 

density. No overt changes or damage was observed in the hippocampus.  
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The neuropsychological profile of the preterm group revealed preserved recognition, long-

term, visuo-spatial, and everyday memory. The different components of attention (CPT-II and 

STROOP) including vigilance, selective attention, impulsivity, and resistance to interference 

were also preserved.  However, the preterm group had a striking deficit in aspects of 

immediate or working memory – such as for stories and letter backwards. This group´s mean 

full scale IQ falls in the low average range, and had learning problems as reported by the 

school tutors and lower academic achievement as indicated by the school academic scores.  

Last, the grey and white matter correlation analyses which put these two sets of findings 

together revealed only a significant difference in a perceptual reasoning index in area 32 of 

the mPFC - a region for which structural variables also correlated with IQ at uncorrected 

levels.  

 

Study design 

In previous research, a diverse range of brain areas have been reported to be affected in 

children born preterm (op. cit.), but we suspect that at least part of these differences can be 

attributed to different methodologies. Differences in the inclusion criteria (degree of 

prematurity, local practices on the neonatal intensive care unit, and/or frequency of 

macrostructural abnormalities), heterogeneity in imaging protocols, and analysis methods, 

might influence grey matter and diffusion parameters (Ni et al., 2006). For example, some 

previous studies comparing voxel-based morphometry (VBM) results using SPM and FSL 

softwares found both disparate (Klein et al., 2010; Rajagopalan et al., 2014) or similar 

(Douaud et al., 2007) statistical parametric maps. These disagreements appear to be related to 

differences in registration and statistical approaches between the software packages. To deal 

with these issues, several key features have been taken into account in our study design in 

order to improve reliability. First, given the limited accuracy in the spatial normalization 

process of both VBM and tract-based spatial statistics (TBSS) analysis, we included a very 

constrained group, with only children whose clinical neuroradiology MRI examination 

showed no significant findings. This is especially important in the preterm group, where 

previous studies have reported structural abnormalities in MRI scans in some regions such as 

the corpus callosum or the ventricles. Therefore, the spatial normalization process can be 

considered as likely accurate, which gives support to our results. Second, and to avoid 

possible differences in grey and white matter reports that could be explained by different 

methodologies, we used the same standard FSL pipelines, statistical tools, and parameters 

(TFCE and 5000 permutations) for both analyses. Also the diffusion preprocessing in the 
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software used for DTI Tractograhy, TractoR, is based on FSL and, therefore, consistent with 

the TBSS pipeline. 

 

TBSS and Tractography 

In regard to white matter changes as analysed with TBSS, our results are in general agreement 

with previous studies that have shown microstructural white matter abnormalities reported as 

fractional anisotropy (FA) decreased values in different areas of the brain, including the 

mPFC, in preterm or low birth weight neonates (Miller et al., 2002), infants (Partridge et al., 

2004), children (Hüppi et al., 2001; Nagy et al., 2003; Constable et al., 2008), adolescents 

(Thomas et al., 2005; Skranes et al., 2007; Mullen et al., 2011), and young adults (Allin et al., 

2011; Eikenes et al., 2011). To further study the tract indicated by our TBSS results, in which 

differences between groups were found in FA values in the fornix, tractography was carried 

out on this tract, but also in the uncinate fasciculus and cingulum bundle as they are also 

essential tracts linking the mPFC with the temporal lobe and, therefore, are likely important 

for the memory system in which both regions seem to be involved. Our analysis revealed that 

the reduced fibre density of the fornix (but not on the other two tracts), used as a relative 

measurement, was the main parameter explaining differences in the preterm group. The 

precomissural fornix connects specifically the subiculum with areas 24, 14, 32, and 25 of the 

mPFC in primates (Aggleton et al., 2015) and presumably in humans. Our results suggest then 

that this specific pathway is affected in preterm children, whereas the entorhinal and 

parahipocampal cortices projections might be preserved, as they travel via the uncinate and 

the cingulum bundle, the two tracts that are preserved.  

 

We did not observe any correlation between the DTI values of these tracts and any of the 

neuropsychological values. This disagrees with some previous studies, although, as in the 

case of the grey/white matter integrity analysis, the correlations reported by other 

investigations are not present a coherent picture as they vary between studies. Our 

neuropsychological protocol was based in standardised tests and perhaps this was not 

sensitive enough to subtle deficits in executive and memory function. Nevertheless, reduced 

FA values in the fornix have been associated with lower scores in tests of verbal memory and 

recall in healthy adults (Nestor et al., 2007), and poorer verbal memory performance, 

although in a relationship that was dependent on thalamic volume (Kern et al., 2014). Along 

the same lines, decreased FA values in the uncinate fasciculus have been linked with spatial 

memory deficits (Kern et al., 2014), visual processing speed, sustained attention, and verbal 
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memory (Mesaros et al., 2012), and with episodic verbal memory function (Fink et al., 2010). 

Data seems to show certain laterality with the left side being associated with verbal memory 

function and the right side being mainly related with spatial memory (Diehl et al., 2008). 

Decreased FA values have been identified in both the fornix and the uncinate fasciculus in 

autism spectrum disorder patients (Poustka et al., 2012). Regarding the cingulum bundle, FA 

values have been reported to be associated with verbal memory (Ezzati et al., 2015) and 

executive function (Sasson et al., 2013; Lin et al., 2014). This tract has been previously found 

to be associated with attention in a number of populations (Mabbott et al., 2006; Bennett et 

al., 2012; Klarborg et al., 2013; Peters et al., 2014) including preterm children (Murray et al., 

2016). It is likely that, in addition to standardised tests, more specifically designed 

experimental tasks would be more able to tap in to the components of those complex 

cognitive functions such executive function and memory. This calls for further research on 

the different functions of memory-related tracts. 

 

Limitations of TBSS  

Despite the large number of studies showing a well-demonstrated link between prematurity 

and decreased FA values, some others have reported that prematurity is not associated with 

impaired development of brain microstructure (Bonifacio et al., 2010). Regarding the 

methodology, although TBSS is considered an objective method and is being widely used to 

compare at the level of the whole brain, results are difficult to interpret in terms of biological 

signature. For example, the interpretation and translation of anisotropy changes into specific 

tissue changes at microstructural and physiological levels such as the biophysical substrate of 

this technique is not completely understood yet (Johansen-Berg, 2010; Pandit et al., 2013). 

Reductions in FA values have been associated with myelination deficits, axonal damage, or 

decreased fibre coherence (Clayden, 2013), and some ex vivo studies suggest that also 

breakdown in axonal cell membranes is expected to have some effect on diffusion tensor 

imaging (DTI) values (Beaulieu, 2002). The three eigenvalues, λ1, λ2, and λ3, have been 

shown not to necessarily reflect the same underlying structural characteristics in different 

datasets, especially in areas of low anisotropy such as grey matter, voxels affected by partial 

volume, or areas of crossing fibres (Wheeler-Kingshott and Cercignani, 2009), and that is 

why many authors have considered changes in axial (AD) and radial (RD) diffusivities 

separately in order to provide some distinction between different possible sources of changes. 

Taking these limitations into account and to further investigate the observed reduction in FA 

in the TBSS analysis, we also considered the three eigenvectors of the DTI scans. Our 
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analysis revealed that regions with decreased FA showed increased RD values. This increased 

in RD have been reported previously in prematurely born children and seems to be explained 

by myelin disturbances and reduced axonal density. By contrast, we found no differences in 

AD nor mean diffisivity (MD), which disagree with studies reporting elevated both RD and 

AD in several WM regions in preterm born (Counsell et al., 2006). However, further studies 

are being carried out to refine the interpretation of these techniques and DTI values (Clayden, 

2013).  

 

Prematurity and neuropsychology 

Other limitation to take into account is that is not still clear whether extremely premature birth 

itself is the most important determinant of adverse brain development. While some studies 

have shown decreased FA in preterm children associated with poorer outcome (Counsell et 

al., 2002; van Kooij et al., 2012), some other support that other factors combined with 

gestational age are better predictors of outcome than gestational age at birth alone (Tyson et 

al., 2008).  In our study, none of the studied perinatal variables nor FA have been found to be 

related with any of the neuropsychological values.  In this line, more investigation is needed 

to highlight the role that different perinatal variables could be playing in the morbidity due to 

prematurity.  

 

Regarding the battery of tests used in this study, our neuropsychological protocol seems to tap 

on the lower general cognitive abilities of the preterm group (IQ), which is in agreement with 

previous studies that have shown these lower scores even applying different methods such as 

a non-verbal test without any time limits (Tideman 2000), or a data-based home-developed IQ 

tests (Weisglas-Kuperus et al., 2009), instead of the standard WISC test used in our study. 

Regarding the WISC subtests profile, our study has detected differences between groups in 

arithmetic, information, and block design, which is in general agreement with some previous 

studies (Løhaugen et al., 2010). In particular, arithmetic subtest has been described as a 

multifaceted test that requires mathematical and working memory skills among others (Tulsky 

2003), and mathematical problems have been previously found to be especially common in 

preterm children, even when controlling for IQ and neurodevelopmental disorders such as 

cerebral palsy (Taylor et al., 2009). Statistical differences on the block design subtest, which 

seems to be one of the most sensitive subtests to clinical conditions, are also in accordance 

with previous findings of several studies reporting primary problems in preterm born related 

to perceptual organization tasks (Hack et al., 2002; Tulsky 2003; Kulseng et al., 2006). 
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Although is assumed that measured intelligence remains fairly stable after the age of 5 years 

in normal individuals (Zigler et al., 1984), some studies examining the ‘absolute stability’ of 

IQ scores have pointed out that IQ standard tests can show an increase in scores with age 

(McCall et al., 1973). To avoid this possible issue, in our study, participants were re-grouped 

as age≤11years or age>12 years, which resulted in no new significant differences. 

 

Our preterm group has also shown lower scores in the TOMAL test, which has been proven 

as a well-established memory battery for children and adolescents. In particular, our sample 

has shown lower values in the memory for stories and letters backwards subtests. The first 

measures semantic and sequential recall while the second taps into working memory (Ramsay 

and Reynolds, 1995), both measurements that can be related with prematurity, which is in 

agreement with our results, although some studies have found no differences on it when 

compared with control term-born children (Fazzi et al., 2009). The Rivermead behavioural 

memory test has proved to be a very sensitive tool for everyday memory problems typical of 

amnesia in children (Vargha-Khadem et al., 1997). However, although our 

neuropsychological protocol regarding memory has been extensively used to determine 

hippocampal dependent memory problems in children and young adults (Vargha-Khadem et 

al., 1997), this group of children did not show hippocampal damage or hippocampal-

dependent memory problems. As our results were indicative of a reduction of the 

hippocampal-frontal connections via the fornix, perhaps our protocol should have included a 

test of memory consolidation that included some mPFC component to detect some specific 

deficit in tasks such as schema dependent. However, this is still underdeveloped.  

 

Mother’s educational level significantly differs between preterm-born and term-born groups, 

so lower educational level seems to be a risk factor for prematurity. The correlation between 

this parameter and children’s IQ indicates that it can be considered as a good predictor of the 

long-term outcome, although further explorations of larger samples are needed to completely 

define this link.  

 

Regarding attention, it seems preserved in our preterm group, which is in disagreement with 

some previous studies reporting deficits in the attentional network in preterm children 

(Mulder et al., 2009). The components that we have assessed are basic elements of the 

attentional set of networks, but more complex executive functions that are more dependent of 

prefrontal cortex should be assessed in order to get a better description of these problems.  
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CONCLUSIONS 

This study shows differences in a constrained group of preterm children at ages 8 to 16 years 

when compared with a term-born age matched control group. These differences are reported 

in terms of grey and white matter integrity in regions that comprise mPFC and fornix, a 

memory-related tract, but also in terms of neuropsychological variables including full scale 

IQ, attention, and memory. This is indicative of subtle cognitive problems that could be 

linked to mPFC grey and white matter abnormalities. However, more investigations using 

new diffusion methods with improved spatial resolution and less susceptible to physiological 

noise are essential to completely understand these changes, as well as the perinatal variables 

that can be involved in the morbidity due to prematurity. 
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Abstract 

Memory, among many other higher order functions, has been attributed to the limbic medial 

prefrontal cortex (mPFC) (i.e. prelimbic area 32, cingulate area 24, infralimbic area 25, 

prelimbic area 32, and area 14). This study aims to provide a tool for anatomical segmentation 

of these mPFC subareas in humans to better understand their structural and functional 

organization. To identify and quantify the anatomical references that could guide the 

delineation of mPFC, we MRI scanned 11 ex vivo hemispheres and processed them for cyto- 

(Nissl stain) and myelo-architectonic (Gallyas silver stain) analysis. Architectonic boundaries 

of mPFC areas and sulci were identified, cortical surface length of mPFC areas was obtained 

in coronal sections, and two-dimensional unfolded maps generated to determine the most 

consistent anatomical sulci-area associations. This provided us a protocol for the delineation 

of mPFC subareas. To create a tool for group analysis, this protocol was applied to a sample 

of in vivo MRI scans (N=51, males, mean age=24.1 years, SD=3.1) and probabilistic maps 

were generated and transferred to MNI space. Results showed: a) area boundaries identified in 
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ex vivo were most consistently associated with the cingulate sulcus and superior rostral 

sulcus; b) relative volumes of mPFC areas and sulci patterns were similar in ex vivo and in 

vivo; c) probabilistic maps of mPFC areas were successfully generated and are available in 

MNI space. These results provide a useful tool to investigate mPFC areas in post mortem 

molecular and in vivo neuroimaging studies at both individual and group levels.   

 

Key words: Medial prefrontal cortex, anterior cingulate cortex, prelimbic cortex, infralimbic 

cortex, area 24, area 32, area 14, area 25, MRI, structural segmentation. 
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Abbreviations 
 
ACC   Anterior cingulate cortex 
AC-PC   Anterior-Posterior commissure  
apos  Anterior parolfactory sulcus  
BA  Brodmann’s area 
BOLD  Blood-oxygen-level dependent 
cc  Corpus callosum 
CG  Cingulate gyrus 
cs  Cingulate sulcus 
CSL  Cortical surface length   
DLPFC  Dorsolateral prefrontal cortex 
fMRI  Functional magnetic resonance imaging 
ics  Intracingulate sulcus  
ICV  Intracranial volume 
IL  Infralimbic 
irs  Inferior rostral sulcus 
mPFC   Medial prefrontal cortex 
MRI  Magnetic resonance imaging 
OBFC  Orbitofrontal cortex 
os  Olfactory sulcus 
pcs  Paracingulate sulcus 
PFC  Prefrontal cortex 
PL  Prelimbic 
ROI  Region of interest 
srs  Superior rostral sulcus 
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INTRODUCTION  

The use of tools based on structural segmentation, anatomical connectivity, and function is 

critical for the establishment of the structural status or function of a human brain area at the 

group or individual level. This study proposes an anatomical segmentation tool for assessing 

either manually or automatically the medial prefrontal cortex (mPFC). We aim at developing 

a method that would potentially increase anatomical precision, and therefore, the 

understanding of mPFC function based on functional, structural MRI, and molecular data.  

 

The mPFC, located in the medial surface of the frontal lobe, includes a diversity of 

architectonic cortical areas. The limbic region of the mPFC includes area 32 or prelimbic 

cortex, area 24 of the anterior cingulate cortex (ACC), area 25 or infralimbic cortex, and area 

14 in the gyrus rectus (Figure 1). There is general agreement that these limbic mPFC areas are 

already present in rodents (Kolb, 1984; Uylings et al., 2003), although in the rodent, it seems 

to combine elements from the primate ACC and the dorsolateral prefrontal cortex (DLPFC) 

(Seamans et al., 2008). In primates, the limbic mPFC makes up a substantial portion of the 

prefrontal cortex (PFC) and is characterized by prominent layers V and VI relative to layers 

II-III and a poorly differentiated layer IV, although each mPFC subarea has its own distinct 

features (Barbas and Pandya, 1989). 

 

In addition to a shared cytoarchitecture, limbic mPFC areas have some similarities in terms of 

anatomical connections. Primate neuroanatomical tracing data provides insights with respect 

to both shared and differential connectivity. First, in addition to rich intrinsic connections, the 

shared connections include those with area 35 of the perirhinal cortex, entorhinal cortex, and 

CA1/Subiculum, presubiculum, and parasubiculum (Barbas and Blatt, 1995; Insausti and 

Muñoz, 2001; Suzuki and Amaral, 2004), rostral superior temporal gyrus including the 

temporal pole (Barbas and Blatt, 1995; Muñoz et al., 2009), and insular cortex (see review in 

Yeterian et al., 2012; Morecraft et al., 2012). In terms of differential connectivity (Yeterian et 

al., 2012), area 32 has strong connections with the lateral orbitofrontal (OBFC), DLPFC, and 

retrosplenial cortices, and less so with amygdala and hypothalamus. Area 24, in addition to 

the widespread connections with areas in the inferior and superior parietal lobes, OBFC, 

DLPFC, and retrosplenial cortex, has very strong connections with the cingulate 

supplementary motor and premotor areas (Morecraft et al., 1992). Area 14 has the singularity 

of strong and specific connections with olfactory and gustatory structures, and with visual 
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processing areas of the rostral inferior temporal region. Area 25 leads the mPFC connections 

with the hypothalamus and amygdala (Rempel-Clower and Barbas, 2000; Aggleton et al., 

2015) and with the medial part of the OBFC. It is interesting to note that area 25 has weak to 

no connections with DLPFC and retrosplenial cortices.   

 

 
 

Figure 1. Medial view of the human brain illustrates the approximate location of the limbic mPFC 
areas (delimitated by dashed lines) and the sulci of reference: paracingulate sulcus (pcs), cingulate 
sulcus (cs), superior rostral sulcus (srs), inferior rostral sulcus (irs), anterior parolfactory sulcus (apos).  
 

Thus, given that the areas comprising the limbic mPFC differ in terms of cytoarchitectonics 

and connectivity, it is reasonable to expect differences in terms of function. In primates, 

lesion and connectivity studies show that the limbic areas of the mPFC together with the 

hippocampal formation and diencephalon form part of the limbic system critical for 

declarative memory (Bachevalier and Mishkin, 1986; Aggleton and Brown, 1999; Insausti 

and Muñoz, 2001; Muñoz and Insausti, 2005; Muñoz and Morris, 2009; Griffin, 2015). In 

humans, initial functional MRI (fMRI) data show that while the hippocampus is important 

during the acquisition of novel information, the limbic mPFC appears engaged in schema-

dependent memory formation, consolidation, and retrieval (Nieuwenhuis and Takashima, 

2011; van Kesteren et al., 2013). Given the anatomical and functional connectivity of the 

limbic mPFC, it has been suggested that it forms part of an executive hub for guiding memory 
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processing and consolidation via the interaction with hippocampal and/or semantic memory 

networks including the temporal pole, angular gyrus, and retrosplenial cortex (Nieuwenhuis 

and Takashima, 2011). However, the mPFC is made of several anatomically areas, and 

memory is just one of several functions that have been associated with it. Diverse cognitive 

and affective functions attributed to the mPFC range from executive control (Bush et al., 

2000), decision-making and context and reward-guided learning (Bechara et al., 1998, 2000; 

Rushworth et al., 2011; Euston et al., 2012), error processing (Holroyd and Coles, 2002), 

social cognition (Amodio and Frith, 2006), and motor control (Paus, 2001). In addition, 

changes in ventral mPFC have been associated with affective disorders (Drevets et al., 1997). 

While there are efforts in trying to dissociate functions within the subareas of the mPFC, we 

are still far from understanding its different functions. Anatomical identification of the mPFC 

areas and accordingly, a more concerted segmentation is critical to better understand the 

potential division of labor between the different mPFC areas in humans.  

 

There are some atlases that provide stereotaxic maps for inferring the architectonic 

localization of patterns observed in blood-oxygen-level dependent (BOLD) signals from 

fMRI. One of the most accepted is the one developed by Talairach and Tournoux that, 

although has been extensively used for estimating cortical areas (Lancaster et al., 1997, 2000), 

it has been shown to be a less then ideal predictor of some areas, including higher order 

cortical areas (Amunts et al., 1999b, 2005). With the emergence of new brain mapping 

techniques, the link of areal segmentations of the brain with classic maps based on 

architectonics, thereby generating large-scale probabilistic atlases has been attempted 

(Rademacher et al., 2001; Roland et al., 2001; Van Essen, 2002). The two principal types of 

methods for automatic segmentation of regions on the whole brain are volume-based and 

surface-based. Examples of volume-based cortical labeling tools include protocols developed 

at the Center for Morphometric Analysis at the Massachusetts General Hospital (Caviness et 

al., 1996), the Montreal Neurological Institute (Petrides, 2011), UCLA’s Laboratory of 

Neuroimaging (Shattuck et al., 2008), as well as the IOWA (Crespo-Facorro et al., 2000) and 

AAL (Tzourio-Mazoyer et al., 2002). Some examples of surface-based human cortical 

labeling protocols are the “Mindboggle-101” dataset (Klein and Tourville, 2012), Desikan–

Killiany (Desikan et al., 2006) and Destrieux protocols (Destrieux et al., 2010) used by the 

FreeSurfer brain analysis software (Dale et al., 1999; Fischl et al., 1999, 2001, 2002). 

However, in the case of the PFC, probabilistic maps have been introduced to assess 

interindividual variability, but such maps are only available for a few regions within the 
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lateral frontal cortex (Rajkowska and Goldman-Rakic, 1995; Amunts et al., 1999a; Goulas et 

al., 2012), and not for mPFC Only recently, probabilistic maps based on ex vivo brains of the 

subgenual parts of areas 32, 24 and 25 of the mPFC have been provided to be used as 

templates for regional specific fMRI analysis (Palomero-Gallagher et al., 2015).  

 

This study roots in the need of an anatomical segmentation protocol of the limbic mPFC areas 

(24, 32, 25, and 14, see Figure 1) that can allow region/s of interest (ROI) analysis applicable 

in ex vivo molecular, structural MRI, and fMRI data. This work provides such a protocol for 

two main uses: one aims at detecting individual differences in ex vivo molecular and structural 

MRI using anatomical guidelines for identification and semiautomatic segmentation of mPFC 

areas, while a second one provides probabilistic maps in MNI space for group analysis in 

regional specific structural/fMRI studies.  
 

MATERIALS AND METHODS 

Ethics 

This study was conducted according with the World Medical Association ethical principles 

for research involving human material and data (Helsinki, Finland, 1964). Ethical approval 

for this study was also granted by the local Committee for Clinical Research at the University 

of Castilla-La Mancha (UCLM) School of Medicine, in association with the University 

Hospital Complex of Albacete (Act 02/12). Ethical approval was granted by the Medical 

Faculty of the University of Munich (Germany) for the in vivo MRI study. 

Ex vivo cases and MRI acquisition 

A total of 11 hemispheres from the body donor program at the Department of Anatomy, 

University of Castilla-La Mancha. Brains were scanned and histologically processed in this 

study. All of them were obtained from neurologically intact individuals who had no evidence 

of vascular damage or other neuropathological findings that could mislead in the 

identification of the cytoarchitectonic boundaries of mPFC cortical areas. Both hemispheres 

were available in 3 cases, while just the right hemisphere was available in 3 cases, and the left 

in 2 cases. Demographic data should go here. 

Images of the ex vivo brains were obtained with a 1.5T Optima MR 450W from General 

Electric. The sequence consisted on a T1, 3D, volumetry SPGR. The initial parameters (TR: 

8.5 ms; TE: 3.2 ms; TI: 400 ms; slice thickness: 1 mm; gap: 0; isotropic matrix: 
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256x256x256; nex: 1; resolution 1x1x1, acquisition time= 7.28 min) were modified to 

optimize image quality in each case. One case was scanned at 3T with a similar sequence 

leading to a 1x1x1 mm resolution.   

Tissue preparation 

Brains were fixed as described previously (Insausti et al., 1995). Briefly, the brains were 

extracted and fixed by immersion in 10% buffered formalin. One of the cases was fixed by 

perfusion with an intracarotid perfusion that consisted in 21% of saline at room temperature, 

followed by cold 4% buffered paraformaldehyde at 40 C.  

Frontal lobes were dissected from the rest of the hemisphere by a perpendicular cut to the 

anterior and posterior commissures (AC-PC) axis. In this study, PFC was defined as the 

region extending from the frontal pole as far caudal as a perpendicular line to the AC-PC axis 

placed at the caudal boundary of area 25. The medial surfaces were photographed in order to 

study the sulci patterns. In one case, this view was not available because the brain was 

processed with both hemispheres joined by the corpus callosum (cc). Coronal blocks of 1 cm 

thickness were dissected, equilibrated with 30% sucrose in buffer, frozen, and cut at 50 µm 

thickness in a microtome coupled to a freezing unit. A one-in-10 series of sections were 

mounted for Nissl staining with thionin (Merck, Darmstad, Germany) and used for 

cytoarchitectonic analysis. Another one-in-10 consecutive series of sections were stained 

according to Gallyas (Gallyas, 1971) protocol and used for myeloarchitectonic analysis. 

Storage of human brain tissue was carried out as described previously (Insausti et al., 1995).  

Cytoarchitectonic analysis 

Figure 1 summarizes the approximate location of the mPFC areas included in this study. 

Cytoarchitectonic boundaries were identified microscopically in Nissl stained sections with 

an Olympus BX51 equipped with a digital videocamera (QImaging FAST 1396, Surrey, BC, 

Canada) and an image analysis system (Bioquant Nova, R&M Biometrics Inc., Nashville, TN, 

USA), and photographed with a camera (Nikon DS-Fi1) at a magnification of 1x. 

 

We have used the nomenclature from the comparative studies of human and rhesus monkey 

by Petrides and Pandya (Petrides and Pandya, 1999, 2002) based on the original Brodmann’s 

parcellations and modified based on our own observations and following the primate work of 

Walker (Walker, 1940). This nomenclature is in accordance with the recent work of 
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Morecraft (Morecraft et al., 2012) about the ACC and the premotor adjacent areas in rhesus 

monkey.  

 

In order to assess the inter-individual variation in sulcal patterns, unfolded maps were 

constructed as unbiased representations of the limbic mPFC in each case, following the 

procedure described by Van Essen and Maunsell (Van Essen and Maunsell, 1980), although 

with the modification of unfolding the pial surface instead of layer IV. For this purpose, in all 

hemispheres, Nissl-stained coronal sections through the limbic mPFC areas were 

photographed at a regular interval of 2mm. Architectonic boundaries and fundus of sulci were 

used as landmarks. The unfolded maps made possible comparisons across all cases in terms of 

sulci and boundaries. Sulci were then used as the anatomical references to align each Nissl-

stained with the corresponding coronal ex vivo MRI image. Once the sulci were identified in 

the MRI scans, then the areal boundaries can be placed on them according with the unfolded 

maps.  

Quantitative analyses  

Volumetric measurements. The volumes of whole PFC, mPFC, and each of the four 

mPFC subareas included in this study were measured in coronal sections from the ex vivo 

MRI scans using ITK-SNAP (Yushkevich et al., 2006). First, the MRI scans were equated for 

luminance inhomogeneity with N4 bias correction with the software 3D slicer (Harvard 

University, Boston, MA, USA). The segmentation of the PFC grey and white matter was 

semiautomatic by means of active contour segmentation tool in ITK-SNAP, initialized by a 

decision forest classifier trained on examples of white and grey matter drawn by the user in a 

single slice. This tool allows the classification of voxels in to grey and white matter 

systematically across cases. Segmentations of PFC were supervised and corrected manually.  
 

Cortical surface length (CSL). The full CSL of both the mPFC subareas and the dorsal 

and subgenual parts of the cingulate gyrus (CG) was traced as a line over the pial surface in 

histological sections. Measurements in mm were then taken with ImageJ (Schneider et al., 

2012). Dorsal and subgenual parts of the CG were classified according to size and 

morphology and mean CSL were calculated for each gyri. The depth of dorsal and subgenual 

cingulate sulcus (cs), superior rostral sulcus (srs), inferior rostral sulcus (irs), and of the 

intracingulate sulcus (ics) were also measured.  
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Normalization. To control for brain size, data were normalized following the procedure 

described by Free et al., (Free et al., 1995) and used in the definition of entorhinal and 

perirhinal boundaries in human MRI scans (Insausti et al., 1995). Briefly, the correction factor 

used to normalize each individual measurement was calculated by dividing the average PFC 

volume by the individual’s PFC volume. We multiplied this correction factor by either the 

volume or the CSL of each one of the mPFC subareas in each subject. In addition, we 

calculated the percent of each mPFC subarea out of mPFC volume.  

In vivo brain MRI  

In vivo MRI scans were obtained from 51 healthy subjects (males, mean age=24.1 years, 

SD=3.1) at the Max Planck Institute of Psychiatry using a 3T (GE Discovery MR750) scanner 

with a 12-channel head coil. A standard localizer, coil calibration, and a 3D T1-weighted 

anatomical scan (TR 7.1 ms, TE 2.2 ms, slice thickness 1.3 mm, in-plane FOV 240 mm, 

320×320x128 matrix, 12° flip angle). 

MRI Image analysis  
 

Sulci pattern analysis. A total of 51 scans were used to explore whether the distinct 

sulci patterns observed in the ex vivo cases were present in the population. Reconstructions of 

the sulci in the in vivo cases were obtained using Freesurfer (Martinos Centre for 

Neuroimaging, Harvard Univ., Boston, MA, USA) and all the scans were classified according 

to the different sulci patterns. 
 

Preprocessing. The 51 MRI scans required preprocessing to equate them in terms of 

plane of view and luminance, so images were aligned in the AC-PC axis and the skull 

removed from the images using the brain extraction tool form Fresurfer. To equate the MRI 

scans for luminance inhomogeneity, N4 bias correction was used with the software 3D slicer 

(Harvard University, Boston, MA, USA).  
 

Segmentation of mPFC subareas. We delineated the mPFC subareas manually guided 

by the boundaries previously described in the ex vivo cases (Results section). These 

anatomical references can be summarized as twofold: on the one hand, sulci and gyri served 

as visual guides to anatomically identify the location mPFC areas; on the other, the 

volumetric and CSL measurements are used to guide the precise placement of the boundaries 

between the different subareas of the limbic mPFC. 
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Volumetric analysis. The volumes were extracted from both ex vivo and in vivo MRI 

scans with ITK-SNAP separately for each hemisphere. A statistical analysis of these volumes 

was carried out using SPSS (v.19). To use the measurements obtained from the ex vivo 

sample as segmentation guidelines for the in vivo MRI scans, we normalized them to control 

for brain size, as described in the previous section (Normalization), but also for shrinkage due 

to fixation. The shrinkage of the histological material was estimated by comparing in vivo and 

ex vivo PFC volumes. Subject’s data were normalized for brain size following the procedure 

described by Free et al., (Free et al., 1995), as described in the previous section, but this time 

using a factor obtained by dividing mean intracranial volume (ICV) by individual ICV. The 

ICVs were extracted using SPM12 (Welcome Department of Imaging Neuroscience, London, 

UK). 
 

Probabilistic maps. After the alignment in the AC-PC axis, the in vivo MRI scans 

from all the 51 subjects were used to generate a study-specific brain template using ANTs 

(PICSL, Philadelphia, PENN, USA) (Avants et al., 2008, 2010). The in vivo segmentation for 

each area were also registered to this template and averaged to generate probabilistic maps. 

These maps encode the probability of a voxel being part of that area, ranging from 0 to 100%. 

Additionally, we generated a maximum probability map. In this map, every voxel of the 

mPFC gets the value of the area assigned with the highest probability for this position. To 

facilitate use of these maps we also registered all brains and segmentations to MNI space with 

ANTs and averaged across participants to obtain probability maps and generated again a 

maximum probability map. 
 

RESULTS 

Cytoarchitecture of mPFC areas 

The cellular density in the different layers, the definition of the boundary between layers, the 

presence, absence, and thickness of granular cell layer IV, and pyramidal cell density and size 

within layers IIIc and Va were particularly useful in recognizing variations across areas 

within the mPFC in Nissl stained sections. Gallyas stain revealed myeloarchitectonic features 

that were complementary to the Nissl stained sections despite the poor myelination of these 

areas. Nevertheless, differences were observed in the relative predominance of radially 

oriented fibre bundles as well as in the presence of horizontal fibre plexuses, i.e. bands of 

Baillarger, in deep layer III or IV (outer) and in deep layer V (inner).  
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Figure 2. Microphotographs of Nissl- and Gallyas-stained sections of areas 32 (a, b), 24 (c, d), 14 (e) 
and 25 (f) illustrate layers (I-VI) and cyto- and myeloarchitectonic features of the limbic mPFC 
subareas. Within areas 32 and 24 a dorsal (a, c) and a subgenual (b, d) part can be distinguished. Scale 
bar: 250 µm. 

 

Area 32 

Area 32 is a transitional dysgranular area between the agranular area 24 and granular dorsal 

medial areas 10 and 8/9. Two key features of area 32 serve to identity the border with area 24, 

namely the presence of large and darkly stained pyramidal cells in layer IIIc, and the presence 

of layer IV in area 32 (Figure 2a, b). Layer II in area 32 is broader and with higher cellular 

density than that area 24, what makes this layer easily distinguishable from layer III. The 

darkly stained pyramidal neurons of layer IIIc form a discontinuous and somewhat irregular 

line, rather than appearing as a homogeneous band. In fact, layer IIIc intermingles with the 

layer IV granular cells, making the III-IV boundary somewhat irregular. Layer IV is present 
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in the whole area, but is wider and better identifiable in the pregenual and subgenual portions 

where the granular cells form occasional horizontal striations (Figure 2b). The characteristic 

layer IIIc in area 32 progressively looses its large pyramidal cells, so typical of area 32. Layer 

IV becomes even thinner, the typical limbic appearance of more prominent deep vs. 

superficial layers gets more balanced, acquiring a closer resemblance to the dorsal medial area 

8. Dorsal to the cc, and especially at caudal levels, these features are particularly clear. Layers 

V and VI are wide and contain small neurons darkly stained; a poorly formed layer Vc forms 

an indistinct limit between layers V and VI. Layer Vc is even less identifiable in the pre- and 

subgenual parts of area 32 than in more dorsal portions of this area. The limbic divisions of 

mPFC appeared poorly myelinated in Gallyas myelin stained sections, although rich fibre 

plexuses in areas 10, 9, and 8, were observed.  Nevertheless, the darker appearance of the 

dorsal (pregenual and posgenual) part of area 32 distinguishes it from area 24.  
 

Area 24 

The most prominent cytoarchitectonic features that distinguish area 24 from the adjacent 

mPFC areas, are the almost absence of layer IV (dysgranular) and the striking prominence of 

layer Va. Layer II is distinguishable, although the boundary with layer III is less remarkable 

than in the adjacent area 32 (Figure 2c, d). Layer III has lower cell density, with lightly 

stained neurons, relative to area 32. Layer IIIc lacks the characteristic deeply stained neurons 

seen in area 32. Given the almost absent layer IV, the limit between layers III and V is just 

identifiable because of the large pyramidal neurons of layer Va, densely packed and darkly 

stained. Layers V and VI are wide, with a distinguishable boundary between them. 
 

Area 14 

Area 14 is located in the ventral region of the mPFC region and occupies most of the gyrus 

rectus. The key architectonic feature of area 14 is its lower cell density in layer III, what 

makes a boundary with areas 10 and 32. Layer IV is present but appears narrower and less 

identifiable than in area 10. Two other key features distinguish area 14 from 32: first, layer II 

has a poorly defined border with layer III that contrasts with the clear boundary in layers II-

III; secondly, the large pyramidal neurons are less prominent and form a more continuous 

band than area 32 layer IIIc (Figure 2e). The boundary between area 14 and area 25 is a 

narrow layer IV and the more bilaminar appearance of this area. Layers V and VI in area 14 

are prominent, and they can be distinguished due to a clear and wide layer Vc. 
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Area 25 

Area 25, the most caudal part of the mPFC, has a bilaminar appearance given the prominent 

layers III and V-VI. The limit between areas 25 and 14 is distinguished by the presence of a 

wider and more noticeable layer IV; in contrast, area 14, shows a clear boundary between 

layers V and VI. Layer II neurons form isolated aggregates and an irregular and poorly 

differentiated border with layer III. Layer V appears characterized by densely stained neurons, 

closely packed, and with no clear boundary with layer VI (Figure 2f).  

 

Figure 3. Unfolded 2-dimensional maps illustrate mPFC areas and sulci (dashed lines) of the 6 
different sulci patterns found in the ex vivo cases. a. Pattern 1 consists on a single cs separated from 
srs. b. Pattern 2 shows a single cs joined ventrally with the srs. c. Pattern 3 consists on a complete cs 
and pcs, both separated from srs. d. Pattern 4 is formed by complete cs and pcs, with pcs merged with 
srs. e. Pattern 5 appearance is characterized by the presence of cs and pcs just in the dorsal part with 
pcs independent from srs. f. Pattern 6 shows cs and pcs just in the dorsal part and both joined with srs. 
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Sulci patterns in ex vivo brains  

Number, rostro-caudal continuity, depth, confluence with other sulci, and branches determine 

the sulci pattern. These are important parameters for use as anatomical reference to guide the 

identification of the mPFC areas, both in histological sections and in MRI scans. To 

determine the anatomical association between sulci and mPFC areal boundaries, we used two-

dimensional unfolded maps of the ex vivo cases (Figure 3). Based on these maps, we found 

that the cs, paracingulate sulcus (pcs), and srs were the sulci that had the most consistent 

pattern within the mPFC subareal boundaries and, therefore, they could be used as anatomical 

references to guide the mPFC segmentation in MRI scans. Neither the irs nor the anterior 

parolfactory sulcus (apos) were related to any particular boundary in our cases.  

Taking therefore into account pcs, cs and srs, we found six different sulci patterns in the 11 

hemispheres. The first two patterns (pattern 1 and 2) are characterized by having cs, but not 

pcs. In pattern 1, cs and srs are independent, while in pattern 2 they are fused in a single 

sulcus. Patterns 3 and 4, in addition to having cs, also have pcs that extends throughout the 

dorsal and ventral mPFC. In pattern 3, both cs and pcs are separated from srs, however in 

pattern 4, pcs joins the srs. In patterns 5 and 6 the cs and pcs are present dorsally while 

ventrally only the cs is present. In pattern 5, cs appears separated from srs, but in pattern 6 the 

cs joins the srs.  

Sulci patterns in in vivo brains 

To determine the degree of overall representativeness of the six sulci patterns found in the ex 

vivo cases, we classified 102 in vivo hemispheres following the same criteria i.e. cs, pcs and 

the srs. We identified the six sulci patterns previously seen in the ex vivo sample and an 

additional one. The new pattern (pattern 7) is formed by cs dorsally and cs/pcs ventrally, 

where pcs joins srs (Figure 4). In the 102 hemispheres, the most frequent pattern is pattern 1 

(32.35%), followed by patterns 4 (30.39%) and 2 (15.69%). Pattern 7 was the least frequent 

(2.94%, see Figure 4). This result indicates that the patterns found in the ex vivo cases can be 

taken as representative. 
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Figure 4. Cortical surface reconstruction and frequency (expressed as percentage) of the 7 different 
sulci patterns found in the in vivo cases. Note that pattern 7 was newly identified in the in vivo sample, 
but was the least frequent. Cortical surface appears in green whereas sulci are demarcated in red. 
 

Protocol for manual segmentation of mPFC areas 

The total PFC raw volumes showed a significant volume reduction of 23% in the ex vivo 

cases compared to the in vivo due to the shrinkage of the tissue (t108=-5.25; p<0.001, see mean 

values in Table 1). The volume reduction of the different mPFC areas ranged from 13.8 to 

29.9% with an overall mean reduction of 22%. Given the similarity between the mean volume 

reduction and the total PFC shrinkage, we used the latter to normalize all measures. Volumes 

and CSL were corrected and mPFC subareas values were estimated for the in vivo MRI scans.  

 

Our cytoarchitectonic study and the observed structural variability in sulcal pattern have 

shown that areas 32 and 14 are the most rostral areas of the limbic mPFC (see overview in 

Figure 1). Area 32 extends dorsally and ventrally to area 24. In general, the cortex that forms 

the CG is for the most part, area 24. Just immediately dorsal to area 24, area 32 extends 

dorsally towards the paracingulate gyrus. It is not uncommon that the pcs appears segmented 

in branches that may take an oblique orientation. Measurements described below are 

important guidelines to place the boundary in MRI scans, together with the dynamic 3D view 

in ITK-SNAP.  Thus, based on the cytoarchitectonic and sulci features, we defined the 

following macroscopic demarcation of the medial prefrontal areas. 
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Figure 5. Visual and quantitative guidelines for the segmentation of the limbic mPFC areas. A. Area 
32. B. Area 24. C. Areas 14 and 25. In the medial views of the brain, horizontal dashed lines 
correspond to the distance from the frontal pole to the rostral and caudal limits of each mPFC subarea 
in percent of total length of mPFC. Vertical numbered dashed lines refer to the coronal sections shown 
in the right hand side. The continues trace of these same lines indicates the measured cortical surface 
length (CSL). The coronal sections show the CSL (in mm) of the corresponding mPFC area.  

Area 32 

Pregenual. The rostral boundary of area 32 in our ex vivo cases was at 18.16± 1.30 

mm from the frontal pole. Considering the total distance in the longitudinal axis of the mPFC 

as defined previously (i.e. from the frontal pole to the caudal end of area 25), the rostral 

boundary of area 32 can be placed 25.79± 2.14% from the frontal pole approximately the 

rostral one quarter of the longitudinal axis. Figure 5 illustrates these distances that can guide 
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the placement of the rostral limit of area 32 in MRI scans. To draw the dorsal and ventral 

boundaries, we follow the criteria described for the dorsal and subgenual sectors of this area, 

and continue rostrally as far as the limit with area 10 (see below). 

 

Dorsal. Dorsal to the cc, area 32 extended caudally up to 65.70± 3.64 mm from the 

frontal pole in our cases. This is an 89.22± 3.77% of the total mPFC length   (Figure 5). 

Within the dorsal portion, the most rostral sector is the largest in area 32 and covers about 

87%, and taking as limits the start of the cc as far as the caudal end of area 32. In this first 

sector, the CSL of area 32 is 31.61 ± 3.88 mm in coronal sections from the end of the adjacent 

area 24. The middle sector of area 32 occupies the next caudal sector, approximately 5% of 

the surface, and extends dorsally 18.33 ± 2.75 mm. The most caudal sector of area 32 

represents 8% and extends 7.14 ± 1.06 mm.  

 

Subgenual. Area 32 extended caudally in our cases up to 60.93± 3.10 mm from the 

frontal pole. This caudal boundary is located at 82.51± 2.28% from the frontal pole (Figure 

5). Area 32 CSL extends ventral to area 24 for 24.73 ± 2.05 mm. The CSL of area 32 in its 

caudal 1.5 mm is smaller (11.94± 1.66 mm). 

 

Area 24 

Pregenual. In our series, area 24 starts rostrally at 27.57± 1.50 mm from the frontal 

pole. This distance corresponds to 38.75± 2.35% of the total length of the mPFC   (Figure 5). 

Area 24 dorsal and ventral boundaries extend rostrally to surround area 32.  

 

Dorsal. Our previously defined mPFC limit (caudal end of area 25) establishes the 

caudal limit of the dorsal part of area 24. The morphology of the CG determines the shape of 

this area, which varies rostro-caudally within and between subjects. Nevertheless, the CSL of 

area 24 remains constant (29.59± 1.61 mm) independently of the shape and size of the CG. 

The morphology of the CG is an important reference to guide visually the dorsal boundary of 

area 24. As illustrated in Figure 6, we found four different morphologies of the CG with 

different CSL values: 

 

a) Small CG. CG with CSL of 24.79± 2.35 mm. In these cases, the CSL of area 24 is 

larger than the CSL of the CG. Therefore, area 24 extends dorsally beyond the cs/CG and 
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its boundary with area 32 is located at the mid-point of the medial-to-lateral axis of the 

upper bank of the cs (Figure 6a). In these cases, when the CSL of area 24 is divided by 

the CG, CSL, area 24 exceeds the CG in 36%.  

b) Medium CG. CG with CSL of 31.25± 0.91 mm. In these cases area 24 occupies most 

of the total CSL of the CG (95%). Visually, the boundary with dorsal area 32 in these 

cases falls in the fundus of the cs (Figure 6b). 

c) Large CG. CG without ics with CSL of 32.53± 2.90 mm. The boundary of area 24 in 

these cases located at the point of highest convexity of the ventral bank of the cs, and 

occupies 91% of the CG (Figure 6c).   

d) Large CG with ics. CSL of 38.20± 3.00 mm. The CSL of area 24 is smaller than the 

total CSL of CG, thus, it occupies approximately 77% of the total CG. The boundary is 

placed at the point of the highest convexity of the dorsal bank of ics (Figure 6d). 

 
 

Figure 6. Nissl stained coronal sections (top row) and MRI scans (bottom row) of area 24. The 
arrowheads indicate the boundaries of dorsal (a-d) and subgenual (e, f) regions of area 24 depending 
of the CG size. a. Small CG. b. Medium CG. c. Large CG. d. Large CG with ics. e. Small ventral 
CG. f. Large ventral CG. 

 
Subgenual. The caudal limit of subgenual area 24 was found at a distance of 65.75± 

3.65 mm from the frontal pole. This boundary is at 88.90±2.68% of the total mPFC extent in 
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its longitudinal axis (Figure 5). In its ventral part, CG can appear as a large CG with a CSL of 

16.99± 1.61 mm, or as a small ventral CG with a CSL of 9.83± 1.37. In both cases, the CSL 

of area 24 from the cc is 9.50± 0.89 mm in the ventral portion of the CG. In the cases with a 

small subgenual CG, the boundary falls in the fundus of the ventral cs (Figure 6e), while in 

the cases that have a large subgenual CG the boundary falls in the point of highest convexity 

of the CG (Figure 6f). The size of area 24 in the most caudal 1.5 mm decreases to 5.63± 0.72 

mm.  

Area 14 

Measured from the frontal pole, the rostral limit of area 14 in our cases was 17.63± 1.34 mm. 

This limit is placed at the rostral one fourth (25.05± 2.20%) of the distance from the frontal 

pole to the caudal end of mPFC. The caudal end of area 14 is coincident with the rostral start 

of area 25. The CSL of area 14 was 24.33± 2.00 mm for the first (the smallest) section, while 

for the remaining sections, this measurement was 41.66± 3.00mm (Figure 5). The boundary 

between area 14 and the OBFC is placed between the most ventral point of the gyrus rectus 

and the fundus of the olfactory sulcus (os). More specifically, it is two-thirds of the distance 

from the os. The boundary between area 14 and the subgenual area 32 depends mainly on 

whether there is junction between the cs and srs or not (Figure 7). When the srs is 

independent from the cs (patterns 1, 3, and 5), the boundary is at the fundus of the srs (Figure 

7a). Furthermore, if the cs (or pcs) and the srs join (patterns 2, 4, 6, and 7), this boundary 

corresponds to the point of highest convexity of the ventral bank of the srs (Figure 7b). 

 

 

 

 

 

 

Figure 7. Nissl stained coronal sections (top row) and MRI 
scans (bottom row) of area 14. The arrowheads indicate the 
boundary between area 14 and subgenual area 32 and OBFC. 
a. srs independent from cs. b. srs anastomoses with cs. 
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Area 25 

The rostral limit of area 25 in our cases was 53.21± 3.84 mm from the frontal pole. This 

corresponds to 73.36± 2.41% of the mPFC longitudinal distance (Figure 5). Area 25 CSL was 

47.11± 2.35 mm, except for the last 1.5 mm where CSL decreases to 32.17± 1.66 mm. The 

boundary with the OBFC is the same as in the case of area 14. 

Table 1. Mean PFC and mPFC volumes in ex vivo and in vivo MRI scans. Volumes in in vivo scans 
are normalized. 

 Ex vivo (n=11) In vivo (n=102) 

Areas Mean 

volume1±SEM 

Mean 

percent2±SEM 

Mean 

volume1±SEM 

Mean 

percent2±SEM 
PFC 72604.70± 4089.86 N/A 95156.86± 922.90 N/A 

mPFC 11342.02± 701.48 15.30± 0.62 14913.76± 144.86 15.71± 0.10 

32 5139.79± 303.37 6.93± 0.25 7336.28± 83.18 7.73± 0.07 

24 2957.76± 173.62 3.99± 0.20 3630.79± 66.24 3.81± 0.06 

14 2177.04± 262.98 2.94± 0.30 2526.41± 31.76 2.66± 0.03 

25 1067.43± 95.69 1.43± 0.08 1420.29± 20.95 1.50± 0.02 
1Volume is shown in mm3.  
2Percent out of PFC volume. 

Continuous and maximum probability maps 

Continuous probability maps shown in Figure 8a encode the probability of a voxel being part 

of each mPFC area, ranging from the minimum to the maximum coincidence (20 to 100%). 

This range (20-100%) express quantitatively the intersubject variability of a given 

cytoarchitectonic subarea in an average template brain (Figure 8a) and in 1mm and 2 mm 

MNI space (available at the website). In the maximum probability map (Figure 8b), every 

voxel of each mPFC area gets the value of the area assigned with the highest probability for 

this position. Both types of maps are available in 1 and 2 mm MNI space.  



II.	Segmentation	of	the	medial	prefrontal	cortex	

 

  131 

 
 

Figure 8. Probability maps of mPFC. a. Continuous probability maps of areas 32, 24, 14, and 25 on a 
medial view of the MRI template average brain from the 102 hemispheres. The probability of a voxel 
belonging to one of the mPFC areas is illustrated in color-coded to percentage range (20-100%). b. 
Maximum probability map shown in MNI space. The masks for the different mPFC areas include the 
voxels with the highest likelihood of being each one of the areas. 

 

DISCUSSION 

The key contributions of this study are two: first, a semiautomatic procedure for segmentation 

of the limbic mPFC areas; i.e. 32 or prelimbic cortex, 24 or anterior cingulate cortex, 14, and 

25 or infralimbic cortex. This protocol is called semiautomatic, because after equalization of 

the MRI scans, the PFC grey and white matter area is separated automatically with the 

software ITK-SNAP. The boundaries between the areas of the mPFC cortex are then placed 

manually, based on their anatomical association with the sulci (paracingulate, cingulate, and 

superior rostral sulci), as well as with the quantitative anatomical measurements of mPFC 

gyri. These two features can be used as quantitatively determined visual guides to manually 

segment the mPFC areas in individual MRI scans. As a whole, we believe that this procedure 

presents a useful tool to conduct individual-specific segmentations. In addition, a second main 

contribution is the generation of probabilistic maps transferred to MNI space that can be used 

for ROI-functional/structural MRI group analysis.  

 

The importance of comparative anatomy 
 

The cytoarchitectonic subdivisions of the frontal lobe in general (Cox et al., 2014), and of 

mPFC in particular have been a matter of debate due to the different parcellations made by 
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different authors. These discrepancies exist not only within human studies but also in monkey 

cytoarchitectonic maps. Some previous comparative studies within the frontal lobe have tried 

to solved this problem, but they have been focused mainly in the dorsolateral (Petrides and 

Pandya, 1999) (areas 8, 9, and 46), ventrolateral areas 47 and 12 (Petrides and Pandya, 2002), 

orbitofrontal regions (Ongur and Price, 2000) as well as in area 10 of the frontal pole 

(Semendeferi et al., 2001), while the medial areas of the frontal lobe have been less 

thoroughly described. To deal with this issue, areas of the mPFC included in this study are 

labeled and described according to previous studies of human and rhesus monkey (Barbas and 

Pandya, 1989, Palomero-Gallagher et al., 2008), what would make easier to use information 

from tracing studies in monkeys to extrapolate anatomical and functional connectivity in 

humans in this region. Despite of this, and in addition to its larger size in humans, the mPFC 

seems to have anatomical special features that complicate the comparisons between species. 

One of the most relevant differences lies on the fact that area 32 in non-human primates is 

restricted to the pregenual and subgenual regions, while in humans it extends also dorsally to 

the corpus callosum. This is an important point to be taken into account when connectivity 

patterns observed in primates are used to interpret connectivity analysis in humans. 

 

Pregenual, subgenual, and dorsal subdivisions of the mPFC areas 
 

Areas 24 and 32 have been a particular focus of discussion in terms of parcellation in humans. 

Both, area 24 (Petersen et al., 1988; Pardo et al., 1990; Jones et al., 1991; Talbot et al., 1991; 

Petit et al., 1993; Casey et al., 1994; Schlaug et al., 1994) and area 32 (Phan et al., 2002; Vogt 

et al., 2003) have been described as having at least two large subregions, a pregenual one that 

extends rostral and dorsal to the corpus callosum and a subgenual part. These subregions 

appear to correlate with functional differences, i.e. the dorsal subfields are important in 

cognitive executive functions whereas more ventral subfields are more involved in affective 

processing (Bush et al., 2000). In our study, we have also found these subregional differences 

in cytoarchitectonic terms. However, we have kept each of the mPFC areas unified in one 

single architectonic region in our protocol, given that the only consistent anatomical reference 

identifiable in MRI scans that could guide the division of these regions is the corpus 

callosum, and the anatomical variability of this structure is considerable. Nevertheless, the 

architectonic parcellations of the mPFC have been restricted so far to the subgenual region 

including areas 24, 32 and also the infralimbic cortex area 25 (Palomero-Gallagher et al., 

2008, 2009; Mackey and Petrides, 2014). They describe this region in terms of 
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cytoarchitectonic (Palomero-Gallagher et al., 2008) and receptor characteristics (Palomero-

Gallagher et al., 2009), in which they show cytoarchitectonic features that are in general, in 

good agreement with our results, with the exception of the immediately adjacent areas 33 and 

14. Although we are aware of the distinctive features of this small region called area 33 or 

induseum griseum, we have purposely kept area 33 together with either area 24 or area 25 in 

our segmentation due to the difficulty in identifying reliably this region in MRI scans. We 

have also included area 14 of the gyrus rectus. A later set of studies (Mackey and Petrides, 

2014; Palomero-Gallagher et al., 2015) have tried to correlate the areas previously defined in 

the subgenual region with the most constant sulci. Our mPFC parcellation is in line with the 

general location of their sulci and areas, although with some differences in the precise 

definition of the architectonic boundaries.  

 

In regard to the subgenual part of area 24, and according with Palomero-Gallagher et al., 

(2015), the boundary with area 32 could be in the fundus of the cingulate sulcus, or in some 

cases can be placed in the superior rostral gyrus, especially in the most caudal part. By 

contrast, in our study, area 24 is more restricted and extends as far as the fundus of the 

cingulate sulcus at the most, but never reaches the superior rostral gyrus. Our results are in 

agreement with Mackey and Petrides (2014). With regard to area 25, Palomero-Gallagher et 

al., reports its rostral boundary at the fundus of the anterior parolfactory sulcus in 16 of the 20 

hemispheres analyzed. In the present study, we have established this limit more rostrally and 

our results indicate that this sulcus is not related with any architectonic boundary. Given that 

the cytoarchitectonic description of the mPFC areas are similarly described in both studies as 

well as in Mackney and Petrides, (2014), the differences in the precise anatomical location of 

boundaries is likely be due to the different methods used to delineate the boundaries: while 

we used a classical visual microscopically assessment, Palomero-Gallagher et al., (2009) and 

Mackney and Petrides (2014), employed algorithm-based method. In these studies, areal 

boundaries are evaluated by digitalizing the stained sections and quantifying laminar changes 

in grey level indexes as an estimate of cellular density. This method gives a measurement of 

the degree of dissimilarity between adjacent groups of laminar profiles and allows 

establishing the borders between the areas, which makes the technique, in principle, more 

objective and reproducible. However, quantitative methods are not free of difficulties. For 

example, the digitalization is quite sensitive to the variability in the intensity of the staining. 

Another issue is the quantitative use of the architectonic criteria that serve to establish the 

boundaries. Key laminar features vary from area to area, and therefore, the spatial resolution 
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of the procedure may vary as well. Furthermore, the use of quantitatively-based parcellations 

not always gives replicable results (see Palomero-Gallagher et al., 2009; Mackney and 

Petrides, 2014), and the differences between them are of the same magnitude that with our 

own traditional architectonic mPFC parcellation. Further research is required to tease apart 

discrepancies like this, difficult to resolve only with mere anatomical methods.   

 

Sulci 
 

Sulci and gyri morphology rather than cytoarchitectonic features are, of course, of special 

significance for MRI studies, especially for the development of tools for automatic 

segmentation (Xie et al., 2014). We found that the most consistent sulci on the medial surface 

of the prefrontal cortex were the cingular sulcus, paracingulate sulcus, superior rostral sulcus, 

inferior rostral sulcus, anterior parolfactory sulcus, and their marginal ramus. This results are 

in agreement with Ono (Ono et al., 1990), who described the frequency of the different 

patterns and confluences of the most consistent sulci in the whole brain, including the mPFC 

in a sample of twenty-five post mortem brains. Although the overall sulci appearance and 

variability in our study is in line with that reported by Ono, the sulcal patterns in our study 

have been defined and classified following the criteria of consistent anatomical association 

with mPFC areal boundaries; i.e. cingulate, paracingulate, and superior rostral sulci, and 

therefore, our results on frequencies are not comparable from the description provided by 

Ono.  

 

Although the general anatomy of sulci has been properly studied, there is still relatively little 

information about their anatomical association with cytoarchitectonic boundaries in the adult 

brain or during development. Apart from the developmental issue, the effects that different 

sulci patterns could have in terms of anatomical and functional outcomes also remain unclear. 

There are some studies in this line reporting that, for example, the variability in the 

paracingulate sulcus could affect different aspects in the cortex organization including 

functional aspects in healthy and clinical populations (Vogt et al., 1995; Paus et al., 1996; 

Crosson et al., 1999; Fornito et al., 2004, 2006). However, the inconsistency in sulci location 

existing between normal healthy subjects makes difficult to address this issue, and sulci 

mapping seems to be essential to understand the implications of the different cortical folding 

(Thompson et al., 1996). Due to this variability, there is also controversy about whether sulci 

can be related with areal boundaries or not. While some studies have shown that an estimation 
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of cortical areas on the basis of sulcal and gyral pattern is the best possible approximation at 

the present time (Fischl et al., 2008), and they have been used to delineate subareas in some 

regions such as the entorhinal cortex (Insausti et al., 1995, 1998), some others support that the 

high individual variability in terms of distances and depths makes it difficult to create general 

rules to define landmarks based on these anatomical features and that probabilistic maps are 

essential (Zilles et al., 1997; Amunts et al., 2007). In our study, the combination of sulci 

patterns with the measurements of cortical surface length of the resulting gyri can be 

considered as reliable anatomical guidelines in MRI scans. To complement these individual-

specific guidelines, we have also created probabilistic maps in order to quantify the variability 

in the location of the subareas between subjects and show the most reliable regions within 

each area. These probabilistic maps could be used in MNI space as references to delineate 

regions of interest in studies involving mPFC. However, and in view of all these controversies 

involving the possible functional implications of sulci and gyri patterns, more investigation in 

this field is required.  

 

Myelination 
 

Besides Nissl staining, sections of ex vivo brains were also stained following Gallyas’ 

protocol to confirm the boundaries between areas. Myeloarchitectonics has been historically 

sidelined by cytoarchitectonics in cortical parcellation, but some studies have highlighted the 

utility of myelin content mapping for comparing both within (Glasser et al., 2012a; Van Essen 

et al., 2012) and across species (Glasser et al., 2012b, 2011b). However, due to the poor 

myelinization of the cortical grey matter this staining was only useful for some boundaries, 

such as between dorsal areas 24 and 32, and 32 with the adjacent dorsomedial areas 9 and 8. 

This is in agreement with some recent studies which propose that the low myelin content in 

high order cognitive areas can be related with the intra-cortical plasticity, being the most 

plastic regions the ones with less myelin/volume (Glasser et al., 2014). According to this 

statement, higher association areas, such as the limbic mPFC, require more plasticity and 

therefore less myelinization than, for example, sensory areas. However, this is a working 

hypothesis that calls for further research. 

 

Automatic segmentation 
 

Automatic parcellation of the cerebral cortex has been an important goal for many years, and 

several automated and semi-automated tools have been developed with this aim. These 
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attempts provide masks that are available in ‘standard space’ in widely used programs like 

FSL or SPM. However, while these methods are starting to reach an acceptable anatomical 

accuracy, and hence, reliability in well-studied structures such as the hippocampus 

(Yushkevich et al., 2015), individual differences in brain morphology, size, orientation, or 

geometric complexity remain important problems when segmenting. But there are also some 

technical issues that lead to heterogeneous segmentations between studies as the use of 

different software tools or differences in some MRI parameters such as sequences, signal-to-

noise ratios, or image resolution (Geuze et al., 2005; Cox et al., 2014). That is why manual 

segmentation is still considered as the gold standard, even though it is time-consuming and 

more susceptible to bias. To ensure the least bias possible in terms of white mater and 

cerebral cortex boundaries, all MRI scans were preprocessed to obtain automatic 

segmentations of the whole prefrontal cortex before applying our manual segmentation of 

mPFC areas. This preprocessing addressed two critical issues, first MRI signal inhomogeneity 

and second signal-to-noise ratio. Segmentation of the mPFC areas was only applied once the 

cortex-white matter boundaries were automatically segmented in all cases. Our protocol for 

manual segmentation of this region takes into account the intersubject variability and provides 

visual guidelines and measurements to define the boundaries between areas in each subject. 

Probabilistic maps of the mPFC were generated successfully. More research is needed to 

develop a fully automated protocol.  
 

CONCLUSIONS 

Medial prefrontal cortex has been associated with memory processing and consolidation due 

to its anatomical and functional connectivity with the limbic system. Many other higher order 

cognitive functions have, however, been considered in relation to the mPFC as well, but the 

specific functions of each of its subareas are still unclear. Anatomical parcellation together 

with sulci mapping are crucial for understanding variations in healthy subjects and providing 

the basis for discriminant analysis in patient populations as well as for molecular and 

functional studies. Thus, this study provides a cytoarchitectonic definition of the medial 

prefrontal cortex useful for neuroimaging analyses as well as post mortem molecular studies.   
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Abbreviations 

 
7  Area 7 of Brodmann 
8  Area 8 of Brodmann 
9  Area 9 of Brodmann 
10   Area 10 of Brodmann 
14  Area 14 of Brodmann 
23         Area 23 of Brodmann 
24  Area 24 of Brodmann 
25  Area 25 of Brodmann 
29   Area 29 of Brodmann 
30   Area 30 of Brodmann 
30V      Area 30 of Brodmann, ventral portion 
32  Area 32 of Brodmann 
35  Area 35 of Brodmann 
36  Area 36 of Brodmann 
36r  Area 36 of Brodmann, rostral portion 
36c  Area 36 of Brodmann, caudal portion 
36p   Area 36 of Brodmann, polar portion 
36pl   Lateral portion of the temporal pole (Insausti et al., 1987) 
36pm   Medial portion of the temporal pole (Insausti et al., 1987) 
38  Area 38 of Brodmann 
38DL    Dorsal lateral division of the temporal pole (Muñoz-Lopez et al., 2015) 
45  Area 45 of Brodmann 
46  Area 46 of Brodmann 
46d  Area 46 of Brodmann, dorsal portion 
amts  Anterior middle temporal sulcus 
B  Body of hippocampus 
C  Caudal 
CA1  Field CA1 of hippocampus 
CA2  Field CA2 of hippocampus 
CA3   Field CA3 of hippocampus 
DG  Dentate gyrus 
DLPFC   Dorsolateral prefrontal cortex 
EC   Entorhinal cortex 
EC   Entorhinal cortex, caudal subfield (Amaral et al., 1987) 
ECL   Entorhinal cortex, caudal limiting (Amaral et al., 1987) 
EI  Entorhinal cortex, intermediate subfield (Amaral et al., 1987) 
ELC   Entorhinal cortex, lateral caudal subfield (Amaral et al., 1987) 
ELR   Entorhinal cortex, lateral rostral subfield (Amaral et al., 1987) 
EO   Entorhinal cortex, olfactory subfield (Amaral et al., 1987) 
ER   Entorhinal cortex, rostral subfield (Amaral et al., 1987) 
hf  Hippocampal fissure 
HIPP     Hilar performant path-associated interneurons 
I  Intermediate 
L           Lateral 
LAS   Lateral sulcus 
LPFC   Lateral prefrontal cortex 
lv   Lateral ventricle 
M  Medial 
MOPP   Molecular layer perforant path-associational pathway related interneurons 
mPFC   Medial prefrontal cortex 
MTL   Medial temporal lobe 
OBFC  Orbitofrontal cortex 
ots  Occipito temporal sulcus 
PaS      Parasubiculum 
PFC  Prefrontal cortex  
PHC    Parahippocampal cortex 
PHR  Parahippocampal region 
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pmts  Posterior middle temporal sulcus 
PRC  Perirhinal cortex 
PrS  Presubiculum 
R  Rostral (Figure 4) 
rs  Rhinal sulcus 
RS      Retrosplenial  
R-U  Uncus of hippocampus 
S  Subiculum 
STG  Superior temporal gyrus 
STS, sts  Superior temporal sulcus  
T  Tail of hippocampus 
TAa  Area TAa, mid portion of superior temporal gyrus (Seltzer and Pandya, 1978) 
TE  Area TE (Von Bonin and Bailey, 1947) 
TEO     Area TEO (Von Bonin and Bailey, 1947) 
TF  Area TF (Von Bonin and Bailey, 1947) 
TH  Area TH (Von Bonin and Bailey, 1947) 
TH-TF  Posterior parahippocampal cortex 
TPC  Temporal polar cortex 
TPO  Area TPO, upper bank of the superior temporal cortex (Seltzer and Pandya, 1978) 
TS1   Area Ts1 (Seltzer and Pandya, 1978; 1989)  
Ts2       Area Ts2 (Seltzer and Pandya, 1978; 1989) 
u  Uncus 
UMa  Unimodal auditory association cortex 
UMv  Unimodal visual association cortex 
V1  Primary visual cortex  
V4  Visual area 4  
VIP   Vasoactive intestinal polypeptide  
VLPFC   Ventrolateral prefrontal cortex   
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INTRODUCTION 

The hippocampal formation (HF), a phylogenetically preserved anatomical structure along the 

vertebrate scale, reaches its maximal size according to allometric determinations in human 

and nonhuman primates (Stephan and Andy, 1970).  The HF is made up of a series of 

subareas, which in nonhuman primates as well as in humans, are located within the medial 

temporal lobe (MTL, Insausti and Amaral, 2012). From the gross anatomical point of view, 

the most distinctive structure of the HF, the hippocampus, is located at the floor of the lateral 

ventricle, and it displays the form of a horn, thence the classical name Ammon’s horn (Figure 

1A). Under the microscope, the components of the HF are easily distinguishable at mid 

rostro-caudal level. However, the flexures of the uncal part (head of the hippocampus) and the 

curvature of hippocampal tail towards the splenium of the corpus callosum, make challenging 

the precise delimitation of cytoarchitectonic boundaries. 

 

One of key features of the HF is the unidirectional connection linking the subareas that 

comprise it, all of which form a closed loop. This loop opens to cortical and subcortical brain 

regions via connections with the parahippocampal region, which are responsible for much of 

its functional activity. This anatomical organization of the HF, as well as many aspects of its 

functional organization, is shared across many species and this is unified as the 

phylogenetically old archicortex (Filimonoff, 1947; Stephan and Andy, 1970), which present 

three layers. The archicortical fields i.e. the dentate gyrus (DG), hippocampal field CA3 

(CA3), hippocampal field CA2 (CA2), hippocampal field CA1 (CA1), and subiculum (S) 

continue toward the neocortex by progressive steps. Intermediate cortices between allocortex 

and proisocortex (step previous to the neocortex) are the fields presubiculum (PrS), 

parasubiculum (PaS), and entorhinal cortex (EC). All of these HF regions fall under the type 

of “periarchicortex” or “periallocortex” (Filimonoff, 1947; Stephan, 1975; Braak, 1980). The 

EC is the most distant periarchicortical field from the DG, and it borders the proisocortex, 

which, in general, has incomplete or under developed the six cortical layers pattern typical of 

the “isocortex” (neocortex). In the proisocortex, layer IV is missing or very thin and, along 

with other cytoarchitectonic features, cannot be considered as a fully developed neocortex. 

Adjacent to the EC lies the perirhinal cortex (PRC), which is made up areas 35 and 36 

(perirhinal cortex and ectorhinal cortex respectively, after Brodmann, 1909). The 

parahippocampal cortex (PHC) occupies the caudal one-half of the parahippocampal gyrus 

(PHG) and is made up of two areas, TH and TF, (after the nomenclature of von Bonin and 
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Bailey, (1947) who in turn, followed the cytoarchitectonic parcellation of von Economo 

(1929)). The PHC is in continuation of the caudal limit of the EC, at the level of the end of 

both the uncal hippocampus and the rhinal sulcus (rs). It is interesting to note that Brodmann 

(1909) included under the term PRC (divided into areas 35 and 36) the whole 

parahippocampal gyrus as one single field. Conversely, von Bonin and Bailey (1947) 

recognized one single field, PHC, as a single region in the whole parahippocampal and 

divided it into areas TH and TF, similar to the PRC fields (area 35 and area 36). 

 

Looking at the cortical surface of the brain (Figure 1B), both cortical regions PRC and PHC 

(TF-TH) form a continuous band that surrounds the periarchicortical regions of the HF, that 

is, the EC rostrally (limited by the rs), and PrS and PaS further caudally. The boundary of the 

PRC with the EC along all its extent is the rs. This belt of proisocortex (PHC and PRC) 

surrounding the HF has a rostral continuation in the temporopolar cortex (TPC), although 

there is little or no vicinity with the rs (Insausti, 2013). The TPC makes the most rostral 

extension of the so called parahippocampal region (PHR, see below). The PHC tapers off in 

the vicinity of the isthmus of the PHG, and a caudal extension of it continues back as far as 

the ventromedial extension of the retrosplenial cortex (RS), also known as the caudomedial 

lobule (Goldman-Rakic et al., 1984). All together would contribute with more than two-thirds 

of the cortical input afferent to the EC and thence, to the hippocampus and DG (Insausti et al., 

1987a). Additional cortical input is directed to the CA1/S border (i.e. Barbas and Blatt, 1995; 

Insausti and Muñoz, 2001, see below). Collectively, the TPC, PRC, PHC, and RS receive the 

name of parahippocampal region (PHR), (see Witter and Wouterlood, 2002 for details).  

 

From this perspective, the PHR forms part of a number of cortical areas that share the 

“proisocortical” morphological features, and it fits the localization of what Broca (1878) 

named “grand lobe limbique”, of which the ventromedial temporal cortex makes a sizeable 

portion. Therefore, the PHR including the RS, provides a sizeable portion of the “limbic” 

system (Figure 1B), although the anterior continuation of the limbic cortex (namely the 

cingulate cortex above and around the corpus callosum) is not included under the term PHR 

despite its substantial contribution to the cortical connectivity of the HF (see below) and its 

structural overall similarity with the “proisocortex”.  
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Figure 1. A. Photograph of the lateral surface of a Macaca fascicularis monkey brain. A gross 
anatomical dissection of the temporal lobe in order to expose the hippocampus has been performed. 
The hippocampus can be seen at the right–hand side in a dorsal view. B. Ventral view of a Macaca 
fascicularis brain in which the EC, as well as components of the PHR and related sulci are indicated. 
Scale bars in A and B: 1 cm. C. Horizontal section of a Macaca fascicularis monkey brain in which 
the temporopolar cortex, the amygdaloid complex and the hippocampus can be appreciated in 
continuation of one-another. Scale bar: 1mm. 

 

GROSS ANATOMY AND ARCHITECTURAL FEATURES OF THE HF FIELDS 

The HF, therefore, lies medial to the rostral one half of the rs, and runs medial to the PHR, as 

far as the posterior columns of the fornix (Figure 1A). We will be using the term HF 

according to the nomenclature of Insausti and Amaral (2012), which, in turns, follows the 
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studies of Ramón y Cajal (1893). The HF encompasses the cytoarchitectonically distinct 

regions, which begin with the DG as a starting point, and follows a consecutive series of 

steps, in an archicortical to periallocortical direction, as far as the EC. We also will be using 

the term “hippocampus” to comprise the DG, CA fields and the S, that is, the fields with an 

archicortical structure. We will not use the term “subicular complex” as the PrS, PaS and EC 

present more than the three layers typical of the archicortex (Braak, 1980). The three latter 

structures are classically characterized as “schizocortex” because of the presence of a fibre 

layer (lamina dissecans) that splits the thickness of the cortex into two parts (Stephan and 

Andy, 1970; Stephan, 1975). 

HF field location and extension 

The hippocampus in nonhuman primates lies in the floor of the temporal horn of the lateral 

ventricle, and its orientation is virtually straight and longitudinal, with the only exception of 

the EC, which extends forward in the temporal lobe. The non-periarchicortical parts of the HF 

(DG, CA fields and S) can be seen extending from the level of the amygdala to the splenium 

of the corpus callosum. Figure 1C shows the consecutive longitudinal arrangement beginning 

from the temporal pole, amygdala, and hippocampus. A gross anatomical dissection of the 

monkey brain shows macroscopically the same arrangement. The EC and the head of the 

hippocampus run for the same length and parallel to the rs in the nonhuman primate (Figures 

1A and B). 

 

In primates, the hippocampal head is a rostral and medial bend, not as pronounced and 

convoluted as in the human brain, which contains all the HF fields. Thus, the most medial 

portion (gyrus intralimbicus) is made up of hippocampal field CA3 (Figure 2A). From there, 

and sequentially, there is a duplication in a single section of the DG (Figure 2B), and 

immediately after CA2, CA1 and S, in such a way that the all the components are visible in a 

mirror image of the rostral cross-section profile of the rostral body of the hippocampus 

(Figure 2B). All those fields of the uncal hippocampus are named with the prefix “uncal” (see 

below). Moving in a rostral direction, the duplicated DG in a “mirror” image fuses to form a 

single, oval structure in coronal sections (Figure 2C). Further rostrally, and located under the 

amygdala, the remaining of the fields fuse, thus providing the typical oval profile at the rostral 

tip of the lateral ventricle. The most rostral field is the S (Figure 2D). Although the 

hippocampal head does not reach the development and complexity of the human, it is 

nonetheless sometimes difficult to establish boundaries among fields in a series of coronal 
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sections. Caudal to the hippocampal head, the HF adopts the more usual appearance as an 

interlocking band of neurons in continuation toward the choroidal fissure. The hippocampus 

extends for about 2cm in a rostrocaudal direction as far as the splenium of the corpus 

callosum, and maintains the typical appearance almost as far as the caudal end, where the DG 

has a more elongated appearance. 

 

Figure 3 shows the typical cross-section through the body of the hippocampus, passed the EC. 

The topographical value of the hippocampal fissure (hf) can be appreciated in Figures 2 and 3. 

One of the main features of the hippocampus is its “folded” and curved appearance. The 

embryological growth of the hippocampal primordium determines the interlocking of the DG 

and the closely related CA3. This interlocking takes place in the “transversal” plane, that is, 

orthogonal to the long axis of the hippocampus. The growth of the hippocampal sheet of 

neurons leaves in tight contact the outer part of the DG (the prospective molecular layer of the 

DG) with the outer layer of the pyramidal sheet of neurons (apical part of the dendrites that 

make up the stratum lacunosum-moleculare, see below). Therefore, both layers oppose one 

another, but remain separated by the pial surface that limit each one of those fields. The DG is 

as easily identifiable, as in other mammal’s hippocampi, as a dense and narrow open band of 

darkly stained neurons that surround a less dense central region where the proximal end of 

CA3 lies in the proximity of the inner layer of the DG, the hilar region (Figure 3). It is to note 

that Lorente de Nó (1934) separated this area as a distinct field, CA4, which is not recognized 

here (for details of the justification to drop the field CA4 see Insausti and Amaral, 2012). 
 

The pial surface is traversed by small vessels, which irrigate the hippocampus. Thence, the hf 

is reduced to a line of pial cells that separates the hippocampal CA fields, mostly the stratum 

lacunosum-moleculare layer of CA1, from the molecular layer of the DG (Gloor, 1997). 

Medially, it opens to the subarachnoid space, where the anterior choroidal artery runs. The 

space in which the anterior choroidal artery travels receives the name of choroidal fissure, and 

it extends along the longitudinal extent of the hippocampus, just facing the PrS, PaS, and as 

far as the most caudal part (tail of the hippocampus). The anterior choroidal artery provides 

most of the vascularization to the hippocampus and originates in the arterial circle of Willis, 

although it may arise directly from the internal carotid artery. There is also an additional small 

contribution, the posterior choroidal artery that originates from a branch of the posterior 

cerebral artery. The branches of the anterior choroidal artery are seen as vascular holes in the 

“fused” hf among which the perforant pathway fibres run. The CA3 field curves around as it 
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exits the open DG and borders the field CA2. CA3 presents all the typical layers of the 

hippocampus, which are (beginning in the layer closer to the ventricular surface) the alveus, 

stratum oriens, stratum radiatum, and stratum lacunosum-moleculare, just adjacent to the 

fused hf. 
 

 
Figure 2. Series of coronal sections through the uncal portion of the HF from caudal (A) to rostral 
(D). A. HF at the level of the end of the uncus, where it forms the gyrus intralimbicus close to its end. 
B. Hippocampal uncus more rostrally than panel A, in which the duplication of the hippocampus and 
DG can be appreciated. Note the connection between CA3 and the polymorphic cell layer between 
both DGs. C. Rostral section to the one shown in panel A. The fusion of the granule cell layer of the 
DG can be appreciated. This coalescence of the two duplicated granule cell of the DG has to be 
interpreted as the convergence onto a single DG at the rostral uncus. The convergence and fusion of 
the HF fields leaves a single profile for the DG. The convergence of the hippocampal fields continues 
rostrally in such a way that progressively CA3, CA2, CA1 and the S, as it can be appreciated in panel 
D. Scale bar: 1 mm. 
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The alveus, stratum oriens and the pyramidal cell layer are also curve and make a prominence 

in the floor of the lateral ventricle as far as the fimbria, covered by ependymal cells (Figure 

3). It also has a specific layer, the stratum lucidum, in which the axons of the DG terminate 

(mossy fibres). CA2 field is made up of dark and tightly packed neurons, although its 

boundary with the neighboring fields CA3 and CA1 is not always clear. Field CA1 continues 

field CA2 in the transversal plane and, along with the field CA3, all display the set of layers 

that unify the structure of the CA fields. The fields CA3-CA1 present the typical archicortex 

structure of one principal layer (pyramidal cell layer) with a number of additional layers 

formed by the axon and dendrites of the pyramidal neurons. The pyramidal cell layer neurons 

send axons that conform the stratum oriens, in which the basal dendrites and many 

interneuron cell bodies lie (see below). The collection of axons coalesces in the alveus, a fibre 

layer that abuts the ependymal covering the temporal horn of the lateral ventricle and 

continues backward as the fimbria. The cell bodies constitute the stratum pyramidale, and 

their dendrites form the stratum radiatum. The apical portion of the dendrites form the 

stratum lacunosum-moleculare. The S is the part of the archicortex that continues the CA1 

field, toward the choroidal fissure. The transition between CA1 and the S forms an oblique 

border, which is important in relation to the cortical input and output of the HF (see below). 

The outermost layer of the S is the molecular layer, and usually faces the choroidal fissure. 

The cellular organization of the S consists in a pyramidal cell layer, subdivided into principal 

and polymorphic layers (Bakst and Amaral, 1984; Kobayashi and Amaral, 1999). The 

polymorphic layer of the S abuts the white matter, largely made up by the angular bundle that 

carries, among others, the perforant path fibres, which owes its name to the fact that it 

“perforates” through the S thickness. Toward the midline, the S is continued by the PrS, 

which presents an outer principal layer of small neurons that partially overlap the S, the 

lamina dissecans, and an inner principal layer. In contrast to the human PrS, in which the 

outer principal layer is broken into discontinuous clumps, in the nonhuman primate it appears 

as a continuous layer as far as the border with the PaS. The PaS itself also presents an outer 

cell layer made up of neurons of various sizes that adopt a more laminar distribution, the 

lamina dissecans, and an inner cell layer that resembles the deep layers of the EC.  

 

Topographically, the PaS starts once the hf opens in the uncus, and covers approximately the 

whole length of the body of the hippocampus. The transition of the body and tail of the 

hippocampus is indistinct, and only approximate limits can be delineated at the end of the 

lateral geniculate nucleus (Figure 2A), where the tail of the hippocampus begins. The EC is 
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continued by the PaS into the PHG. It is important to clarify that the gross anatomical term of 

parahippocampal gyrus (PHG) includes the cortical areas adjacent to the hippocampus and 

EC. The term parahippocampal region (PHR) refers to the posterior parahippocampal cortex 

(PHC), which is the cortex that in the caudal one-half of the parahippocampal gyrus once the 

EC is no longer present. The nonhuman primate EC, although considered a periarchicortex 

region, presents a lamination better defined than the PrS and the PaS, The laminar structure of 

the EC is made up of six layers named I to VI that do not are equivalent to that of the 

neocortex. Two cell layers stand out: layer II made up of darkly stained neurons, and layer V 

of big and dark neurons. While layer II originates the projections to the molecular layer of the 

DG (Witter et al., 1989), layer V originates much of the cortical output of the HF (Muñoz and 

Insausti, 2005). Two fibre layers are also present, the molecular layer (layer I) in which many 

cortical afferents terminate, and the lamina dissecans (layer IV), made up of the basal 

dendrites of the pyramidal neurons of layer III and some cortical afferents. The other two 

intervening layers, layer III and layer VI, complete the lamination of the EC. It is to note that 

the cytoarchitectonic structure of the EC is not homogeneous, and mediolateral as well as 

rostrocaudal differences are present, what justifies the presence of up to seven subfields, 

namely olfactory (EO), rostral lateral (ELR), rostral (ER), intermediate (EI), caudal (EC), and 

caudal limiting (ECL). For details, see Amaral et al., 1987. In this regard, the nonhuman 

primate HF reflects accurately the macroscopic organization found in the human brain 

(Insausti and Amaral, 2012), in contrast to the rodent, where the topological relationship 

among structures is less comparable (Stephan, 1975; Insausti, 1993; Insausti et al., 1997).  

 
 
 
 
 
 
 
 
Figure 3. Cross–section through the 
body of the hippocampus, once the 
uncus has ended. Note that the EC is 
not present at this level, but the PHC 
instead forms the PHG. The typical 
profile of the transversal section of 
the hippocampus and the adjoining 
PHC can be appreciated. Scale bar: 1 
mm.  
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NEUROCHEMISTRY OF THE HF 

 Neurons included in the cellular layers of the hippocampal formation can be inhibitory 

(interneurons) or excitatory (principal cells). These cells have been extensively studied since 

Ramón y Cajal (1893) and Lorente de Nó (1934). Principal cells are located, among others, in 

the granular layer of the DG and the pyramidal layer of CA fields (Storm-Mathisen, 1981; 

Ottersen and Storm-Mathisen, 1985), whereas interneurons are found throughout the whole 

HF but more concentrated in the polymorphic layer of the DG and the stratum oriens of CA 

fields. In addition, some interneurons can be intermingled with principal cells in the same 

layer, such the pyramidal basket cells (granule cell layer of DG and pyramidal layer of CA1), 

chandelier axo-axonic cells (molecular layer of DG and pyramidal layer of CA1), or small 

interneurons located preferentially in the most superficial layers of EC (Ribak et al., 1978; 

Ribak and Seress, 1983; Seress and Ribak, 1983; Somogyi et al., 1983; Braak et al., 1986; 

Babb et al., 1988; Jongen-Rêlo and Amaral, 1998).  These interneurons regulate the activity 

of principal cells mainly at the soma and proximal axonal levels (Ribak et al., 1978; Somogyi 

et al., 1983b). Other interneurons exert their function in the dendritic layers, not reached by 

pyramidal basket cells and chandelier cells (Ribak et al., 1978; Somogyi et al., 1984; Kosaka 

et al., 1985, 1988; Tóth and Freund, 1992). These additional “dendritic” interneuron types 

have been classified as bistratified, hilar perforant path-associated (HIPP) cells, hilar 

commissural-associational pathway related (HICAP) cells, and molecular layer perforant 

path-associated (MOPP) cells (Han et al., 1993). A great variety of interneurons of the 

hippocampal formation of the rat have been described in detail by Freund and Buzsaki (1996) 

according to their location, neurochemical content, pattern of discharge, or dendritic arbors. 

Their equivalent in the nonhuman primate HF is likely similar. The role of inhibitory neurons 

is crucial as modulators of the activity of principal neurons, thus a great interest has been 

addressed to the study and characterization of interneurons. 

 

The study of the neurochemistry of the HF is intricate due to the complexity of the 

cytoarchitecture as well as to the amount of projections, what gives rise to an enormous 

diversity of neurochemical combinations. The detection of several neurotransmitter receptors 

also reveals differences between cellular components, and the presence of a great variety of 

substances reported in the HF itself adds another degree of difficulty in this approach. The 

classification of neurons according only to their neurochemical content gives an idea on the 

complexity of mechanisms that occur in these cells in order to perform their function 
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correctly. However, this criterion has been one of the most employed during the last past 

years in order to facilitate the understanding of how neurochemical substances can interact to 

produce a final response. 

 

The distribution of numerous neurochemical substances has been described in the HF of 

mammals (for review, see Kobayashi and Amaral, 1999). Classical neurotransmitters as 

glutamate (Storm-Mathisen, 1981; Ottersen and Storm-Mathisen, 1985); GABA (Ribak et al., 

1978; Ribak and Seress, 1983; Seress and Ribak, 1983; Somogyi et al., 1983a, b; Kosaka et 

al., 1985; Braak et al., 1986; Babb et al., 1988; Tóth and Freund, 1992; Jongen-Rêlo and 

Amaral, 1998); dopamine, noradrenaline (Amaral and Campbell, 1986; Gaspar et al., 1987; 

Powers et al., 1988; Gaspar et al., 1989; Samson et al., 1990; Torak and Morris, 1990; Akil 

and Lewis, 1994); serotonin (Amaral and Campbell, 1986; Ihara et al., 1988; Wilson and 

Molliver, 1991; Berger and Alvarez, 1994); and calcium-binding proteins (parvalbumin, 

calretinin and calbindin) (Leranth and Ribak, 1991; Seress et al., 1991; Braak et al., 1991; 

Sloviter et al., 1991; Hornung and Celio, 1992; Seress et al., 1992; Tuñón et al., 1992; 

Pitkanen and Amaral, 1993; Seress et al., 1993a, b; Seress et al., 1994;  Nitsch an Ohm, 1995; 

Solodkin and Van Hoesen, 1996; Brady and Mufson, 1997) have been mapped in detail, 

mainly in DG and CA fields, although less information about their distributions in S, PreS, 

PaS or EC is available (Graterón et al., 2003). Fibres immunostained for phenylethanolamine-

N-methiltransferase (a marker for adrenalin) have not been detected in the HF (Samson et al., 

1990), although noradrenergic or dopaminergic fibres have been found in all its subfields. 

Cholinergic innervation is abundant in the HF (Perry et al., 1980; Butcher and Woolf, 1982; 

Fibiger, 1982; Henke and Lang, 1983; Baskt and Amaral, 1984; Levey et al., 1984; Mesulam 

et al., 1986 a, b; Ransmayr et al., 1989, 1992; Perry et al., 1992; de Lacalle et al., 1994; 

Alonso and Amaral, 1995; Solodkin and Van Hoesen, 1996), and these cholinergic neurons 

detected in the hippocampus (mainly in the dentritic layers of DG and CA1) have been 

considered as interneurons (Frotscher et al., 1986). No data about noradrenergic or 

serotonergic fibres in PreS and PaS are available, but the remainder of the components of the 

HF display abundant fibres containing those neuroactive substances (Kobayashi and Amaral, 

1999).  

 

Several neuropeptides contained in either cell bodies, fibres or both, have been also detected 

in the HF. For example, the opiate neuropeptide dynorphin A is considered as a marker of the 

mossy fibres (Chavkin et al., 1985). Neurotensin has been detected only in fibres in the CA 
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fields, PreS, PaS and EC (Sakamoto et al., 1986; Mai et al., 1987; Gaspar et al., 1990; Berger 

and Alvarez, 1994; Kobayashi and Amaral, 1999). The density of the immunoreactivity for 

these substances varies depending on the region and/or layer where they are found. For 

example, the PreS is the region of HF that displays the highest amount of GABAergic cell 

bodies and fibres (Kobayashi and Amaral, 1999). In some cases several neuropeptides or 

calcium-binding proteins are considered as interneuronal markers, since they co-localize with 

GABA in neurons, and are detected in layers where interneurons are abundant. At the same 

time, they are scarce in layers containing principal cells both in the CA fields and in the S 

(Freund and Buzsaki, 1996).  

 

Different combinations in co-localization can be observed, with distinct subsets of 

interneuron classes depending on the region. In DG and CA fields, GABA may co-localize 

with calcium-binding proteins (all neurons parvalbumin-positive of this region have been 

classified as basket or chandelier cells, Freund and Buzsaki, 1996), substance P (Del Fiacco et 

al., 1984, 1987; Nitsch and Leranth, 1987, 1994; Sakamoto et al., 1987; Iritani et al., 1989), 

somatostatin (Bakst et al., 1985; Chan-Palay et al., 1986; Chan-Palay, 1987; Bouras et al., 

1987; Amaral et al., 1988; Cebada-Sánchez et al., 2014), and neuropeptide Y (Lotstra et al., 

1989; Nitsch and Leranth, 1991; Cebada-Sánchez et al., 2014). By contrast, in S, PreS, PaS, 

and EC the most common pattern of co-localization in GABAergic neurons is calcium-

binding proteins, somatostatin, and neuropeptide Y (Friederich-Ecsy et al., 1988; Carboni et 

al., 1990; Dournaud et al., 1994; Solodkin and van Hoesen, 1996; Kobayashi and Amaral, 

1999). All interneuron markers are not always present in all cells, and many possibilities for 

combination of neuroactive substances can be found depending on the subset of interneurons 

considered. For example, in contrast to parvalbumin, the calcium-binding protein calbindin is 

not present in basket or chandelier cells (Freund and Buzsaki, 1996), and cells containing 

cholecystokinin and vasoactive intestinal polypeptide (VIP) represent a non-overlapping 

basket cell population with neurons containing parvalbumin (Gulyás et al., 1991; Acsády et 

al., 1996). All these morphological and neurochemical studies suggest complex regulation 

processes exerted on the activity of principal cells by interneurons. Some of these 

mechanisms are very specific, such as the regulation of serotonin on the polymorphic layer of 

DG. The serotonergic input to this area was directed specifically towards calbindin cells, and 

not on other neurons of the same layer even if they contain calcium-binding proteins 

(Kobayashi and Amaral, 1999).  
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On the other hand, different fragments of the same peptide precursor can show different 

distribution in the HF, and then regulate the function of principal cells. It has been described 

that although somatostatin-28 and neuropeptide Y are frequently co-localized in the same cell 

bodies of the DG, the somatostatin-28(1-12) fragment displays a different pattern of 

distribution than somatostatin-28, at least in the human DG (Cebada-Sánchez et al., 2014). 

This suggests that the functions of these two somatostatin molecules are exerted differently, 

although somatostatinergic cells located in the hilus have been classically considered as 

equivalent to HIPP interneurons (Freund and Buzsaki, 1996). It has been also described that 

the density of immunoreactive neurons for these neuropeptides is different along the rostro-

caudal axis of the DG (Cebada-Sánchez et al., 2014), suggesting that the regulatory role of 

interneurons on the activity of principal cells could be different in rostral and in caudal levels 

of the HF.  

 

The role played by other neuroactive substances in the HF has not been clearly established, 

since they have been detected in layers containing interneurons as well as in layers with 

principal cells within the same HF region. This is the case of enkephalin, detected in the 

polymorphic and granular layers of the DG (Sakamoto et al., 1987; Gall, 1988), in stratum 

oriens (interneurons), as well as in the pyramidal layer (excitatory) of CA fields (Kobayashi 

and Amaral, 1999). This neuropeptide has also been observed in pyramidal neurons of S, 

which are positive for aspartate. Calbindin is also present in both principal cells and 

interneurons of the HF (Baimbridge and Miller, 1982; Baimbridge et al., 1982; Sloviter, 1989; 

Toth and Freund, 1992). In other cases, such as the neuropeptide galanin, few 

immunohistochemical studies have been carried out (Gentleman et al., 1989), and the 

majority of data comes from binding or in situ hybridization techniques (Melander and 

Staines, 1986; Kohler et al., 1989; Fisone et al., 1991; Evans et al., 1992; Rodríguez-Puertas 

et al., 1997). Therefore, the knowledge of the distribution pattern of this neuropeptide in the 

HF is still incomplete. The neuropeptide neurotensin has been detected in layers containing 

typically excitatory cells, such as the granular cell layer of DG and the pyramidal layer of S 

(Sakamoto et al., 1986) and PreS (Mai et al., 1987; Berger and Alvarez, 1994), and is absent 

in inhibitory neurons (Kobayashi and Amaral, 1999). For this reason, this neuropeptide can be 

considered as an important regulator of the activity of principal cells contrasting with the 

majority of neuropeptides which have been classically associated with interneurons in the HF 

and that have been related with control the activity of principal neurons but in a sort of 

“external” way.  
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INTERNAL ANATOMY AND CONECTIVITY OF THE HF AS A GATE TO 

MEMORY FUNCTION 

Intrinsic HF connectivity 

The key feature of the HF is its intrinsic organization in a series of unidirectional stepwise 

connections that form a closed loop (Figure 3). This loop opens to other cortical (Insausti et 

al., 1987a) and subcortical (Insausti et al., 1987b) inputs and outputs. This chapter focuses in 

the intrinsic and cortical connectivity of the HF. Some of the subcortical connections have 

been reported earlier (for review, see Amaral and Lavenex, 2007). Specifically, this work 

focuses on the nonhuman primate HF cortical input and output, and briefly describes the set 

of connections within the HF starting from the DG, CA3, and CA1, and the HF output to 

cortex from the EC and the CA1/S border. This chapter aims to provide a glimpse of the 

organization of the HF-cortical connectivity, which in the primate is established primarily 

with limbic and higher order processing areas, while in the rodent covers the entire cortical 

mantle. 

 

The nonhuman primate HF can be seen as a structure that consists on starting and end points 

in a closed loop, in which cortical inputs impinge upon, and outputs exit largely to the same 

cortical areas that contribute with afferents in a topographical manner. Superficial layers of 

different subfields of the EC send an input to the DG that progressively takes the loop CA3-

CA1/S, and this information returns to the point of entry, the EC, albeit it does so in its deep 

layers. Those deep EC layers originate a cortical and subcortical output. In addition to the HF 

intrinsic and cortical connections, HF commissural connections have to be taken into 

consideration.  

 

The connectivity among different points of this chain of connections is critical to understand 

the functional organization by which cortical activity may spread inside and outside the HF 

and directly influence wide areas of the cerebral cortex. It has been known for long time that 

the EC targets directly the molecular layer of the DG. Schematically, the progression of the 

projections is such that the DG project to CA3 as mossy fibres, but this projection does not 

reach CA2. CA3 and CA2 project to CA1; CA1 projects to the S, which, in turn, projects to 

the PrS, PaS, and deep layers of the EC, thus closing the circle of stepwise intrinsic 

connectivity.  
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Among the first descriptions of the intrinsic HF connectivity is the work of Ramón y Cajal 

(1893). He described the perforant path, both at its origin in the EC and its destination in the 

DG. However, it was left unresolved the question of where information to the EC, in 

particular the one that originates in the cerebral cortex, came from. It was not until 1975 that 

van Hoesen and colleagues (van Hoesen and Pandya, 1975a, b; van Hoesen et al., 1975) 

clarified some of the cortical input to the EC. Later on, retrograde tracing studies disclosed 

the set of connections that formed the afferent cortical and subcortical connections to the EC 

(Insausti et al., 1987 a, b; Insausti and Amaral, 2008). Therefore the EC was firmly 

consolidated as the gateway to the hippocampus, and it is now legitimate to consider the EC 

as the start (and final station) of the intrinsic HF connectivity.  

 

The EC projections to the DG and the CA fields originate in distinct layers and present 

different targets. While the EC projection to the DG originates specifically in layers II and VI 

(along with a lighter projection to the stratum lacunosum-moleculare of CA3), layer III 

projects exclusively to CA1 and S. Those fibres travel in the angular bundle and “perforate” 

the S and the fused hf among the vessels that irrigate the hippocampus (see above). Some 

fibres travel through the stratum lacunosum-moleculare of CA1 and CA3 before ending in the 

molecular layer of the DG.  

 

One important aspect of the EC projection to the DG is the topographical organization of the 

perforant pathway termination in the DG as well as in the other hippocampal fields. Earlier 

reports posit that the hippocampus in humans and nonhuman primates is comparable to the 

rodent hippocampus, and a correspondence exists between the septal hippocampus in rodents 

and the caudal part of the hippocampus, while the head and uncal portions of the 

hippocampus correspond to the temporal part of the rodent hippocampus (Amaral et al., 1984; 

Insausti, 1993; Amaral and Lavenex, 2007). Studies with anterograde and retrograde tracing 

techniques disclosed a topographical arrangement in the EC projections to the DG that does 

not differ much from the rodent. The uncal part of the DG and the hippocampal head receive 

projections from a medial band of the EC that encompasses the rostromedial fields of the EC 

(among them direct olfactory input through the subfield EO) as far as the caudal EC. A mid 

EC band projects to the body of the hippocampus. Finally, a lateral EC band projects to the 

caudal hippocampus (Witter et al., 1989; Witter and Amaral, 1991). 
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In contrast to the rodent EC projections to the DG, there is not a clear separation between the 

middle and outer one third of the molecular layer of the DG, clearly separated in the rodent. 

In addition to the DG projection, the EC projects in a topographic fashion to the CA fields 

and S with mostly layer III, and in a lesser extent layer V, originating this projection (layers II 

and VI neurons of the EC do not, Witter and Amaral, 1991). The topography is organized in 

such a way that the rostral subfields of the EC project to the CA1/S region, while more 

caudally placed subfields project to the distal S (closer to the PrS) and proximal CA1 (closer 

to CA2). All parts of the EC project to a large extent of the stratum lacunosum-moleculare in 

CA2 and CA3. As in the case of the projection to the molecular layer of the DG, layers II and 

VI of the EC originate CA2 and CA3 projections. All this fibres travel embedded in the fibres 

of the angular bundle in a caudal direction. Therefore, the flow of impulses travels from all 

layers and subfields of the EC to the DG, CA fields, and S. It is still uncertain whether or not 

the EC contributes fibres to the PrS and PaS, although it may be the case.  

 

The DG projects to the field CA3 through the mossy fibre system, characteristically revealed 

by the Timm method for the demonstration of heavy metals. The polymorphic (hilus) cell 

layer of the DG also shows a projection to the inner third of the molecular layer of the DG, a 

projection that has been demonstrated to contain the peptide somatostatin (see above, and 

Bakst et al., 1985). The projection to CA3 neurons runs in the transverse plane of the 

hippocampus that is, orthogonal to the long axis of the hippocampus. Here, the mossy fibre 

system travels mostly within the pyramidal cell layer of CA3. At the distal end of CA3, the 

mossy fibres take a roughly parallel course to the long axis of the hippocampus in a rostral 

direction for about 3-5mm (Kondo et al., 2008). In their way, the mossy fibres spread 

collaterals to the polymorphic cell layer and the inner third of the molecular layer, thus 

forming an associational system that runs in both rostral and caudal directions to cover 

approximately up to 80% of the longitudinal axis of the hippocampus (Kondo et al., 2008). 

Finally, there are also local projections from the DG to the polymorphic cell layer, which also 

presents a longitudinal extent.  

The chain of connections continues away from the DG as CA3 projects to field CA2 and 

CA1. This projection forms the system of Schaffer’s collaterals. CA3 projections innervate 

CA1 strata oriens, pyramidale and radiatum in the transverse axis. In the longitudinal axis, 

the CA3 to CA1 projection expands about three-fourths the whole extent of CA1 while at 

very rostral levels, the CA3 projection is more restricted longitudinally (Kondo et al., 2009). 

In addition, both CA2 and CA3 give rise to associational projections that innervate strata 
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oriens, pyramidale and radiatum, although these are shorter in the longitudinal axis and less 

dense than projections to CA1. The stratum lacunosum-moleculare does not receive 

innervation from neither CA2 nor CA3 of the Schaffer’s collateral system (Kondo et al., 

2009). Field CA1 projections are directed to the S and EC, although the exact topography is 

still little understood (Rosene and Van Hoesen, 1987). The EC receives the final hippocampal 

output to layers V and VI, the same layers that do originate back projections to cortical and 

subcortical targets. In contrast to the rat, in monkeys, CA2 and CA3 fields do not project to 

the EC.  

HF commisural connections 

The nonhuman primate HF has a rather meager commissural fibre system relative to the 

rodent. Retrograde and anterograde tracing studies indicate that, in contrast to the rodent HF, 

only the uncal part of the hippocampus (CA3) and DG forms a true commissural pathway to 

the contralateral hippocampus. In contrast, the PrS is the HF region that contributes most 

importantly to the commissural connectivity to the contralateral EC. Retrograde studies 

(Amaral et al., 1984) unveiled that the PrS sends a robust projection to the caudal part of the 

contralateral EC. The S has a less dense, reciprocal, connection with the caudal part of the 

EC, where it terminates more heavily into layers III and IV. Neither the S nor the PaS present 

commissural connections. The EC itself has a weak projection to layer III of the contralateral 

caudal EC, as well as to CA1 and the outer part of the molecular layer of the caudal part of 

the DG, as if it were a crossed temporo-ammonic pathway. In contrast, the rostral part of the 

EC does not show contralateral projections at any level of the EC. The cells of origin for this 

commissural projection are the polymorphic cell layer of the DG and the stratum pyramidale 

of CA3. CA1 and S do not originate commissural projections; however, the PrS has a heavy 

projection to the contralateral EC, although the uncal part of the DG and CA3 do not get input 

from the PrS. The PrS cells that project to the contralateral EC are located mostly in the deep 

part of lamina principalis externa, although no specific topography seems to be present. The 

caudal part of the EC itself projects lightly to the contralateral S and PrS. 

EC intrinsic connections 

The EC itself maintains a heavy intrinsic set of connections, particularly developed in the 

caudal EC. Anterograde tracer studies (Chobrak and Amaral, 2007) reveal that the intrinsic 

set of connections within the EC is organized into three longitudinally running in rostrocaudal 

bands. The most extensive intrinsic EC connection, which encompasses up to one-half of the 
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whole extent of the EC, is provided by the lateral EC subfields. More medial subfields also 

give rise to an intermediate longitudinal band that, interestingly, does not project to the lateral 

band of EC subfields. The most medial subfield, EO, likely projects to the most medial 

portions of the EC, but does not receive from, or sends projections to any of the two other 

bands. The densest intrinsic projection terminates mainly in layer III, although layer I is also 

recipient of a dense projection. Layer II receives a much lighter projection, although it can be 

denser locally (i.e. near the deposit of the tracer). However, as layer III contains dendrites of 

the layer II neurons in the EC, the intrinsic connections have also the possibility of synaptic 

contacts with layer II neurons. Therefore, the intrinsic connections of the EC maintain the 

same topographical arrangement in the EC than the projections to the hippocampus and DG 

(Witter et al., 1989; Witter and Amaral, 1991).  

Cortical connections of the HF 

The cortical connections of the HF represent a high-order association system that provides 

entry of different sensory modalities to contribute to the integration of incoming sensory 

stimuli to be relayed to the hippocampus. The cortical connectivity of the HF can be seen as 

the system in which polymodal processing areas, as well as areas from different sensory 

modalities, provide afferent and efferent connections to the HF. Functional areas carrying 

unimodal or polymodal (polysensory) connections converge in the EC and the CA1/S border. 

However, no single sensory modality from primary or secondary sensory cortices reaches or 

receives back-projections from the HF in the nonhuman primate, excluding the olfactory 

modality. Olfaction is the only primary sensory modality that reaches directly the 

rostromedial part of the EC. It covers about 10% of the cortical surface of the EC, very 

similar to the area covered in humans by one architectonic field that resembles closely that in 

nonhuman primates (Insausti and Amaral, 2012). Significantly, most of the cortical input and 

output is directed to polymodal association cortices in the PHR and its continuation as RS. 

This input accounts for about two-thirds of the total cortical input (Insausti et al., 1987a), and 

it is likely that this proportion is preserved in the cortical output of the HF (Suzuki and 

Amaral, 1994b; Legidos-García, 2014). As far as other cortical inputs or outputs of the HF is 

concerned, it is noteworthy to mention the presence of direct cortical input to the CA1/S 

border (Rosene and Van Hoesen, 1977; Suzuki and Amaral, 1990; Barbas and Blatt, 1995; 

Iwai and Yukie, 1998; Insausti and Muñoz, 2001). Likewise, CA1/S output reciprocates many 

of the inputs, in particular to the temporal lobe (Rosene and van Hoesen, 1977). Figure 4 

shows a summary of the extrinsic cortical connectivity of the HF.  
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Figure 4. Summary diagram showing the cortical connectivity of the HF. A. Stepwise connections of 
the HF, as well as the intrinsic connections of the EC, and the perforant path to the DG. B. 
Commissural projections of the HF. C. Summary of the cortical connectivity of the HF. The size of 
the arrows represents the strength of the connections. Note the strong connectivity between the PHR 
and the EC. Dashed lines represent weaker projections to the EC. 
 

Temporal lobe cortical connections with the HF 

Visually related connections with the HF  

The pathways for visual processing that reach the HF start from early visual areas in the 

occipital cortex, which divide immediately into ventral and dorsal processing streams. The 

ventral stream is important for object identity and recognition memory (Mishkin and 

Ungerleider, 1982; Kravitz et al., 2013). It is important to keep in mind that, while parallel 

processing is critical for vision in general, the ventral stream is often described as organized 

anatomically in a hierarchical series of connections characterized functionally by the 

processing of increased stimulus complexity (i.e. 3D objects) at progressively more rostral 

areas (Mishkin and Ungerleider, 1982; Desimone, 1996; Nakamura and Kubota, 1996; 
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Tanaka, 1996; Kravitz et al., 2013). This processing stream originates in the striate cortex 

(V1) and courses through the occipitotemporal cortex (V4, TEO) to its anterior temporal 

target, area TE (Kravitz et al., 2013). Area TE then projects into the HF (the anterior part of 

TE has direct projections to ELR, Saleem and Tanaka, 1996); ELR subfield receives much of 

the sensory convergence, which takes place in the EC from other memory related areas of the 

PHR (Mohedano-Moriano et al., 2008).  

 

As already mentioned, projections from the PHR end in the EC and provide as much as two-

thirds of the cortical input to the HF (Insausti et al., 1987a; Suzuki and Amaral, 1994a). 

Additional input from PHR ends in the CA1/S border region (Rosene and Van Hoesen, 1977; 

van Hoesen et al., 1979; Suzuki and Amaral, 1990; Iwai and Yukie, 1998; Barbas and Blatt, 

1995; Insausti and Muñoz, 2001), although many details need to be worked out (Figure 4). In 

turn, PHR components collect much of the unimodal association cortices of all sensory 

modalities but perhaps olfactory (Suzuki and Amaral, 1994b; Kondo et al., 2003). The 

importance of the entry of this cortical input to the HF is highlighted by the consequence of 

damage to the PHR, which results in a severe visual impairment in memory tests based on 

visual recognition (Meunier et al., 1993; Malkova et al., 2001), a similar deficit to a much 

larger MTL lesion. 

 

The output of the HF to visual related areas is still little known, although anterograde and 

retrograde tracing studies show that the EC and CA1/S border reciprocates temporal lobe 

PHR areas (Rosene and van Hoesen, 1977; Suzuki and Amaral, 1994b; Barbas and Blatt, 

1995; Iwai and Yukie, 1998; Insausti and Muñoz, 2001, Muñoz and Insausti, 2005). 

Auditory related connections with the HF  

It is known that cortical auditory processing in primates starts at the core or primary sensory 

areas located in the superior temporal plane and, like in the visual system, it soon diverts in to 

ventral and dorsal processing streams (Romanski et al., 1999). However, the details on the 

anatomy and function of the auditory ventral stream are still poorly understood. The auditory 

ventral stream, thought to be important for processing information about stimulus identity, 

originates in primary auditory areas (core A1/R/RT fields of Kaas and Hackett, 2000). It 

courses rostrally in a multistep fashion within the superior temporal plane and in parallel, 

through secondary and tertiary association areas (belt areas RM, AL, RTL, RTM, Kaas and 

Hackett, 2000). From these rostral belt areas, connections course downstream within the 
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tertiary auditory association areas, to areas on the dorsolateral surface of rostral superior 

temporal gyrus (Ts2 and Ts1, Galaburda and Pandya, 1983; Yeterian and Pandya, 1985). 

Direct projections to EC are provided by the rostral and lateral surface of the superior 

temporal gyrus (STG), although comparatively it seems to be rather weak (Mohedano-

Moriano et al., 2008).  

 

Those areas contribute with meager but direct projections to PRC and EC (Suzuki and 

Amaral, 1994b; Kondo et al., 2003; Muñoz et al., 2003; Mohedano-Moriano et al., 2008), and 

eventually, those pathways make their way as far rostral as the dorsolateral TPC, one of the 

main components of the PHR. The TPC projects heavily into the rostral EC (Insausti and 

Amaral, 2008) as well as to the CA1/S border (Rosene and Van Hoesen, 1977). There is 

another minor but also direct entry of auditory input to the medial temporal cortex via a small 

projection from the caudal part of STG to area TH of the PHC (Tranel et al., 1988; Suzuki 

and Amaral, 1994b), that, in turn, terminates in the EC and CA1/S fields of the HF.  

 

Functional imaging studies suggest that the rostral superior temporal plane and the 

dorsolateral temporal pole are important for processing of complex stimuli such as species-

specific calls (Gil da Costa et al., 2004; Poremba et al., 2004; Petkov et al., 2008). Taken 

together, the available data suggest a rostrally directed stimulus identity processing stream in 

the STG. The rostral part of the STG includes Pandya’s areas Ts1 and TAa, and extends as far 

rostral up to the dorsolateral temporal pole (area 38DL in Muñoz-López et al., 2015). The 

dorsal TPC receives input from higher processing auditory areas located in the rostral STG 

and neurons in this area code complex auditory stimuli including species-specific calls and 

memory related responses. The highly processed auditory information from the rostral STG 

can reach the HF through connections primarily via the TPC. In contrasts with their 

remarkable capability to form long-term visual and tactile memories (Murray and Mishkin, 

1984; Goulet and Murray, 2001), primates and humans have a surprisingly poor ability to 

store auditory sensory information into long-term memory (primates in Fritz et al., 2005; 

Scott et al., 2012, humans in Bigelow and Poremba, 2014).  

Given that the anatomical and physiological organization of the auditory system is less 

understood than the visual one, the task of identifying the functional subdivisions of the 

auditory cortical processing and their connections with memory related areas of the MTL is 

still challenging.  Our own study suggested an anatomical pathway that could add a critical 

piece to the anatomical puzzle of auditory memory. The areas that form the rostral STG made 
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up to 70% of the total cortical input to the dorsolateral temporal pole area 38DL, which in turn 

projects to the EC, PRC  (Muñoz-López et al., 2015). However, and in striking disparity with 

the pathway important for visual memory (inferotemporal cortex-PRC-EC cortices), this 

projection bypasses the PRC. This finding in particular might offer an explanation, at least in 

part, of the poor recognition memory ability of rhesus monkeys in audition. An explanation 

that might be extensive to the poorer ability for auditory memory in humans compared with 

touch and vision (Bigelow and Poremba, 2014). In sum, the dorsolateral temporal pole might 

be the area carrying the lead in the auditory projection to the HF via EC, area 35 of the PRC, 

and PHC, bypassing most of area 36 of the PRC. 

Polymodal association cortex connections with the HF 

The polysensory area TPO (in the nomenclature of Seltzer and Pandya, 1978), located in the 

dorsal bank of the superior temporal sulcus, has direct connections to the intermediate and 

caudal parts of the EC (Amaral et al., 1983; Mohedano-Moriano et al., 2008; Insausti and 

Amaral, 2008). This area integrates polymodal information, mostly visual and auditory 

(Perrett et al., 1982 Bayliss et al., 1987). Little is known about the HF output to this 

polymodal area, although anterograde tracing experiments seem to indicate that they may 

exist (Legidos-García, 2014). 

Tactile related connections with the HF  

The ability of monkeys and humans to retain efficiently tactile information in mind for long 

delays is impaired after lesions that involve the PRC (Goulet and Murray, 2001; Bigelow and 

Poremba, 2014).  So far, the main pathway described in the literature possibly important for 

tactile memory is the projection from higher processing somatosensory area SII of the insular 

cortex that processes touch, to area 35 of the PRC (Murray and Mishkin, 1984; Friedman et 

al., 1986; Schneider et al., 1993). Area 35, in turn, would terminate in the lateral and rostral 

EC subfield ELr (Suzuki and Amaral, 1994a) and in the CA1/S border (Rosene and Van 

Hoesen, 1977). Although this anatomical pathway for touch is not a direct one, and is 

restricted to area 35 of the PRC, it appears to be enough to allow the holding of tactile 

information to be transferred into long-term memory in primates and also in humans (Bigelow 

and Poremba, 2014). A working hypothesis to explain this apparently conflicting anatomical 

and behavioral finding is that tactile information is translated internally to vision getting 

remembered by means of using the visual memory pathway, but this hypothesis calls for 

further research.  
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Frontal lobe cortical connections with the HF 

The prefrontal cortex (PFC) is an extensive region, not only in humans, but also in nonhuman 

primates. The HF connectivity ranges from extensive, as in the medial prefrontal cortex 

(mPFC) and caudal orbitofrontal cortex (OBFC), to virtually non-existent, as in the 

ventrolateral prefrontal cortex (VLPFC) and, particularly, in the dorsolateral prefrontal cortex 

(DLPFC). 

  Medial frontal cortical connections with the HF 

The areas that receive the bulk of connections from the HF within the mPFC comprises 

Brodmann’s areas 24 (anterior cingulate cortex, ACC), 32 (prelimbic), and 25 (infralimbic), 

as well as area 14 located in the gyrus rectus. Lesions in these areas impair memory related 

tests such as delayed non-matching tasks in a delayed dependent manner, similarly to that 

produced by lesions of HF or PHR, and are, therefore, thought to be part of the memory 

system (Bachevalier and Mishkin, 1986).  

 

The highest density of direct projections from the HF to the mPFC areas originates in CA1, 

mainly from pyramidal cells in its superficial half, followed by the S, PrS, and PaS (Insausti 

and Muñoz, 2001). Interestingly, the rostral half of CA1 appears to lead the projections to 

area 25 and 32, while the S appears to lead the projection to the caudal half (Barbas and Blatt, 

1995; Insausti and Muñoz, 2001). Regarding the projections to area 24, they are less dense 

compared with that to areas 32 and 25 cortices, but still the HF projecting area extends up to 

two-thirds of the length of the hippocampus.  

 

The frontal lobe target for the EC output is primarily the mPFC (Legidos-García, 2014). In 

contrast, afferent projections from the OBFC to the EC are more modest and almost absent to 

the LPFC. Retrograde tracing studies (Muñoz and Insausti, 2005) show that the EC 

projections to medial frontal cortex originates primarily in the deep layers of its rostral two-

thirds, and therefore, reciprocates its medial frontal input (Insausti et al., 1987a). The mPFC 

to the HF projections originate in the caudalmost parts of areas 32 and 24 (the closest to the 

genu of the corpus callosum) and area 25 (Insausti et al., 1987a; Barbas et al., 1999; Muñoz 

and Insausti, 2005). Area 32 projects primarily to rostral and mid portions of EC (subfields 

EO, ER, EI), while area 24 contributes to both EO, ER, EI, and caudal portions of the EC 

(subfields EC and ECL). The pattern of projections of the HF with area 25 projections are less 

known. Both the EC and most of the PHR seem to reciprocate also this projection to the 
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caudal medial frontal cortex (Carmichael and Price, 1995; Barbas et al., 1999; Lavenex et al., 

2002; Kondo et al., 2003; Mohedano-Moriano et al., 2015). In contrast, the number of 

neurons projecting from EC and rostral PHR to frontal areas 10 and 14, and to the rostral part 

of area 32 is lower (Barbas et al., 1999; Legidos-García, 2014). Similarly, the medial region 

of area 9 in the frontal cortex receives few, if any, projections from any medial temporal 

cortical area (Barbas et al., 1999; Legidos-García, 2014). Several studies have proposed a 

rostro-caudal organization of the projections to the PFC, with more caudal temporal areas 

projecting preferentially to dorsolateral prefrontal areas while the projections from more 

rostral temporal areas are shifted progressively to more ventral and medial prefrontal regions 

(Yeterian and Pandya, 1985; Petrides and Pandya, 1988; Seltzer and Pandya, 1989; Romanski 

et al., 1999; Kondo et al., 2003). In sum, the EC and rostral part of the PHR likely lead the 

MTL output to the caudal regions of areas 24, 25, and 32.   

The mPFC areas share some key features in terms of architecture and connections; however, 

their specific ones distinguish them. The shared connections of limbic mPFC areas include 

local projections within the medial prefrontal region and the already pointed out with PRC, 

EC, and CA1/S, rostral STG, and insular cortex (Suzuki and Amaral, 1994b; Barbas and 

Blatt, 1995; Insausti and Muñoz, 2001). In terms of differential connectivity, area 25 leads the 

connections and with the medial part of the OBFC, but it has hardly any connection with 

LPFC. By contrast, area 32, apart from the projections to more differentiated dorsal trend 

areas 14, 10, and 9 medially, has strong connections with the lateral (46d and 9/46d), OBFC, 

and RS. Area 14 is also connected with the lateral, orbital and ventral surfaces, although its 

main singularity lies on its strong and specific connections with olfactory and gustatory 

structures, and with visual processing areas of the rostral inferior temporal region (for a 

review, see Yeterian et al., 2012). Finally, area 24, in addition to the widespread connections 

with areas in the inferior and superior parietal lobes, OBFC, DLPFC and RS, has very strong 

connections with the cingulate motor, supplementary motor, and pre-supplementary motor 

areas (Morecraft et al., 2012).  

Orbitofrontal connections with the HF   

The OBFC of the frontal lobe is a large and heterogeneous cortical region that covers the 

ventral surface of the frontal lobe (Walker, 1940; Carmichael and Price, 1994). The OBFC 

has largely reciprocal connections with the HF (EC, S) as well as with PRC and PHC (van 

Hoesen and Pandya, 1975a, b; Amaral et al., 1984; Insausti et al., 1987a; Morecraft et al., 

1992; Barbas, 1993; Suzuki and Amaral, 1994b; Barbas and Blatt, 1995; Carmichael and 
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Price, 1995; Ongur and Price, 2000; Cavada et al., 2000; Insausti and Amaral, 2008). The 

OBFC mainly projects to EO, ER and EI, which constitute the rostral and intermediate portion 

of the EC (van Hoesen and Pandya, 1975a; van Hoesen et al., 1975b; Insausti et al., 1987a; 

Insausti and Amaral, 2008). Within the OBFC, area 13 sends most of the afferents to the EC, 

while areas 10 and 11 provide far less (Van Hoesen et al., 1975b; Insausti et al., 1987a). The 

HF projection to OBFC is ipsilateral and arises principally from CA1 and PrS (Cavada et al., 

2000). The projection to the EC is dense to subfields EO, ER and ELR in the rostral part of the 

EC (Insasuti et al., 1987a; Insausti and Amaral, 2008). OBFC afferents to the S and PrS exist, 

but are little known (Rosene and Van Hoesen, 1977; Morecraft et al., 1992; Barbas and Blatt, 

1995; Carmichael and Price, 1995; Cavada et al., 2000), and further studies are required.  

The cortical output of the HF comes mainly from the EC. The largest density of this output 

originates in layer V of EO, ER and ELR of the EC, that is, from the rostral subfields. The 

projection from the S arises primarily from the rostral CA1/S border region. The projection 

from PrS is also originated in the rostral portion, in particular at the uncal portion (Insausti 

and Muñoz, 2001). 

 

The OBFC network receives sensory inputs from several modalities, including olfaction, 

taste, visceral afferents, somatic sensation and vision, which appear to be especially related to 

food or eating (Carmichael and Price, 1994, 1995). The variety of inputs to OBFC indicates 

that it processses polymodal information that maintains heavy connections with the HF. 

Lateral frontal connections with the HF 

In sharp contrast to these connectivity patterns, lateral prefrontal areas (globally the lateral 

prefrontal cortex, LPFC, made up of Brodmann’s areas 12, 45, 46, 8, 9, 10) provide a minor 

input to the EC (Insausti et al., 1987a). While a very light projection to the EC seems to 

originate in the VLPFC (area 12 and 45), it is negligible in area 46, and only areas 8 and 9 

provide a very light input to the ELR subfield of the EC (Insausti et al., 1987a; Insausti and 

Amaral, 2008). Interestingly, this rostral and lateral EC subfield is the one that receives most 

of the sensory inputs to the EC (Mohedano-Moriano et al., 2008). There are no projections to 

the S or PrS (Insausti and Muñoz, 2001). Conversely, the hippocampal output to LPFC is also 

very meagre, and it also originates in the lateral subfields ELR and ELC. Likewise, neither the S 

nor PrS project back to the LPFC. Therefore, the paucity of connections with the LPFC is 

remarkable. 
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Connectivity of the HF with the Retrosplenial cortex  

The next largest direct input to the EC is the RS, which accounts for nearly 20% of its input 

(Insausti et al., 1987a). The RS continues the PHG after PRC and PHC and, therefore, has the 

potentiality of exerting a substantial influence on the function of the HF. The 

cytoarchitectonic organization of the macaque monkey RS and caudal portion of the cingulate 

cortices has been previously described (Kobayashi and Amaral, 2000). Briefly, the dorsal 

bank of the callosal sulcus and its ventral extension after following a parallel course to the 

splenium of the corpus callosum corresponds to RS cortical areas 29 and 30, while most of 

the medial surface of the posterior cingulate gyrus and the ventral bank of the posterior 

cingulate sulcus consist of area 23. On the ventral surface of the caudal transition between the 

RS and the prestriate visual cortex there is a transitional zone, area 30v.  

 

Neuroanatomical tracing studies in the nonhuman primate show that the RS has strong 

connections with the EC and PrS. Afferents to the EC originate in both areas 29 and 30, 

although this projection is restricted to the caudal one-half of the EC (namely EI, and 

particularly so EC and ECL subfields). The rostral one-half of the EC receives little or no 

projections from the RS. RS afferents to the EC terminate mostly in layer I in a restricted 

topographical manner (Insausti and Amaral, 2008). 

 

The EC reciprocates the projection to the RS. The termination pattern of EC efferent 

projection to the RS is typically concentrated in layer I of area 29 while lighter projections are 

directed to area 30 and to layer III of the posterior cingulate cortex, area 23. The subfield ECL 

provides more widespread RS projections (Morris et al., 1999; Kobayashi and Amaral, 2003; 

Aggleton et al., 2012). In addition, retrograde tracing experiments demonstrate that other 

fields of the HF such as the S, PrS and PaS also send projections to the RS (Vogt and Pandya, 

1987; Morris et al., 1999; Kobayashi and Amaral, 2003; Aggleton et al., 2012). The S and PrS 

terminate principally in layer I and layer III of area 29 of the RS. While the uncal S mainly 

projects to the ventral RS, mid and caudal levels of the S have denser projections to both the 

caudal and dorsal RS. Moreover, both caudal S and PrS project to dorsal area 30 (layer III) 

(Rosene and Van Hoesen, 1977; Aggleton et al., 2012). 

 

Consistent with its putative roles in spatial memory and navigation, the RS is reciprocally 

linked with the MTL, limbic thalamic nuclei, and parietal cortex (area 7), as well as the 

DLPFC and mPFC (Rosene and Van Hoesen, 1977; Vogt and Pandya, 1987; Morris et al., 
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1999; Kobayashi and Amaral, 2003, 2007). Retrograde transport studies have also shown that 

area 35 of the PRC projects to the RS (Morris et al., 1999; Kobayashi and Amaral, 2003). 

Areas TH and TF of the PHC provide more substantial input to the RS (Lavenex et al., 2002; 

Kobayashi and Amaral, 2003). 

FUNCTIONAL IMPLICATIONS 

Most likely, the cortical connections with the HF are implicated in different functional 

activities related to the memory system. Much of the evidence supporting this assumption 

comes from lesion studies and the neuropsychological tests after the lesion. Among those, the 

recognition paradigms are among the most extensively used in the study of memory across 

these three sensory modalities. These recognition paradigms are variants of the delayed non-

matching to sample task (DNMS). Each trial in this type of task consists in a sample phase 

where the animal familiarizes with an item (visual, tactile, or more recently, auditory) and, 

after a variable delay, a choice phase in which the familiar item is presented again but this 

time paired with a novel one. Reward is delivered only if the animal chooses the novel item of 

the two, and so on. The delayed matching to sample task (DMS) is exactly the same, except 

that the animal is rewarded for choosing the familiar rather than the novel item (which, in 

general, is slightly harder). Whereas this type of tasks detect reliably the memory impairment 

due to PRC lesions in animals, variants of this task that involve object-context or object-

object associations are more sensitive to HF lesions. Tactile memory has been studied 

conducting the DNMS paradigm in the dark (Murray and Mishkin, 1984; Suzuki et al., 1993). 

In studies of auditory memory, equivalents of DNMS and DMS have been developed but 

because two sounds cannot be presented simultaneously in the choice phase without 

confusion, a sequential protocol originally developed by Konorski (1959) is adopted using a 

Go-No Go procedure (Fritz et al., 2005; Wright, 2007).  

 

One of the central features of declarative episodic memory is that our memories of events are 

formed by information received via all different sensory modalities and, consequently, 

episodic memory is often said to be multimodal, providing our episodic memories with rich, 

complex contextual information. The limbic system is at the core of this complex memory 

system and includes a wide variety of structures in the HF, as well as outside the HF, such as 

the PHR cortices, thalamic midline nuclei, including the magnocelluar division of the 

dorsomedial thalamic nucleus and the anterior thalamic nuclei, the mamillary bodies, and the 
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mPFC. The potential involvement in memory of additional areas, such as the caudomedial 

pulvinar, remains still unclear.  

 

Overall, the connections of these limbic areas with higher order association areas of the 

cerebral cortex, both sensory-specific and polymodal, form essential pathways to allow the 

flow of information critical to the process and storage of declarative episodic long-term 

memory. This flow of information between the HF and higher order cortical areas is 

interceded primarily via the EC, CA1/S border, PHR, and RS cortices. We know from 

previous anatomical studies in primates that, a great bulk of incoming connections originate 

in polymodal areas of the neocortex (see review in Mohedano-Moriano et al., 2008). 

 

However, to fully understand this memory system, it is important to determine how sensory-

specific information reaches the medial temporal cortex and the HF directly. The anatomical 

studies in primates described above reveal both opportunities and constraints on the manner 

by which sensory information reaches brain regions involved in memory processing.  
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CONCLUSIONS 
 

This study concerns with two main issues. First, the central nervous system, especially the 

hippocampal region, is vulnerable to hypoxic/ischemic, and children born preterm are one of 

the at risk groups due to the immaturity of their respiratory system at birth. Second, although 

numerous studies using new MRI techniques aim to determine the precise anatomical location 

of brain damage, there is still controversy in methods, anatomical location, and 

functional/clinical implications. Regarding these issues, the contribution of this study is 

twofold. In one hand, the MRI data showed evidence of deficits in children born preterm at 

risk in the limbic medial prefrontal cortex (mPFC), as well as in the main anatomical 

pathway, the fornix, that directly connects this area with the hippocampus (subiculum). 

Despite of these changes, the integrity of the hippocampus and long-term memory were both 

spared. The second contribution is to deliver a protocol for MRI-guided identification and 

segmentation of the limbic mPFC subareas. This study, therefore, provides a better 

understanding of the consequences of prematurity in the subareas comprising the mPFC.  

 

In order to improve as much as possible the reliability of the imaging results, we used very 

constrained conditions for both MRI and neuropsychological analyses. Our study design also 

had very strict inclusion/exclusion criteria. Also the limitations of previous studies and of the 

neuroimaging techniques were taken into account, especially those concerning the accuracy of 

the normalization process, one of the most critical issues within the field of MRI data 

analyses (see discussion in chapter I). With these limitations, our main MRI findings were the 

decreased density specifically in the grey matter restricted to the limbic mPFC areas 14 and 

25, as well as the diminished fractional anisotropy values in the adjacent white matter. Also 

the fornix showed reduced white matter integrity as measured by fractional anisotropy and 

radial diffusivity values. This reduction was further characterized with probabilistic 

tractography to demonstrate that it was mainly due to a decrease in fibre density. By contrast, 

this diminished factional anisotropy and density was not observed in other components of the 

limbic memory system such as the entorhinal and parahippocampal cortices and their 

projections (mainly via the uncinate fasciculus and the cingulum bundle). Although the 

biophysical interpretation of diffusion parameters is not completely understood, this lost of 

integrity of the fornix is likely important for the possible consequences of hypoxia in the 

limbic memory system.  
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With regard to the neuropsychological evaluation, the protocol used in this study seems to tap 

on general cognitive abilities. Within those, the mean IQ, arithmetic, information, and block 

design subtests, as well as perceptual reasoning index, are parameters that have been 

previously reported to be lower in preterm children, which is in line with our own results. 

Also working memory scores in the general memory test TOMAL were lower. In contrast, the 

test RIVERMEAD, sensitive to hippocampal damage and everyday long-term memory, 

showed normal performance. Considering the absence of hippocampal damage or 

hippocampal-dependent memory problems, the decreased integrity of the fornix seems to 

point out to a reduction of the hippocampal-frontal connections that might be related to 

working memory or executive problems. All together our results suggest that to detect the 

specific deficits in the executive components of memory and working memory, a more 

detailed neuropsychological protocol for the evaluation of complex executive functions more 

dependent on the mPFC is needed. Moreover, further research on executive functions related 

with memory is required, as there is not any cognitive model that defines such components. 

 

To identify the anatomical location of the mPFC subareas with decreased grey and white 

matter integrity, an ex vivo cytoarchitectonic study was conducted to create a protocol for 

delineating the mPFC areal boundaries. The main anatomical references used were sulci and 

gyri. This leaded to count frequencies of sulci patterns in an in vivo MRI study. Gyri were 

quantified in terms of cortical surface length in coronal sections. Distances from the frontal 

pole to the rostral limit of the areas were included as additional measurements to get a more 

reliable definition of boundaries. All together, these parameters allowed the creation of a 

semi-automatic protocol and continuous and maximum probabilistic maps. Such maps, which 

are accessible on the internet, can be used not only for structural analyses, as in this grey and 

white matter exploration, but also for functional studies or even for molecular studies ex vivo. 

 

In sum, the still undefined biological signature of the diffusion parameters as well as the 

diversity of brain areas that have been reported to be affected in children born preterm in 

previous studies, make necessary further analysis to completely understand the brain changes 

involved in prematurity. A complete characterization of memory function should include its 

executive components, but this question requires further research. The segmentation of the 

mPFC requires the development of a fully automatic protocol, so the studies focused on this 

region can be compared and a more exact structural and functional characterisation of its 

subareas can be achieved.  
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Therefore, the main conclusions of the study are summarised as follows: 

 

1. The children born preterm at risk show diminished density in grey matter in 

areas 14 and 25 of the medial prefrontal cortex when compared with the term-

born group.  

 

2. The children born preterm at risk have poorer fibre integrity in the white matter 

of the four areas comprising the limbic region of the medial prefrontal cortex 

(Brodmann’s areas 32, 24, 14, and 25), as well as in the fornix and in the thalamic 

white matter. 

 

3. The fornix has diminished fibre density in children born preterm. 

 

4. The children born preterm at risk have general cognitive abilities and working 

memory in the low average range, but preserved attention and long-term 

memory. 

 

5. Mothers with lower educational level are more likely to have children born 

preterm at risk, and this parameter is a good predictor of the children’s outcome 

in terms of IQ. 

 

6. Grey matter density correlates with perceptual reasoning index in area 32 of the 

medial prefrontal cortex. 

 

7. Differences in gestational age and birth weight correlate with grey matter density 

in the medial parietal lobe and, in the case of birth weight, also in the inferior 

temporal gyrus. 

 

8. Medial prefrontal areal boundaries are most consistently related with the 

cingulate sulcus and the superior rostral sulcus. 

 

9. Taking into account the cingulate sulcus, the superior rostral sulcus, and their 

anastomoses, seven different patterns can be found. 
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10. The types of sulci patterns and their frequencies are similar in ex vivo and in vivo 

cases. 

 

11. Sulci patterns together with distances from the frontal pole and cortical surface 

length measured in coronal views in the ex vivo analysis are enough to allow the 

identification of the boundaries of the limbic medial prefrontal subareas in MRI 

scans. 

 

12. A segmentation protocol based on the above-mentioned parameters can be 

created and applied to an in vivo sample of MRI scans. 

 

13. With this segmentation, volumes of the medial prefrontal subareas are similar 

between ex vivo and in vivo cases once normalized. 

 

14.  Probabilistic maps for each medial prefrontal subarea based on such protocol 

can be successfully generated in an in vivo sample. 
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CONCLUSIONES 
 

Este estudio abarca dos cuestiones principales. En primer lugar, la vulnerabilidad del sistema 

nervioso central, y en particular de la región hipocampal, a daños por hipoxia/isquemia, deja a 

los niños nacidos prematuramente expuestos a este riesgo debido a la inmadurez de su sistema 

respiratorio al nacer. En segundo lugar, aunque numerosos estudios emplean técnicas de 

resonancia magnética cada vez más sofisticadas para determinar la localización anatómica 

precisa de los daños cerebrales, todavía existe controversia en cuanto a los métodos 

empleados, la identificación anatómica de estructuras y las implicaciones funcionales/clínicas 

de dichos resultados. Con respecto a estas cuestiones, la contribución de este estudio es doble. 

Por un lado, los resultados de neuroimagen mostraron evidencia de la existencia de déficits en 

la región límbica de la corteza prefrontal medial, así como en el fórnix, la vía principal que 

une directamente este área con el hipocampo (subiculum), en un grupo de niños nacidos 

prematuros de riesgo. A pesar de estos cambios, la integridad del hipocampo y de la memoria 

a largo plazo parecen estar intactas. La segunda contribución fue la creación de un protocolo 

para la identificación y segmentación de las subáreas de la región límbica de la corteza 

prefrontal medial en resonancias magnéticas. Por tanto, este estudio en conjunto proporciona 

una mejor definición de las consecuencias de la prematuridad en las subáreas que componen 

la corteza prefrontal medial. 

 

Para mejorar en lo posible la fiabilidad de los resultados, las condiciones del diseño de la 

investigación, tanto de las resonancias magnéticas como de los resultados de los test 

neuropsicológicos, fueron muy restrictivas. El diseño de nuestro estudio cuenta con criterios 

de inclusión/exclusión estrictos. Por otro lado, se tuvieron en cuenta las limitaciones de los 

estudios previos y de las técnicas empleadas en el análisis de neuroimagen, especialmente 

aquellas relacionadas con la precisión del proceso de normalización, considerado uno de los 

más críticos en el análisis de los datos derivados de las resonancias magnéticas (ver discusión 

en la sección I). Contando con estas condiciones, nuestros principales resultados fueron la 

disminución en la densidad de sustancia gris mostrada de manera específica en las subáreas 

14 y 25 de la corteza prefrontal medial, acompañada por disminuciones en los valores de 

anisotropía fraccional en la sustancia blanca adyacente. También el fórnix mostró daños en la 

integridad de la sustancia blanca en términos de anisotropía fraccional y difusividad radial. 

Este daño fue caracterizado más en profundidad con tractografía probabilística demostrando 
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que se debe principalmente a una disminución en la densidad de fibras. Esta disminución en 

anisotropía fraccional y en densidad, sin embargo, no se observó en otros componentes del 

sistema límbico de memoria como son las cortezas entorrinal y parahipocámpica y sus 

proyecciones (principalmente a través del fascículo uncinado y el cíngulo). Aunque la 

interpretación biofísica de los parámetros de difusión no está completamente definida, esta 

pérdida de integridad del fórnix es posiblemente importante para las consecuencias de la 

hipoxia en el sistema límbico de la memoria.  

 

El protocolo de evaluación neuropsicológica usado en este estudio parece ser sensible a 

déficitis en las habilidades cognitivas generales. Dentro de ellas, el cociente intelectual medio 

y los subtests de aritmética, información y cubos, así como el índice de razonamiento 

perceptivo, son parámetros previamente descritos como afectados en niños prematuros, lo 

cual concuerda con nuestros resultados. Además, las puntuaciones de memoria de trabajo en 

el test de memoria general TOMAL fueron también menores en el grupo prematuro. Por el 

contrario, el test RIVERMEAD, considerado sensible a daño hipocampal y de memoria 

cotidiana a largo plazo, mostró puntuaciones similares en ambos grupos. Valorando la 

ausencia de daño hipocampal y de problemas de memoria dependiente de hipocampo, la 

disminución de la integridad del fórnix parece indicar una reducción de las conexiones entre 

hipocampo y corteza frontal medial, lo cual puede estar relacionado con los problemas 

ejecutivos y en memoria de trabajo. En conjunto, nuestros resultados sugieren que para 

detectar los déficits específicos en esta población en los componentes ejecutivos de la 

memoria y memoria de trabajo, se requiere un protocolo de evaluación neuropsicológica más 

detallado, con tareas que permitan la valoración de funciones ejecutivas complejas más 

dependientes de la corteza prefrontal medial. Además, todavía es necesaria más investigación 

en el ámbito de las funciones ejecutivas relacionadas con la memoria ya que, hasta la fecha, 

no existen modelos cognitivos que definan dichos componentes. 

 

Para identificar la localización anatómica de las subáreas de la corteza prefrontal medial que 

presentan disminuciones de sustancia gris y blanca, se llevó a cabo una investigación 

citoarquitectónica previa ex vivo con el fin de crear un protocolo que permitiera definir los 

límites entre las áreas de la región límbica de la corteza frontal medial. Para ello, dos de las 

principales referencias anatómicas utilizadas fueron los surcos y las circunvoluciones. Esto 

llevó al contaje de los diferentes patrones de surcos en un estudio de resonancia magnética in 

vivo. Los giros fueron cuantificados con medidas de la longitud de la superficie cortical en 
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secciones coronales. También la distancia al polo frontal fue incluida como medida adicional 

para aumentar la fiabilidad de las definiciones de los límites. En conjunto, esto permitió la 

creación de un protocolo semiautomático de segmentación así como de mapas probabilísticos 

continuos y de máxima probabilidad. Estos mapas, accesibles en internet, pueden ser usados 

no solo para análisis estructurales como éste, sino también para estudios funcionales o incluso 

moleculares ex vivo. 

 

En resumen, tanto las características biológicas todavía no completamente definidas de los 

parámetros de difusión, como la diversidad de áreas cerebrales que han sido identificadas 

como dañadas en los niños prematuros, hacen necesario un análisis más exhaustivo para 

comprender por completo los cambios en el tejido cerebral ocurridos como consecuencia de la 

prematuridad. Una caracterización completa de la memoria debería incluir componentes 

ejecutivos, aunque ésta es una cuestión que requiere más investigación. Por último, la 

segmentación de la corteza frontal medial requiere el desarrollo de un protocolo 

completamente automatizado de segmentación para que los estudios que tienen como objetivo 

esta región puedan compararse entre sí permitiendo una caracterización estructural y 

funcional más precisa de sus subáreas.  
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Por tanto, las principales conclusiones del estudio se resumen a continuación: 

 

1. Los niños nacidos prematuros de riesgo muestran disminución de la densidad de 

sustancia gris en las áreas 14 y 25 de la corteza prefrontal medial al ser 

comparados con niños nacidos a término.  

 

2. Los niños nacidos prematuros de riesgo tienen menor integridad en las fibras de 

la sustancia blanca de las cuatro áreas que componen la región límbica de la 

corteza prefrontal medial (áreas de Brodmann 32, 24, 14 y 25), así como en el 

fórnix y en la sustancia blanca talámica.  

 

3. El fórnix presenta disminución de la densidad de fibras en niños nacidos 

prematuramente.  

 

4. Los niños nacidos prematuros de riesgo presentan habilidades cognitivas 

generales y en memoria de trabajo en el rango medio-bajo, pero conservan 

intacta la atención y la memoria a largo plazo. 

 

5. Las madres con niveles educativos más bajos son más propensas a tener niños 

nacidos prematuramente, y este parámetro puede ser considerado como 

predictivo del desarrollo del niño en términos de cociente intelectual.  

 

6. La densidad de la sustancia gris correlaciona con el índice de razonamiento 

perceptivo del área 32 de la corteza prefrontal medial.  

 

7. Variaciones en edad gestacional y peso al nacer correlacionan con densidad de 

sustancia gris en el lóbulo parietal medial y, en el caso del peso al nacer, también 

con regiones del giro temporal inferior. 

 

8. Los límites de las áreas de la corteza prefrontal medial están consistentemente 

relacionados con el surco cingular y el surco rostral superior. 

 

9. Considerando los surcos cingular y rostral superior así como sus anastomosis, 

pueden darse siete patrones diferentes.  
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10. Los tipos de patrones de surcos y sus frecuencias son similares en los casos ex vivo 

y en los in vivo. 

 

11. Los patrones de surcos junto con las distancias desde el polo frontal y la longitud 

de la superficie cortical medida en visiones coronales en el análisis ex vivo, son 

suficientes para permitir la identificación de los límites de las subáreas límbicas 

de la corteza prefrontal medial en resonancias magnéticas.  

 

12. Un protocolo de segmentación basado en los parámetros anteriormente 

mencionados puede ser creado y aplicado a una muestra de resonancias 

magnéticas in vivo.  

 

13. Con dicha segmentación, los volúmenes de las subáreas de la corteza prefrontal 

medial son similares entre casos ex vivo e in vivo una vez normalizados.  

 

14. Es posible generar mapas probabilísticos basados en dicho protocolo para cada 

subárea de la corteza prefrontal medial en una muestra in vivo.  

 
 

 

 


