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CT
FDG
GA
GW
HIMAL
IHI
LTLE
MRI
MRS
MTLE
MTS
NMR
PET
SGA
SPECT
TLE
US
GRE

Computerized tomography
Fluorodeoxyglucose
Gestation age
Gestation week
Hippocampal malrotation
Incomplete hippocampal inversion
Lateral temporal lobe epilepsy
Magnetic resonance imaging
Magnetic resonance spectroscopy
Mesial temporal lobe epilepsy
Mesial temporal sclerosis
Nuclear magnetic resonance
Positron emission tomography
Small for gestational age
Single photon emission computed tomography
Temporal lobe epilepsy
Ultrasound
Gradient echo

INTRODUCTION
Milestones in brain research
5000 year B.C. Trepanations performed for therapeutic purpose.
4000 year B.C.         ! 
ancient Sumeria.
3000 year B.C. The word “Brain,” is used for the
  "       #$   
Egyptians however believed that the brain was not
 "    ! !  """    
was discarded while the heart was preserved.
2500 year B.C. The Edwin Smith Surgical Pa       
  
anatomy of the brain was discovered. The papyrus
documented twenty-six cases of brain injury with
treatment recommendations [8].
450 year B.C. The ancient Greek physician Alcmaeon performed anatomical dissection on animals and concluded that the brain was the central
organ of intelligence instead of the heart.
Hippocrates (460-379, B.C.) also stated that the
brain was the site of intelligence.
Aristotle (384-322, B.C.) distinguished between
long-term and short-term memory.
Galen (130-200, A.C.) accepted the Hippocratic
approach and as physician to the gladiators was
conscious of the consequences of brain and spinal
injuries.
In 1543 Andreas Vesalius published one of the
 %    &%$ ' !scribed how the nerves and the brain work. He
dissected both humans and animals and noticed
that the brains of many animals and all mammals
have the same ventricles as humans. He claimed
that the ventricles could not be the site for emotion and memory because animals possessed no
soul [81].
In 1664      " !  
book “Cerebri Anatome” was written by Thomas
Willis.

In 1811 the Scottish surgeon Charles Bell was the
  " % !      " ! sory nerves and claimed that they were anatomically separated in the spinal roots [67].
In 1817 James Parkinson published “An essay on
the Shaking Palsy”. He described a degenerative
disease of the nervous system that even now is
known as Parkinson’s disease [60].
It is thought that modern research of the brain
started with Paul Broca who discovered a speech
center in 1862 [39].
In 1873 John Hughlings Jackson (1835-1911) pre!     !       *
[49].
In 1906 Santiago Ramon y Cajal and Camille Golgi won the Nobel prize for research of structure
and function of nerve cells [27].
In 1929 '  +      <  &       <  =   
in the human brain. He also developed and demonstrated the EEG, the equipment for registration
of these potentials [79].

History of imaging with CT and MRI
In 1882 Nikola Tesla discovered the rotating mag !> ! "  !  <   $
In 1895 @ " Q !
X-ray image.

X %  

In 1937 Isidor I. Rabi (Nobel prize for Physics
in 1944 "!   "     
presence by absorbing or emitting radio waves
 &!     " 
!$
In 1946 Edward Mills Purcell published his discovery of nuclear magnetic resonance in liquids
and in solids and independently Felix Bloch proposed the Bloch equations which determine the
time evolution of nuclear magnetization. In 1952
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they shared the Nobel Prize for “their development of new ways and methods for nuclear magnetic precision measurements”.
In 1971 Raymond Damadian discovered that the
hydrogen signal in cancerous tissue is different
from that of healthy tissue, because tumors contain more water.
In 1972 \! '! ! ^  Q" %
invented CT. In 1979 they were awarded the Nobel Prize for Medicine.
In 1973   _ > ! !   `
image (Nobel Prize for Medicine in 2003).
Between 1974 and 1976    
ners were installed.

 Q  -

In 1977   "        " !$

History of limbic system research
In 1878   +  !  "  " 
”le grand lobe limbique” mainly in the context of
comparative anatomical studies [55].
In 1937 James Papez described his anatomical
model of emotion, the Papez circuit. He trans"! + {  "  !      "
lobe to the functional system -limbic system. His
system included hippocampal formation (subiculum), fornix, mammillary bodies, mammillothalamic tract, anterior thalamic nucleus, genu of the
internal capsule, cingulate gyrus, cingulum, parahippocampal gyrus, entorhinal cortex, perforant
  > !     !     >
again the hippocampus [59].
In 1948 Yakovlev added new structures associated with emotions (orbitofrontal and insular temporal lobe cortex, the amygdala and dorsomedial
thalamic nucleus - Yakovlev´s circuit) [83].
1952 Paul D. MacLean included additional structures in a more dispersed “limbic system,” The
term was formally introduced by MacLean. He
assumed that the main function of the limbic system was the formation and expression of emotions
    >   ! &  !  |}}~$
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History of the hippocampus research
Ca 1564 Giulio Cesare Aranzi coined the name
hippocampus from the Greek word for seahorse
>    >  > % "  
monster).
1886 Camillo Golgi illustrated the unique and
complicated hippocampal structure [41].
1911 Santiago Ramon y Cajal published “Histologie de Systeme Nerveux” with a drawing of the
hippocampus and an explanation of possible impulse direction [19].
1934 Rafael Lorente de No explained many hippocampal cell types and their axonal and dendritic
patterns. His terminology is in general use today
[47].
1956, 1958 Theodor Blackstad, who was called
“the father of the modern hippocampus histology”, presented both internal and external neuronal
connections of the hippocampus [12,13].
a) Olfactory function of the hippocampus
1890 John Hughlings Jackson and Charles Beevor
reported a patient with olfactory sensations during the seizure [38].
1947 Alf Brodal supported the theory about the
hippocampus’s role in olfaction and reported a
number of arguments against this theory [14,15].
b) Role of the hippocampus in the emotions
In 1937 Papez explained the role of the limbic system in the emotions through the construction of
the special system called the “Papez circuit”. In
that circuit, the cortical and subcortical structures
were connected from the hippocampus to the neocortex and back to the hippocampus. This concept
   "  !   "   
responsible for emotions, and according Papez,
the hippocampus’s role was to collect sensory information which in later phases provided the basis
for the emotions [59].
In 1982 Brodal rejected Papez`s theory and concluded that his theory “is of historical interest
only” p. 672 [15].
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c) Role of the hippocampal function in attention control

Limbic lobe/ system, short overview
of the anatomy

In 1938 Richard Jung and Alois Kornmuller discovered a “theta” wave on EEG in the rabbit hippocampus [42].

Limbic lobe, a supernumerary lobe, [49] an arbitrary cortical area [40], is situated in the cerebral
hemisphere partly in the medial temporal lobe and
partly surrounding the corpus callosum. From an
anatomical point of view, its structures are part of
the frontal, parietal and temporal lobe. There are
cortical structures: the parahippocampal, cingulate and subcallosal gyrus and the hippocampus,
in the limbic lobe. Papez transformed the anatom !      "      
system the limbic system where some subcortical
structures were included. R. Jinkins divided the
limbic system into cortical structures (cornu ammonis, gyrus dentatus, subiculum, entorhinal cortex, subcallosal and supracallosal gyrus, medial/
lateral longitudinal stria of Lancisii, cingulated
gyrus, parahippocampal gyrus and paraterminal gyrus) and subcortical structures (amygdala,
habenular nuclei, septal nuclei, hypothalamus,
anterior thalamic nuclei, epithalamus, mesencephalic tegmentum, mammillary bodies, and
fornices) [40]. Other authors divided the limbic
system structures into two arches, outer and inner, separated by the sulcus of the corpus callosum anteriorly and hippocampal sulcus posteriorly [45,46]. The main structures of the limbic
system being interrelated by a complex system of
  $    " !  <
the fornix across corpus callosum to the hypo  "   ! < !    ! 
""   $   ""    &
         >  
"  > !   ""     
to the mammillary body and after that, via the
mammillothalamic tract to the anterior thalamic
 > !  <   "   bres to the anterior cingulated gyrus. From this
 >        & riorly and to the hippocampus via the entorhinal
cortex posteriorly [59]. When Papez demonstrated
his circuit, he believed that it was responsible for
the emotions. More recent research presented its
role in the memory [51] and postulated that Perez’s
theory “is of historical interest only” [15].

In 1954 Green and Arduini reported that “theta”
waves were connected with enhanced attention
[30].
2000 Bush et al, revealed that the cingulate gyrus
and the hippocampus were responsible for general
attention control [18].
d) Role of the hippocampus in the memory
In 1900  ! "  +   "! 
    "" !  !  
of the hippocampus found at autopsy [9].
In 1957 William Scoville and Brenda Milner described the unexpected outcome of surgery with
severe anterograde and partial retrograde amnesia
after destruction of the hippocampus in an epilepsy patient. The patient was unable to form new
episodic memories and could not remember any
events that occurred just prior to his surgery, but
retained memories for things that happened years
earlier [70].
In 1963-1972 Robert Isaacson, Robert Douglas
and Daniel Kimble suggested “response inhibition hypothesis”, a widely held theory of hyperactivity. Interpretation of this theory includes working memory impairment [38].
In 1972 Endel Tulving distinguished between
memory for episodes and memory for semantic
items [80].
In 1970-1973 O´Keefe and Nadel independently
developed hippocampus cognitive map theory
[58].
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Hippocampal embryology
The hippocampal development has not been studied by a great number of researchers. All these
studies were referred to a small number of aborted fetuses of different gestational ages and microscopically analysed [2,35,45,46,65]. Some of them
performed an MRI examination of the speciments
[45,46,65]. In recent times, there are MRI studies of the fetal brain analysing the development
of some of the hippocampal structure [29,66]. The
development of the hippocampus starts before
GW 10, where are dentate gyrus and cornu ammonis situated in the posteromedial wall of the
lateral ventricle [35] (Fig. 1).
At GW 10 a broad shallow hippocampal sulcus
appears on the medial aspect of the temporal lobe,
during thickening of the dentate gyrus.
At GW 11 the shallow hippocampal sulcus is localized between the dentate gyrus and the cornu
ammonis.
At GW 12 the hippocampal sulcus is still shallow but pointed toward the cornu ammonis. At the
tip of the sulcus the diffuse cellular zone appears.
Later during the development this zone moves
deeper into the temporal lobe and the hippocampal sulcus follows it.
At GW 13-14 the dentate gyrus increases in
thickness and makes the hippocampal sulcus more
!! ! !>      !  ! 
cornu ammonis. The diffuse cellular zone be" "   !! !    |}~$
At GW 15-16 the sulcus hippocampalis is best
developed in the temporal region, and inversion of
the hippocampal formation into the temporal lobe
has begun. The gyrus dentatus is the largest part
of the developing hippocampus and its rotation inward is the fastest. The cornu ammonis follows
this rotation. The diffuse zone becomes linear
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because of the pressure from the gyrus dentatus
and cornu ammonis and moves over into a compression zone. The parahippocampal gyrus and
subiculum project more medially than the gyrus
dentatus and cornu ammonis [35,45].
By the GW 18 the hippocampus is infolded into
the temporal lobe. The form of the hippocampal
formation is rounded with the long axis orientated
vertically (Fig. 2a). The parahippocampal gyrus
and subiculum are larger, the temporal horn is
smaller and the germinal matrix reduced in the
size compared with the previous period. As the
dentate gyrus enlarges and rotates inward, the
two sides of the hippocampal sulcus narrows and
     " !$ @     
inward rotation of the gyrus dentatus, the diffuse
zone gradually becomes aligned with the hip "    ! " "! !  nally transformed into the compression zone. In
the deeper portions of the compression zone the
cells progressively degenerate and disappear, as
the compression increases, to leave a linear zone
that becomes less and less cellular. Even before the
diffuse zone is in alignment with the hippocampal sulcus, fusion has begun as the diffuse zone
is transformed into the compression zone. [35,45].
Up to GW 21 the hippocampal sulcus and surrounding structures are similar to those found in
adults (Fig. 2b). The hippocampal sulcus fuses but
sometimes can remain with pia mater and blood
<    ! !$ ^  ! fuse zone narrows progressively it comes completely in line both with the fusion zone and the
   > !    " 
zone, deeply. At the same time, the compression
zone increases in extent, because the gyrus dentatus is larger [2,3,68].
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Figure 1.
Schematic diagram of the fetal development of the hippocampal formation.
    >   Q "" >    ">
      "  > 'Q  ' Q "   $

Figure 2.
 '  "  "     \@  !        "    "   $ }   
vertical longitudinal axis.
   "    "  !<! < !   "   !    *   !   & > 
weighted IR in the coronal plane).
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Hippocampal anatomy and functions
Hippocampal formation includes both gray matter (dentate gyrus, cornu ammonis and subiculum)
!   "   < ! " $  !
dentate gyrus consists of three layers. The cornu
ammonis is divided into the 4 segments called
CA1 - CA4 (Fig. 3) and contains six layers on microscopy [25].
On coronal MRI images, the normally developed adult hippocampus has an ovoid shape with
the horizontal diameter longer than the vertical
(Fig. 4 a-c). The sulcus collateralis is situated under the hippocampal formation. Between the hip-

pocampal body and the collateral sulcus there is a
white matter area “collateral white matter”. The
"   !     "!     
hippocampal body. The temporal horn is almost
!      "  "  $
Sometimes, the hippocampal form is not ovoid
but more rounded (Fig. 5a) or pyramidal (Fig. 5b)
with its vertical diameter equal or longer than the
horizontal. In such cases, the collateral sulcus is
vertical, the collateral white mater dislocated laterally and the lateral part of the temporal horn
 "$   < ! <    ! ! 

Figure 3.
MR image of the normal adult hippocampus with horizontal longitudinal axis.
'\    '  "  \>    "> Q^  Q ^"" > \  \  $
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Figure 4.
MR image of the normal adult hippocampus
 ^&   !  " >
  Q   !  " >
      !  "    $

some patients with severe developmental anomalies [4,69] and in epilepsy patients [6,7,10,61] but
sometimes in the normal population also [10,16,61].
There are a few studies regarding this condition
in healthy population or patients without developmental anomalies and without epilepsy [48].
There were three main theories about hippocam    $  >       "
role in olfaction, was rejected as false, even though
there are still some supporters of this theory.
O’Keefe and Nadel developed the second theory
about the hippocampus`s role in “behavioural inhibition”. The inhibition theory is currently not
abandoned but doesn’t have wide support [11].
The third theory, now generally accepted, reveals
the role of the hippocampus in the memory but the

Figure 5.
Non-ovoid forms of the hippocampus.
 !!       "  
weighted TSE coronal image.
   " !        "  
weighted IR coronal image.
Both images perpendicular to the long axis of the
hippocampus.

mechanism of this function is not completely explained yet. The hippocampus has an important
role in episodic or autobiographical memory, the
formation of new memories of experienced events
[72] but it is a part of the medial temporal lobe
memory system which is responsible for general
declarative memory. The other memory function of the hippocampus relates to the memory of
space. There is now, almost universal agreement
that spatial coding plays an important role in hippocampal function. If the hippocampus is damaged, humans may not remember where they have
been and getting lost is one of the most common
symptoms of amnesia.
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Hippocampal pathology
Aging in healthy people leads to a gradual decline
of some types of memories including substantial
loss of neurons in the hippocampus and shrinkage
of the hippocampus on MRI. Recent studies using more precise techniques has challenged those
beliefs, suggesting instead that aging has a limiting effect on medial-temporal lobe cytoarchitecture ith [64,75,84]. All elderly people do not reveal
hippocampal shrinkage, but those who do tend to
perform less well on some memory tasks [71].
Alzheimer’s disease is strongly connected with
hippocampal disruption [32] and has a severe impact on many types of cognition.
Stress has a negative effect on the hippocampus which contains high levels of glucocorticoid
receptors. Stress-related steroids affect the hippocampus by reducing the excitability of some
hippocampal neurons, by inhibiting the genesis of
new neurons in the dentate gyrus, and by causing atrophy of dendrites in pyramidal cells of the
CA3 region [53]. These effects are evident in posttraumatic stress disorder, schizophrenia and severe depression [20] and in Cushing’s syndrome,
a disorder caused by high levels of cortisol in the
bloodstream [73].
Schizophrenia suffering patients can display
abnormalities of the cerebral cortex. Hippocampal changes such as reduction in the size of the
hippocampus have also been described, as well as
changes in synaptic organization and connectivity
[33]. It is unclear whether hippocampal alterations
play any role in causing the psychotic symptoms,
which are the most important feature of schizophrenia, but disturbances in long term memory
are frequently observed in people with schizophrenia [76].
Epilepsy is a brain disorder characterized by an
enduring predisposition to generate epileptic seizures and by the neurobiologic, cognitive, psychological and social consequences of this condition.
An epileptic seizure is a transient occurrence of
signs and/or symptoms due to abnormal excessive or synchronous neuronal activity in the brain
|~$     !    !  
International League Against Epilepsy (ILAE)
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 *    !
!   "!  
and divided into two groups:
1: Generalized epileptic seizures considered to
originate at some point within, and rapidly engage bilaterally networks.
2: Focal seizures considered to originate within
networks limited to one hemisphere, which
may be discreetly localized or more widely distributed.
There are a number of different disorders having increased predisposition for seizures [26]. The
  !   !         *
syndromes are characterized by age at onset or
"         ##\   
! $  !      
are grouped as: genetic, structural/metabolic or
%$           
the word “cryptogenic” was used instead of “epilepsies of unknown cause” [26].
Temporal lobe epilepsy (TLE) is a form of the
focal epilepsy where seizures originate in either
medial or lateral temporal areas. Because of strong
interconnections the seizure often extends and involves both areas including neighbouring areas
on the same side of the brain as well as contralateral homologues brain areas. There are two main
types of the TLE: mesial temporal lobe epilepsy
(MTLE), arising in the hippocampus, parahippocampal gyrus and amygdala and, lateral temporal lobe epilepsy (LTLE), arising in the lateral
neocortex. The abnormality most associated with
mesial TLE is hippocampal sclerosis (scarring)
characterized by neuronal cell loss and reactive
gliosis in the hippocampal area. The hippocampus
is one of the most electrically excitable parts of
the brain and one of very few brain regions where
new neurons are produced throughout life (neurogenesis) [48].
TLE may be a progressive condition where seizures become more resistant to medications over
time. The association between temporal lobe epilepsy and hippocampal sclerosis has been recognised for over a century, but despite many decades
of basic and clinical research it is still not possible
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to assign an arrow of causality. One explanation is
that hippocampal sclerosis may represent a phenotypically similar manifestation of a heterogeneous
group of pathologies with diverse pathogenesis,
derived from a complex interplay of numerous
factors (including genetic, developmental and environmental components) Hopefully prospective
neuroimaging studies which can be used to follow
its evolution. Although hippocampal sclerosis is
 " "" !   _#>  "mon pathological conditions in TLE, are malformation of cortical development, low grade gliomas and vascular/ traumatic lesions.
LTLE can also be affected by strokes, cortical
malformations, multiple sclerosis plaques, etc.,
and be the cause of seizures from this area. Exactly how any of the previously mentioned abnormalities actually cause groups of neurons to generate
seizure activity is complex and not fully known.
Because there can be different lesions, there can
also be different mechanisms of generating a seizure. So the temporal lobe epilepsies could be
caused by many etiologic factors.
Rolandic epilepsy is the most common focal epilepsy syndrome in the pediatric age group. This
“benign childhood epilepsy with centrotemporal
spikes” [26] has the excellent prognosis regarding
the seizures, which usually resolve at puberty, and
EEG, which will be normalized.

Imaging in hippocampus assessment
In hippocampus imaging there are 2 groups of
methods:
1: Morphological, including Ultrasound (US),
Computerized tomography (CT) and Magnetic
resonance imaging (MRI).
2: Functional, including Positron emission
tomography (PET), Single photon emissions
computed tomography (SPECT), Magnetic
resonance Spectroscopy (MRS) and functional
MRI (fMRI).

US
Cranial US is a useful method in the assessment
of the neonates but there is no data concerning the
use of US in hippocampal imaging.

CT
CT is not good enough to show anatomical details,
but some pathological conditions can be detected:
tumors, atrophic or ischemic changes.

MRI
    "          
visualization of the hippocampal structure due to
the great contrast between different tissues. MR
images have to be of high resolution because the
hippocampus is a fairly small structure. The hippocampi are cylindrical structures and the MR
images has to be acquired perpendicular to the
hippocampal long axis (i.e. in an oblique coronal
plane) to respect spatial orientation [22]. MRI examinations of the histological specimens can be
 <         "  !
strength and exposition time theoretically can be
unlimited, which is not the case with clinical examinations.

PET
PET is a nuclear medicine technique which produces images of functional brain anatomy using
gamma rays emitted indirectly by a positron-emitting radionuclide (tracer). It can measure changes
in glucose metabolism, and neurotransmitter receptor distribution, which are associated with
_#$ !&  \ ! =" * 
are the most commonly used tracers in epilepsy.
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SPECT
SPECT shows blood perfusion in the brain and, in
contrast to other methods, patients could be submitted both to ictal and interictal examinations.
SPECT is the only method which can reveal in ! ! = !   *$ #Q  
have a quick uptake in the brain and reach peak
effect within 2 minutes after injection. This initial
tracer uptake remains unchanged after 2 hours.
Practically if the radiotracer is injected during the
seizure, the SPECT examination can be acquired
after 2 hours without changing blood perfusion
pattern.

MRS
MRS is a special technique used for characterization of the biochemistry of the tissues. MRS
is based on the unique radio signals of the non "      "  
and distinct from the frequency of water protons.
It can illustrate decrease of functioning neurons in
epileptogenic tissue .

Diffusion MRI
Diffusion MRI is a technique that can be used to
access the integrity of cerebral tissue. Diffusion
abnormalities such as increased postictal diffusion
are an indicator of seizure localization in TLE.

Introduction to present studies
The fully inverted hippocampus has an oval con       " >    <sion is not always simultaneous or symmetrical. If
the inversion is not completed, the hippocampus
retains the round or pyramidal shape. Incomplete
inversion has been described in patients with epilepsy [6,7,10,61] or severe midline malformations
[4,69]. Two studies [10,61] also included healthy
controls with abnormal hippocampal shape in
4–10% of the subjects. Bronen and Cheung [16]
studied hippocampal formation in 29 volunteers.
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They reported that 12 of the 58 hippocampi had a
shape deviating from the normal oval shape. The
criteria of IHI have been poorly evaluated; symmetry, laterality, form and relationship to other
deviating features in the temporal lobes are not
known and the occurrence of IHI and its relation
to epilepsy is unclear.
When the change of the general shape and
the direction of the longitudinal axis of the hippocampus occur to reach the adult form is not well
known. Hevner and Kinney [34] reported that the
cornu ammonis regions had reached a mature,
fully rotated position after 18 weeks of gestation.
Kier et al. [45,46] found that the infolded relationship of the dentate gyrus and cornu ammonis
was unchanged in a 24-week-old specimen when
compared to an 18-week-old specimen. According to the study of Arnold and Trojanowski [2],
the hippocampus only increases in volume after
20th–21st GW with the increasing of the size of
pyramidal cells in the subiculum and cornu ammonis but the hippocampal shape remains unchanged. However, the fusion of the walls of the
  "        \@ 
!         "    |}~$
The earlier studies have described the microscopical, not macroscopical development and the materials have been very small. Also the shape of the
brain can be changed after removal from the skull.
In different studies, this condition has been
designated as Incomplete hippocampal inversion
(IHI) [4], hippocampal malrotation (HIMAL) [6]
   "  "  "!    |~$
We use the term “incomplete hippocampal inversion”. The reason for this choice of terminology
is that the hippocampus was, most likely, never
completely rotated in this condition, therefore it
would not be described as “malrotated”.

Aims of the study

AIMS OF THE STUDY
The goals of the present studies are:
To document the frequency, laterality, and symmetry of IHI in subjects without epilepsy or obvious
developmental anomalies of the brain (paper I).

To assess hippocampal development by analysing
hippocampal form using cranial US in neonates
born preterm (paper III).

To evaluate if there are relations between the hippocampal form and type of epileptic syndromes
by comparing the occurrence of IHI in epileptic
populations and non-epileptic populations with
neither obvious developmental anomalies of the
brain nor any pathological conditions affecting the
temporal lobes (paper II).

To review the development of the hippocampal region in the fetuses using MRI (paper IV).

21

Radiological studies on hippocampal development

22

Materials and methods

MATERIALS AND METHODS
Subjects
Children and adults (paper I and II)

Premature neonates (paper III)

Three hundred patients, subjected in MRI examination, were drawn from the regional epilepsy
register. 78 subjects with conditions that could
affect the temporal lobes such as obvious intracranial developmental anomalies, intracranial
masses, hydrocephalus or mesial temporal sclerosis together with 21 subjects with incomplete data
were excluded from the study. 150 subjects were
used as controls: 34 were healthy volunteers, 91
patients selected from the hospital archives and 25
patients enrolled in the study. In patients included
   >     !  
the brain were not expected. These patients were
suffering from common headaches without neurological symptoms, from cranial nerve symptoms,
or from predominantly spinal symptoms. They
had no obvious developmental anomalies and did
not have epilepsy.
Examinations of the epilepsy patients and control subjects were mixed by an administrator and
then analysed by experienced radiologists blinded
to clinical data.
When 50 men and 50 women among the controls were analysed the data was evaluated to reveal frequency and type of the IHI in this group.
Subjects were aged 9 months to 73 years, with a
mean age of 29 years (75% were between 10 and
54 years). At this time point, the control subjects
included 20 healthy volunteers, 17 patients enrolled in the study, as well as 63 patients that were
selected from the hospital archives.
From the 300 epilepsy patients, examined with
 >      & !!$    " rial consisted of 201 epilepsy patients (100 female,
101 male), aged 2 months to 74 years, mean age 26
years (75% were 6–50 years old); and 150 controls
(75 female, 75 male), aged 2 months to 75 years,
mean age 31 years (75% were 11–54 years old).

Cranial US images of about 400 premature neonates born at Uppsala university hospital and at
regional hospitals gravitating to the Uppsala university hospital in 2006 – 2008 were reviewed.
Premature neonates with intracranial haemorrhages grade II-IV, ventriculomegaly, massive
periventricular leukomalacia (PVL) or intracranial expansive processes and those cases in which
the examination was technically faulty were ex!!$    "    !  
the cranial US, and infants with small germinal
matrix haemorrhage (grade I) or small PVL outside the temporal lobes were included.
Finally selected population consisted of 160 neonates, 86 of them were boys and 74 girls, with
gestational ages (GA) of 22 to 34 weeks (mean 27
weeks) at delivery. Mean birth weight was 1021 g
(range 434 g - 2695 g).

Fetuses (paper IV)
The brain images from post mortem MRI of 12
aborted fetuses and from 306 clinical fetal in vivo
MRI were evaluated.
The fetuses that underwent post mortem examinations had been aborted for extracranial pathology. The fetuses in which central nervous system
(CNS) pathology was revealed in autopsy or MRI
were excluded.
The clinical fetal MR examinations were performed in Uppsala, Sweden and in Porto, Portugal. The indications were suspected body malformations, central nervous system abnormalities
suspected on previous ultrasound or abnormal
screening laboratory tests. Subjects in which repeated ultrasound or clinical studies revealed
brain pathology were excluded from the study.
   !<   !     
 & !!$  " ""    ! 
was a widening of the lateral ventricles.
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Fetuses with the atria wider than 10 mm were
excluded [1,24,31,82]. Technically poor examinations and all examinations in which the hippocampal regions were not well evaluable bilaterally or
the coronal slices were asymmetrically positioned
were excluded (180 fetuses, all examined in utero).
Three post mortem examinations and 60 in
utero & "    
!    
analysis.

MR methodology in children and
adults (paper I and II)
Prestudy –validation of the MR technique
Before we began the study we created criteria for
the studies and validated MR techniques. We tested for the type of MR examination needed to evaluate the structures of the hippocampal region. The
images of 30 individuals from the hospital archive
were evaluated. All of them were examined with
two different MR techniques, “a routine protocol”
and “an epilepsy protocol”, using thin slices perpendicular to the long axis of the hippocampus.
Both protocols are presented in Table 1. All the
epilepsy protocol examinations were made at 1.5
T, and the routine protocol examinations at 1.5 T in
22 patients and at 0.5 T in 8 patients.
Two experienced radiologists analysed the images independently and separately for the two protocols, using the previously established variables
used for analysis of the hippocampal region (Table
2).
One of the radiologists repeated the evaluations
after 6 months. One radiologist found incomplete
inversion in 16 of the 60 hippocampi, the other
in 17 of 60. Intraobserver agreement for variables
1–7 was 97% for epilepsy protocol, and 98% for
routine protocol. Interobserver agreement was
97% for epilepsy protocol and 95% for routine
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  ! !     "    
protocol examinations, and we decided to exclude
this variable from further analyses. We concluded
    >   ! > !
be used for evaluation of the hippocampal regions.

Studies of the children and adults (paper I
and II)
All the examinations both with the routine protocol and the epilepsy protocol, were analysed by one
radiologist according to the variables 1–7 in Table
2. If all the coronal slices through the hippocampus (the head could not be evaluated) showed a
deviating shape, we categorized the IHI as total. If
     ! "  !  ! 
others deviating, the IHI was of partial type. The
images were analysed without knowledge of clinical data. The MR examinations were performed
using two techniques (Table 1). A total of 142 epilepsy patients were examined according to an epilepsy protocol. Fifty-nine patients were examined
using a routine protocol as they were successfully
treated without a further evaluation according to
     $      
the control group were examined in accordance
with the epilepsy protocol and 91 in accordance
with the routine protocol.
Clinical records of the patients, including EEG,
  %!     !  
of epilepsy and location of the epileptic focus.
#        !
!  
       "    !"
and related disorders by the International League
Against Epilepsy (ILAE) from 1989.
For these studies the research plan was accepted
by the National Ethics Committee. All the volunteers and the patients included in the prospective
study gave their informed consent.

Materials and methods

Table 1. Technique of coronal MR slices
Epilepsy protocol

Routine protocol

Field strength

1.5 T

1.5 T
0.5 T (in the minority)

Slice thickness

2.5 mm

5 mm

Gap

0.5 mm

0.5 mm

Perpendicular to the hippocampus
long axis

In the plane of the posterior pontine
contour

T2-w TSE, T1-w IR, FLAIR

T2-w TSE
T1-w SE (not in all)

Coronal slice adjusting
Sequences types
Abbreviations:

T1-w = T1 weighted

T2-w = T2 weighted

SE = spin echo

TSE = turbo spin echo

IR = inversion recovery

FLAIR = fluid attenuated inversion recovery

Table 2. Variables used for analysis of hippocampal region

In incomplete hippocampal

Variable

Normally

1. Hippocampal shape

Ovoid

Round or pyramidal

2. Localization of HC

Lateral part of the choroidal
fissure

Medial part of the choroidal fissure

3. Craniocaudal diameter of the Shorter than the transversal
HC
diameter

Equal or longer than the transversal
diameter

4. Tip of the temporal horn

Lateral part filled by the HC

Lateral part empty and looks large

5. Orientation of the collateral
sulcus

Horizontal or with an angle <70
degrees to HC

More vertical

6. Position of the collateral
white matter*

Under the HC

Lateral to the HC

7. Long axis of the choroidal
fissure

Horizontal, parallel to HC long
axis

Skew or vertical

8. Position of the fimbria

Cranial to HC

Medial to HC

Abbreviations: HC = hippocampus
* Collateral white matter is the white matter between the collateral sulcus grey matter and
hippocampus just medial to the collateral eminence [13]
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Ultrasound methodology on
premature neonates (Paper III)
All examinations were performed in the Neonatal intensive care unit with an Acuson Sequoia
US scanner using a high frequency transducer 10
MHz. US examination was a part of the routine
neurological assessment of the premature neonates. An anterior fontanel approach with standard six coronal or paracoronal slices in addition to
<                !$ 
experienced paediatric radiologists performed
examinations and the hippocampal forms on the
images was subsequently analysed by one experienced paediatric radiologist. Coronal slices
of the routine cranial US performed at 1st – 7th
postnatal days, preferably on day 1 were analysed.
Gestational ages upon examination are shown in
Table 3.
One of the parents of each child gave written
permission to use the images in the study.
   "  ! !  ! !  
slice III or IV at the level of the third ventricle
(Fig. 6). The hippocampal form was evaluated and
the ratio between the horizontal and vertical diameters of the hippocampal body was calculated.
The ratios were divided in three categories:
   ' " $
 $}  " $
3: If the ratio was between 1 and 1.5, additional
criteria [10,11] such as the enlargement of the
lateral part of the temporal horn and the orientation of the collateral sulcus were used to decide if hippocampal inversion was completed
or not.
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Table 3. Gestation ages at delivery and
at ultrasound examination
Number of neonates

Gestations age
(Weeks)

At delivery

At examination

22

3

0

23

13

8

24

22

16

25

24

19

26

24

22

27

9

20

28

13

9

29

17

20

30

14

8

31

8

9

32

7

8

33

2

5

34

2

2

35

0

9

36

0

3

Total

158

158

Materials and methods

Figure 6.
Ultrasound image of the both hippocampal regions. An ovoid hippocampus on the right side (white arrow) and
non-ovoid on the left side (empty arrow).

MR methodology in fetuses (paper
IV)
All examinations were performed with Philips
Intera MR imagers (Best, The Netherlands) operating at 1.5 T. The post mortem examinations
were performed using a birdcage knee-foot coil.
T2-weighted 2D fast spin echo (FSE) sequences
were performed in the sagittal, coronal and transverse planes, with slice thickness of 2 mm and
in-plane resolution of 0.50x0.53 mm (transverse
plane) and 0.59x0.62 mm (coronal and sagittal
planes). A T1-weighted magnetization-prepared
3D gradient echo (GRE) sequence was performed
in the sagittal plane, with slice thickness of 1 mm
and in-plane resolution 0.59x0.91 mm. From the
acquired T1-weighted images, reformats were
constructed in the axial and coronal planes. The
in utero studies were performed using abdominal
 !   =&   $  "    
included T2-weighted single-shot FSE sequences

in the sagittal, axial and coronal planes. The slice
thickness was 3-4 mm, and the matrix between
256x256 and 364x256. Fields of view ranged from
20x20 to 30x30 cm. No sedation was given to the
mothers.
Hippocampal regions were evaluated in one or
more coronal slices through the area. Progress
of the hippocampal inversion was analysed and
a comparison between the right and left side was
made in every case. In cases where the hippocampal sulcus was not yet closed, the angle between
the upper and lower lip of the hippocampal sulcus was evaluated. If the hippocampal sulcus was
closed the shape of the infolded hippocampus was
  !  < ! !>  " !    
ovoid with a vertical long axis) or ovoid with a
horizontal long axis. The existence and orientation of the collateral sulcus were also recorded.
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One experienced radiologist evaluated all the
318 examinations and made exclusions according
to the criteria presented in the material descrip $  & "   
!    
analysis (63 examinations, 126 hippocampal regions) were then also evaluated by another experienced radiologist independently. Both radiologists made analyses blinded for gestational ages.
Inter-observer agreement in evaluation of the hippocampal structure was 90% and in evaluation of
the collateral sulcus 97%. In cases when there was
disagreement, the radiologists made reevaluations
and consensus was reached.
The study protocol was accepted by the local
Ethical Committees in Sweden and in Portugal.
In Sweden, all mothers gave written informed
consent before the examinations. In Portugal,
the Ethical Committee approved that the clinical
studies could be used in the project without asking
mothers for consent.
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Statistical analysis for all studies
The statistical packages JMP (version 5.1) and
StatsDirect 2.5.7 were used. Differences in pro    !    % !    
method and by Fisher’s (generalised) exact test
when expected numbers were small. P values less
  $}   !!    ¡ }¢ !  <   !$ ^   
tailed.

Results

RESULTS
Morphological MR analysis in the

   
(Paper I)
          ! !     
left. A vertical collateral sulcus was also found in
17/81 subjects (in 10/40 men and in 7/41 women)
with normal oval hippocampal shape. The orientation could differ from the anterior to the posterior part. Defects in the corpus callosum or other
developmental brain anomalies were not revealed
in any of the subjects.
Two aspects of the IHI were analysed in paper
two: occurrence and laterality and distribution of
the total and partial IHI forms.

A round or pyramidal hippocampal shape was
!  ¢     }¢ !  terval (95% CI) 11.3–26.7%). In all these cases,
the variables 2–7 (Table 1) were also deviating.
There were no differences between the volunteers
and the patients. The frequency was the same in
men and women (Table 4).
All the unilateral malformations were found
on the left side. Total IHI was reported in 9 of 13
left-sided IHI and the remaining 4 were partial.
Among 6 bilateral IHI four were total bilaterally,
one total on the left side, partial on the right and

Table 4. Number of subjects with incomplete hippocampal inversion
Men
N=50

Women
N=50

Total
N=100

Subjects with incomplete
hippocampal inversion

10

9

19

Unilateral incomplete inversion
(all on the left side)

9

4

13

Total

7

2

9

Partial

2

2

4

Bilateral incomplete
hippocampal inversion
Total bilaterally

1

5
1

6
3

4

Total on the left

1

1

Total on the right

1

1
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Occurrence of the IHI in the nonepileptic and epileptic populations
(Paper II)

Laterality and distribution of the
total and partial forms of the IHI

Control group

Of the persons with IHI, 71% had an unilateral
IHI and 29% had a bilateral IHI. All the unilateral IHIs (20 subjects) were found on the left side:
13/20 unilateral IHIs were of total type (65%)
and 7/20 were partial (35%). Bilateral IHI, found
in 8/150 of all control subjects, was total in 5/8
(63%) subjects and partial at least on one side in
3/8 (37%) (Table 6).

IHI including a round or pyramidal hippocampal
shape combined with presence of all other deviating variables previously named was found in
28/150 (19%) subjects (Table 5).

Epilepsy patient groups
    '          ly larger in patients with epilepsy than in controls
(P<0.02) (Table 5). The proportion of the patients
  '             
       $>  !  "     _# $> " ! 
the controls. There were no differences in the age
of onset or in therapy refractoriness between the
groups having or not having IHI. In this group,
Rolandic epilepsy differed, with a higher propor   '     $$   
         '    
with generalised epilepsy in comparison to controls (P<0.01). Notably, the distribution of IHI
among the subtypes of generalised epilepsies (2.1,
2.2 and 2.4) was not homogeneous (Fisher’s gen  ! &  > $$     ! 
high proportion of IHI among patients with cryptogenic generalised epilepsies (code 2.2) and spe !"  ! $$ `      ! pathic generalised epilepsy had an IHI. There was
!           '
in patients with epilepsy of undetermined status
 "      !> $> £$
!   ¤ &  > $}}$
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Control group

Epilepsy patient groups
All epilepsy patients
The distribution of the laterality of IHI did not differ between controls and epilepsy patients (Fish¤   ! &  > $}  "  lepsy patient subgroups (codes 1.1, 1.2, 1.3, 2.1, 2.2
! $>  ¤   ! &  > $¥$
In subgroups 2.2 (generalised epilepsy syndromes
- cryptogenic) and 3 (undetermined), there was a
 >           
bilateral IHI compared with both controls and other epilepsy patients. The distribution of total and
partial IHI did not differ in controls and epilepsy
patients with the exception of cryptogenic generalised epilepsy, in which all bilateral IHIs (7/21)
were total.
Generalised cryptogenic epilepsy
Twenty-one patients had generalised cryptogenic
epilepsy syndrome, 12 of them had IHI. Of these,
57% (7/12) were bilateral. The frequency of bilat  '     $¥ " !    
  ! !        $ ^  tients in this subgroup who had bilateral IHI had
the total form (7/7). The frequency of total IHI
was highest in this subgroup compared to both
controls and other epilepsy subgroups. Cognitive
defects were common both in patients with IHI
(12/12) and without IHI (7/9). Therapy refractoriness was similar in patients with IHI (9/12) and
without IHI (6/9) (Table 6).

Results
Table 5. Occurrence of IHI in epilepsy syndromes
Group

No. of subjects

Subjects with
IHI N (%)

Controls

150

28 (19)

Epilepsy patients (all)

201

60 (30)

0.017

1 Focal epilepsy syndromes

163

44 (27)

0.08

31

13 (42)

0.004

Rolandic

25

11 (44)

0.004

Other

6

2 (33)

0.33

1.2 Symptomatic

127

27 (21)

0.59

Temporal

57

14 (25)

0.34

Frontal

7

2 (29)

0.62

Other*

63

11 (18)

0.83

1.3 Cryptogenic

5

4 (80)

0.0062

33

13 (39)

0.009

2.1 Idiopathic

10

0

0.212

2.2 Cryptogenic

21

12 (57)

0.0001

2.4 Specific syndromes

2

1 (50)

0.346

3 Undetermined (all types)

5

3 (60)

0.0549

1.1 Idiopathic

2 Generalised epilepsy syndrome

P value *

* = parietal lobe epilepsies, occipital lobe epilepsies, chronic progressive epilepsia partialis
continua of childhood, syndromes characterized by seizures with specific modes of precipitation [23]

Table 6. Distribution of the laterality of IHI in epilepsy syndromes
Group

Subjects with Subjects with
IHI N
unilateral IHI
– left N (%)

Subjects with
bilateral IHI
N (%)

Subjects with
unilateral IHI
– right N (%)

Controls

28

20 (71)

8 (29)

0

Epilepsy patients (all)

60

40 (67)

16 (27)

4 (7)

1 Focal epilepsy syndromes

44

33 (75)

7 (16)

4 (9)

13

10 (77)

2 (15)

1 (8)

Rolandic

11

9 (82)

1 (9)

1 (9)

Other

2

1 (50)

1 (50)

0

1.2 Symptomatic

27

20 (74)

4 (15)

3 (11)

Temporal

14

11 (79)

1 (7)

2 (14)

Frontal

2

1 (50)

1 (50)

0

Other**

11

8 (78)

2 (18)

1 (9)

1.3 Cryptogenic

4

3 (75)

1 (25)

0

13

6 (46)

7 (54)

0

2.1 Idiopathic

0

0

0

0

1.1 Idiopathic

2 Generalised epilepsy syndrome

2.2 Cryptogenic

12

5 (42)

7 (58)

0

2.4 Specific syndromes

1

1 (100)

0

0

3 Undetermined (all types)

3

1 (33)

2 (67)

0

* = parietal lobe epilepsies, occipital lobe epilepsies, chronic progressive epilepsia partialis
continua of childhood, syndromes characterized by seizures with specific modes of precipitation [23]
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Laterality of IHI in relation to EEG

 
Laterality of the IHI was compared with focus
laterality on EEG. Among 14 TLE patients with
IHI, 11 had isolated left-sided, 2 had isolated
right-sided and 1 had bilateral IHI. On EEG, the
         '  !  !!  >
and both patients with IHI on the right side had
an EEG focus on the left side. Among the remaining 11 patients with IHI on the left side, 8 had an
EEG focus on the left side, 2 had a bilateral focus
and data for 1 patient were missing. Among 43
TLE patients without IHI, 19 had an EEG focus
on the left side, 9 on the right side, 2 bilaterally,
and for the remaining 13, data were not complete.
Occurrence of left-sided EEG focus was higher
than right-sided in both groups: in 62% of patients
having IHI and in 63% of patients without IHI.

Ultrasound study on preterm
neonates (Paper III)
"        $}     " $  tribution of the hippocampal forms (complete
versus incomplete inversed) at different ages is
    ¥$   <  !
in IHI frequencies between GW 24 and 25. The
patients are divided into three age groups according to the IHI frequency. The frequency of the IHI
was the highest in the group I of infants examined
at GWs 23-24 12 out of 24 (50%). In the group II
GWs 25-28 frequency was 18 out of 72 (25%). In
the group III GWs 29-36 frequency was 9 out of
 ¢       !    
frequency of the IHI between group I and group II
$ !   !   $>
      !  $¥}$
Also frequency of the bilateral IHI was higher
in the youngest group: it was found in 7 of 24
children (29%) and in 11 of the other 136 children
¢$  !         $> 
9.08). Frequency of isolated left-sided IHI was 4 of
24 (17%) in 23-24 GW group, and 14 of 136 (10%)
in the other premature newborns. This difference
      $  !   !! '  
rare: one in every group. In the total material, the
difference between the frequencies of the isolat-
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ed right sided IHI and isolated left sided IHI was
      $>  $$

MRI study on fetuses (Paper IV)
The three post mortem examinations were performed at GW 17-18 and the 60 in vivo examina   \@ $ ^   !  !  
hippocampal sulcus bilaterally. The hippocampal
sulcus was completely or widely open, bilaterally or unilaterally, in 39/51 fetuses examined at
GW 17-32 (Fig. 8). In 21/35 fetuses with a bilateral open hippocampal sulcus, the angle between
the upper and lower lip, was less than 90 degrees
   !$  < >     
than 90 degrees on the right side but more than
90 degrees on the left side. The hippocampal sulcus was closed at GW 21 at the earliest (right side)
and always bilaterally closed from GW 33 onwards. Asymmetric development was observed in
11 fetuses in which both hippocampal sulci were
open but the angles between the upper and lower
lips were different on the right and left sides. The
more closed hippocampal sulcus was on the right
side in 8 fetuses and on the left side in 3 fetuses.
A closed hippocampal sulcus was found in 28
fetuses (Fig. 8). One fetus at GW 21 had a closed
sulcus on the left side only. Three fetuses, at GW
27-30, had a closed right-sided sulcus but the leftsided sulcus was still open. From GW 33 onwards,
all hippocampal sulci were closed.
The youngest fetus with an open hippocampal
sulcus on one side and a closed sulcus on the other side showed a non-ovoid shape of the inverted
hippocampus but the three older fetuses, showed
an ovoid shape with a horizontal long axis. The
non-ovoid hippocampal shapes were found bilaterally at GW 24-29 or unilaterally with the ovoid
shape on the contralateral side at GW 31-36. From
GW 33 onwards when all hippocampal sulci were
closed, the hippocampal shape was non-ovoid on
the left side and ovoid on the right side in 4/12
fetuses (33%).
Asymmetric hippocampal development was
found in 26 (41%) fetuses when the non-ovoid hip-

Results
 "        !    !<oped than the ovoid shape. The development was
faster on the right in 22 (85%) fetuses and on the
left only in four (15%).
Development of the collateral sulcus is shown
in Figure 9. A shallow collateral sulcus was detected at the earliest in one fetus at GW 17 but
another fetus showed no collateral sulci at GW 29.
The deep collateral sulcus was seen at the earliest
at GW 26 on the right and at GW 27 on the left.
At GW 31 or later, all 17 fetuses had developed a

GW 23

2

GW 26

2

7

1

4

4

GW 25

GW 27

5

3

GW 24

deep collateral sulcus bilaterally. Fourteen of the
24 fetuses with a bilateral deep collateral sulcus
had an uni- or bilateral vertical orientation (58%).
The collateral sulcus was vertical in 5/26 fetuses
(19%) on the right side and in 13/25 fetuses (52%)
on the left side. This difference was statistically
    $$
Nine fetuses with a non-ovoid hippocampal
shape had a deep collateral sulcus. In six of them,
the nearby collateral sulcus was vertical.

17

2

16

1

3

15

4

1

GW 28

2 1

GW 29

2

GW 30

2

GW 31

11

GW 32

11

6
18
6
7
6

5

GW 33

13

GW 34-36 1
0

5
Bilat. IHI

10
Left IHI

15

20

Right IHI

25
No IHI

Figure 7.
Occurrence of IHI in premature newborn according to gestation age at the examination
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Figure 8.
Distribution of the hippocampal shape at different gestational ages. Each square pair describes a fetus.
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Figure 9.
Collateral sulcus at different gestational ages. Each square pair describes a fetus.
    !> _    !$
Collateral sulcus: Ċ   <  >    > ċ  < > ċ      * $

34

Discussion

DISCUSSION
Studies on the hippocampal
development
Our fetal MRI study was the second prenatal MR
!  !     " !  
in which sulcal development in the hippocampal
region and the shape of the inverted hippocampus
has been evaluated and our ultrasound study of
 "        ! < ating hippocampal form using ultrasound.
In the fetal MRI study, we found that there are
wide individual temporal variations in the deepening and closure of the hippocampal sulcus. After
the closure of the hippocampal sulcus, the inverted hippocampus could be of a non-ovoid shape
(Fig. 10) or of an ovoid shape with a near horizontal long axis (Fig. 11). The last-named shape
was presumed to present complete hippocampal
inversion.

In all fetuses the hippocampal sulcus was iden       & ! 
!    
the previously published data [28,45,46,65] (Table 7). According to the studies on the formalin&!  >    " !  <  ! 
adult appearance at GW 21 [2,3,35,45,46]. We
could found a closed hippocampal sulcus only in
one fetus at that age. Time variation for the closure is very wide and the majority of the foetuses had open hippocampal sulci. We found open
hippocampal sulci up to GW 32. In cases with
!   "   >    ! 
shape of the inverted hippocampal formation using the same criteria as in earlier studies on adults,
children and premature neonates. The majority of
the population have ovoid hippocampus with a

Figure 10.

Figure 11.

In utero MR study. T2-weighted single-shot FSE
coronal images of fetus at 29 GW. A non-ovoid
hippocampus with a vertical long axis bilaterally with closed hippocampal sulcus. The arrows
indicate the hippocampal region and the stars the
collateral sulcus.

In utero MR study. T2-weighted single-shot FSE
coronal images of fetus at 29 GW. An ovoid hippocampus with a closed hippocampal sulcus and a
horizontal long axis bilaterally. The white arrows
indicate the hippocampal region, the black closed
hippocampal sulcus and the star the collateral
sulcus.
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Table 7. Detectability of some anatomical structures in the hippocampal region in different ages
Author
Study
method
Number of
subjects
Age in
GW
Collateral
sulcus
Open HC
sulcus

Bajic et al.

Bajic et al.

Humphrey

Kier et al.

Chi et al.

Garel et al.

Fetal MRI

US of the
premature
neonates

Autopsy
material

MRI of the
specimens

Photos of
the brain
(autopsy)

Fetal MRI
(gyration
study)

63

158

10

6

507

173

17 - 35

23 - 36

10 - 30

13 - 24

10 - 44

22 - 38

17

24

17 - 32

13 - 14

Non ovoid
HC shape

21

23

15.5 - 18.5

18 - 20

Ovoid
HC shape

27

23

20.5

21

horizontal long axis and that shape we categorize
as ovoid. All the other shapes were categorized as
non-ovoid. A non-ovoid hippocampus was found
at GW 21 at the earliest and an ovoid hippocampus
at GW 27. Bilateral non-ovoid hippocampi were
not observed after GW 29 and bilateral ovoid not
before GW 29.
In our ultrasound study of preterm neonates,
    !     !  
higher frequency of non-ovoid, incomplete inversed, hippocampi before GW 25 and the lower
frequency from GW 25 onwards. Of the neonates
examined up to GW 24, about one half had Incomplete hippocampal inversion (IHI). The IHI
frequency in preterm neonates both at GWs 25–
28 (24%) and at GWs 29–36 (14%) approached the
IHI frequency (19%) in our MRI studies on children and adults.
The fetal MRI study did not reveal a threshold
of the frequency of the non-ovoid shape at GW 25
as the ultrasound study had done. This discrep-
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10

23

26
22 - 23

ancy may have been caused by the small numbers
      ! !      
  "  ! $    !
study only the hippocampal shape was evaluated,
the hippocampal sulci were not evaluated. In the
fetal MRI study the hippocampal shape was only
evaluated if the hippocampal sulcus was closed.
The number of subjects was higher in the US
study. In this study IHI frequency was 14-20%
compared with 19% in a MR study of children
and adults. These frequencies are best comparable to the frequency of the uni- or bilateral nonovoid hippocampi in the fetuses in which both
hippocampal sulci were closed (from GW 33 onwards). That frequency was 33%. The differences
between the frequencies are not statistically sig  $ ^ !        tal MRI study of the material of 63 fetuses and in
US study, in the material of 158 infants) the hippocampal inversion seems to continue longer than
presumed on the basis of the earlier studies (only

Discussion
one hippocampus had ovoid shape before GW 29
and about one half had IHI.
In our fetal MRI study even the development
of the collateral sulcus was analysed. The collateral sulcus showed different types of orientation.
It can be vertical or horizontal which is the more
common type in adults. In 58% of the fetuses with
a deep bilateral sulcus, the orientation was vertical, uni- or bilaterally. The vertical orientation
      " ""     !$
Even the collateral sulcus developed earlier on the
   !$         ! ! 
early as at GW 17 but was not visible in one fetus at GW 29. The orientation of the sulcus, horizontal or vertical, was not related to the gestation
age. However, the vertical orientation seems to be
slightly more common in fetuses than in children
and adults. In children and adults, 36% had a vertically oriented collateral sulcus uni- or bilaterally.
In fetuses with a deep bilateral sulcus, 58% showed
that orientation. The difference reached statistical
     $}$    !   dren and adults, a non-ovoid hippocampal shape
was always associated with a vertically oriented
collateral sulcus. In 3/9 fetuses with a non-ovoid
hippocampus and deep collateral sulcus, the nearby sulcus did not have a vertical orientation. This
might be a sign that the hippocampus had not yet
reached the ovoid shape but the inversion process
was continuing.
In our fetal MRI study the number of fetuses
was higher than in the earlier hippocampal studies
 "  &!   !   <   
show the wide time variation in the development
of the hippocampal region. The timetable of the
development of some anatomical structures in the
hippocampal region presented in different studies,
including ours was shown in Table 7.
In our fetal MRI study, the development of the
hippocampus, including the hippocampal sulcus
and the inverted hippocampal formation, was
 ""   ¢ !   
majority of the asymmetric cases, the right side
  }¢  ! !<!  $ ^  
US study in cases of asymmetric shape of the hippocampus the left sided IHI was more common

which indicates the faster hippocampal development on the right side. Asymmetrical hippocampal development was frequent and evenly distributed in different age groups, which were from 17
GW to 36 GW. In a prenatal MR study, where
hippocampal infolding angles were measured
at GW 20-37, no asymmetry was observed [66].
However, another group that used the same methodology in infants and children found a left-right
asymmetry and concluded that it may result from
slower development of the left hippocampus [57].
Chi and co-workers evaluated photographs of 507
"  &!       %   
age [21]. 207 brains were also sectioned. They described the development of many sulci separately
but did not mention the hippocampal sulcus in the
report. They found that the right cerebral hemisphere, in general, shows gyral complexity earlier
than the left. Even neurophysiological development is slower in the left temporal lobe [62].
It is not easy to depict small hippocampal structures neither on the fetal MRI nor on the US. Image quality and resolution were the best in the post
mortem fetal MRI images (Fig. 12) in which there
are no movement artefacts and the examination
time is not restricted by the risk of movement. The
hippocampal region was well assessable in all 12
post mortem examinations performed at GW 1722, included at the start of the study, but only three
could be accepted in the study owing to brain abnormalities in the other cases. In the examinations
in utero, the image quality was much lower (Fig.
13) and 59% of those examinations were rejected
for technical reasons. The youngest living fetus
with a resolution good enough was examined at
GW 19. Many examinations were rejected as small
details could not be assessable, which is a weakness of the study. A general weakness of both our
fetal MRI study and fetal MRI studies of the for"  &!  "    "  " 
the normal foetuses. An additional weakness of
   !    "  &!  ">
were possible changes of the anatomical shape
and proportions as a result of the removal of the
brains from the skull, placement in the vessels for
"   &   !     
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Figure 12.
Post mortem MR study of a fetus aborted at 17
GW. The arrows indicates widely open symmetrical hippocampal sulci. T2-weighted TSE coronal
image.

for cutting or imaging. In our ultrasound study as
well as the fetal MRI study the hippocampus was
examined in a natural position and shape.
Imaging techniques progress continuously and
examination times will be shorter. Images with a
very high resolution can be obtained even now at
  !  |¥¥~     
limiting factor, in particular, in fetuses which are
more vulnerable than adults. Repeated examinations would be the best way to demonstrate developmental progress but fetal examinations without
clinical indications are not ethically acceptable.
The hippocampal shape was well seen in neonates also with US, especially with high frequency
transducers (10 MHz) but the occurrence of IHI at
GWs 29-36 was a little lower than in children and
adults in our MR studies. The difference was not
         "  =    "
of the partial IHIs might be missed in US examinations because brain morphology is not depicted
as well with US as with MRI.

38

Figure 13.
In utero MR study. T2-weighted single-shot FSE
coronal images of fetus at 25 GW. The arrows
indicate the hippocampal sulci. The hippocampal
sulcus is larger on the left side.

Hippocampal development during the late gestational period was analysed using cranial ultrasound on preterm neonates. The hippocampal
development in preterm neonates may be affected by pre- and postnatal stress. This problem
exists in all studies on fetal hippocampal development. Developmental milestones have been
based on histological and MR studies on forma &!  "  % " ! 
[2,3,35,45,46,65]. The etiologies of abortions were
not reported. There are no developmental criteria
for normal hippocampi in utero because even prenatal MR studies were performed for medical indications. We have documented the hippocampal
shape in preterm newborns and tried to minimize
all those factors possibly affecting hippocampal
development. Children and adolescents born preterm have been reported to have smaller brain volumes than those born full-term. The volume reduction has been proportionally great particularly
in the hippocampi [36,56,63]. In contrast, in more

Discussion
recent samples without major perinatal complications, the hippocampi have shown a marginal, if
any, volume reduction [44,50,52,78]. Intrauterine
growth restriction affects the hippocampal volume [50]. A generally small brain volume and
cognitive dysfunction consistent with hippocampal injury has been found in adolescents born at
full-term but SGA [52]. Our study excluded neonates SGA. However, there might have been some
unknown factors affecting prenatal hippocampal
development because there is always a cause for
a preterm birth. The time intervals between the
birth and the US examination were in our study,
most likely, too short to allow demonstrable postnatal developmental deviations.

Studies focusing on the
morphological variants of the
hippocampus and their relation to
some epilepsy syndromes
In our MRI study, including 100 subjects without
obvious developmental anomalies and without
 >    !   &  ! tion of the IHI as a developmental hippocampal
anomaly where the infolding of the hippocampus
in the temporal lobe was incomplete and the hippocampal form in the MRI coronal slices found
to be round or pyramidal. We found that there is
a frequent (19%, 95% CI 11.3–26.7%) hippocampal form variation in the common population, and
that this form variation could be total, if the hippocampal shape irregularity is present in all slices
on the coronal MR images of the hippocampal region; or partial if the shape irregularities are present only on some slices. IHI can be bilateral or
unilateral most often on the left side.
There are a few studies regarding IHI in seizure free subjects. One of them is Gamss study
which was published after our papers I and II [28].
They found rounded hippocampal form and vertical collateral sulcus in 7/497 (1.4%) patients. The
frequency was lower than in the nonepileptic controls in the epilepsy studies of Peltier (2/50, 4%)
[61] or Bernasconi (5/50, 10%) [10]. Bronen and
Cheung [16,17] reported that 12/58 hippocampi
(20.8%) had a shape deviating from the normal

in healthy volunteers. In our study, 25/200 hippocampus (12.5%) were incompletely inverted.
The frequency of IHI was higher in our subjects
without epilepsy than many other authors have
reported in epilepsy patients without corpus callosum anomalies. The great variations in fre  "  !!  !  !   
incomplete hippocampal inversion, i.e. including
or excluding of partial incomplete inversions, and
also on genetic and environmental factors. All
incomplete inversions of the hippocampus in our
study were bilateral or situated on the left side. In
our fetal MRI and US studies, the majority of IHI
was also bilateral or on the left side. In the literature, the laterality has not always been mentioned
but in the Gamss study, all of the seven deviating
hippocampal forms were on the left side [28].
We found that IHI is more common in epilepsy patients than in the control subjects group (19
resp. 30%). The frequency of IHI in our epilepsy
patients was higher than in many other studies on
epilepsy patients without major brain anomalies.
Barsi et al. [6] described IHI in 6% of 527 patients
with suspected epilepsy, Peltier et al. [23] in 14%
of 97 epilepsy patients. Baulac et al. [7] found abnormal hippocampal form in 1.7% (19/1,100) of
patients with partial epilepsy. Thirteen of those 19
patients had isolated hippocampal abnormalities
(2 bilateral, 11 unilateral). In TLE, the frequency
of IHI ranged from 2.2% (5/222 patients) [10,61] to
43% (13/30 patients) but in the last-named study,
15/30 patients had previously known unilateral
hippocampal atrophy. In our study, patients with
MTS were excluded because of shrunken hippocampi are and the original form may not therefore be assessable.
The frequency of IHI was not statistically significantly higher in focal epilepsies than in controls
¥ <$ ¢> $$ ` >     
only 25% in TLE. Rolandic epilepsy differs from
the other types of focal epilepsies by having a
             '
¢> $   $  !<"tal deviation of the hippocampus in Rolandic epilepsy, although common, may be of milder type
than in the other epilepsy syndromes. The group
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with the most frequent occurrence of IHI (57%)
was that of patients suffering from generalized
cryptogenic epilepsy. Compared to the controls,
the occurrence was almost three times higher and
reached the same occurrence of IHI as reported
in patients with severe developmental anomalies
[4,69]. The IHI frequency was high also in focal
cryptogenic epilepsy (4/5 patients), but this subgroup was very small.
Isolated left-sided IHI is far more common than
bilateral IHI. This distribution pattern was found
both in controls and in epilepsy patients, except for
those with generalized cryptogenic epileptic syndromes where 58% of IHIs were bilateral. Isolated
right-sided IHI seems to be a very rare entity, and
 ! !  !   "   
and in only four epilepsy patients. Laterality has
not always been mentioned in articles describing
hippocampal morphological changes including
IHI. In literature, isolated rightsided IHI has only
been reported in one patient with partial epilepsy
[7]. In cases with persistent left-sided IHI, cerebral development may have been disturbed when
the right hippocampus had completed inversion
process but the left side had not yet reached that
developmental stage.
In TLE patients, there was no statistically significant difference in frequency, laterality or distribution of total and partial forms of IHI compared
with controls. The laterality of the EEG focus did
     '$ @ !  !  sality between the focus in TLE and IHI.
Cryptogenic epilepsy refers to a condition for
which the nature of the underlying cause is un-
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%>
!   _^#      
[23]. We found a high frequency of IHI in this heterogeneous group of patients. In addition, many
  !     '$        
that such a high frequency of morphological brain
changes has been detected in epilepsies previously
  !   $         
has yet to be elucidated.
Studies including patients with severe developmental brain anomalies present much higher frequencies of IHI. Sato and coworkers [69] found incomplete inversion in 64% (28/44) and Baker and
Barkovich [4] in 82% of the patients diagnosed
with congenital brain malformations such as corpus callosum agenesis, lissencephaly, or holoprosencephaly.
            ' 
such is still unknown. A recent study indicates
that IHI does not have a detrimental effect on
memory functioning but is associated with dysfunction of other areas [74]. That also supports
the hypothesis that persistent IHI may be a sign
of a disturbance in brain development with clinical consequences elsewhere in the brain, and new,
both clinical and imaging, follow-up studies could
be very informative.
IHI cannot be the etiology of epilepsy as such
but could be a sign of general failure in brain development, which might be responsible, both for
incomplete inversion of the hippocampus and focal or multifocal pathological changes in the cerebral cortex.

Conclusions

CONCLUSIONS
IHI is a common morphologic variation. Leftsided
IHI is more common than bilateral, and isolated
right-sided incomplete hippocampal inversion
seems to be very rare.
The frequency of IHI is higher in the epilepsy
population in comparison to the non-epileptic
controls, mainly due to a high proportion of IHI in
generalised cryptogenic epilepsy syndromes. IHI
is not more frequent in TLE than in nonepileptic
controls and no causality between TLE and IHI
seems to exist. IHI, a morphological variant of the
hippocampus, is not an aetiological factor in epilepsy but can be a sign of disturbed cerebral development that may affect other parts of the brain
leading to epilepsy.

In our fetal MRI study, there were a higher number
of fetuses than in the earlier hippocampal studies
 "  &!   !   <   
show the wide time variation in the development
of the hippocampal region and also that the right
side often develops faster.
@ ! "     "   " 
malrotation. In particular, we thought that incomplete hippocampal inversion is a better description of this condition because the hippocampus is
not “malrotated” but rather probably the inversion
was never completed.
In our limited case material we cannot prove that
the non-ovoid shape precedes the ovoid shape but
our data does not contradict that hypothesis.

Hippocampal inversion was not completed up to
GW 24 in one half of the preterm neonates. From
the GW 25 onwards, the frequency of IHI is similar to that in the general adult population, at approximately the 20% level. Hippocampal inversion seems to continue longer than presumed on
the basis of the earlier studies in limited samples.
The higher IHI frequency on the left than right
side, demonstrated in earlier studies in children
and adults, exists even in preterm neonates.
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SUMMARY IN SWEDISH
Detta avhandlingsarbete avbildar utvecklingen av
hippocampal regionerna i perioden från 17 - 36
gestationsveckor (GV) med hjälp av prenatal MRundersökning av foster, samt i perioden mellan 23
och 35 GV med hjälp av kranialt ultraljud på prematura nyfödda barn. Dessutom har vi genom att
analysera MR hjärna av 300 epilepsi patienter och
150 epilepsifria subjekt, evaluerat förekomst av
icke färdigutvecklade hippocampala former och
deras relation till olika epilepsisyndromen.
I delarbete I har vi analyserat förekomsten av ”Incomplete hippocampal inversion” (IHI) som är
en hippocampal formvariant, bland den ”vanliga”
populationen, dvs. bland 100 friska frivilliga och
patienter utan hjärnanomalier, tumörer, epilepsi,
hydrocephalus och vilket tillstånd som helst som
kunde påverka temporala loben. Vi har studerat
MR hjärna i det coronara planet och funnit att
19% av de undersökta hade IHI, bilateralt eller på
vänster sida. Samtliga med IHI hade också vertikal kollateral sulcus på IHI sida. Detta visar att
IHI inte alls är en ovanlig hippocampusform.
I delarbete II har vi analyserat förekomsten av IHI
hos epilepsipatienter. Kontrollgruppen var 100
personer från arbete I plus 50 nya utvalda med
samma kriterier. Epilepsigruppen hade i början
300 patienter och efter exkluderingen av patienter med hjärnanomalier, tumörer, hydrocephalus
och patienter med inkompletta data blev det 201
kvar. 30% av dem hade IHI, och i förhållande till
% ¦<  !    %  % nad. Hög frekvens var bland patienter med kryp-
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togenisk epilepsi och Rolandisk epilepsi, men
inte bland dem med temporallobsepilepsi. Det var
ingen korrelation med epilepsifokus vid EEG och
IHI. Så trots att förekomsten av IHI var hög i vissa grupper, kunde inte IHI vara orsak till epilepsi
utan snarare visat att det någonstans i hjärnan har
skett någon förändring som kunde vara orsak till
epilepsi.
I delarbete III har vi studerat normal hippocampusutveckling genom att analysera coronara bilder på ultraljud hjärna. Efter att samtliga prematu "!   %  §  <  &%! !>
analyserades bilder av 158 nyfödda i gestationsålder 23 till 35 gestationsveckor (GV). Vi har stu!    "  " "! "¦  ! 
när hippocampus är fullt utvecklad. Cirka 50% av
prematura har inte fullt utvecklad hippocampus
före GV 25. Efter GV 25 var frekvensen av IHI,
som vi har tolkat som omogen hippocampal form,
lika som i barn och vuxna i arbete I och II.
I manuskriptet under bearbetning som är delarbete IV har vi analyserat morfologisk utveckling av
hippocampus under fetalperioden, genom analys
av 60 fetala MR-undersökningar och 3 postmortala MR av aborterade foster. Ingen av dem hade
hjärnpatologi. Vi har analyserat hippocampusområdet under gestationsveckorna 17-36. Det var
stora individuella variationer i utvecklingen av
både hippocampus och collateral sulcus. Ofta sker
utvecklingen asymmetriskt, och det är höger sida
som utvecklas snabbare.

Summary

SUMMARY IN SERBIAN
Ova disertacija odslikava razvoj hipokampusa i
susjednih anatomskih struktura u periodu od 1736 gestacione nedjelje koristeci prenatalni pregled
fetusa magnetnom rezonancom (MR), kao i u periodu od 23-35 gestacione nedjelje koristeci ultrazvucni pregled mozga prerano rodjene novorodjencadi. Pored toga analizirajuci MR snimke mozga
kod 300 pacijenata koji boluju od epilepsije i 150
subjekata koji nemaju epilepsiju diskutovali smo
ucestalost nepotpuno razvijenih formi hipokampusa i njihov odnos sa pojedinim epileptickim sindromima.
U prvoj od cetiri studije u ovoj disertaciji analizirali smo ucestalost nekompletne hipokampalne
inverzije (NHI) koja predstavlja jednu varijantu
oblika hipokampusa, medju ”normalnom” populacijom, sacinjenom od 100 subjekata, zdravih dobrovoljaca i pacijenata bez anomalija mozga, tumora, hidrocefalusa, epilepsije ili bilo kog drugog
patoloskog stanja koje moze uticati na temporalni
rezanj mozga. Proucavali smo koronarne MR
sekvence i nasli da 19% av ispitanika ima znakove NHI, obostrano ili na lijevoj strani. Kod svih
koji su imali NHI, vertikalni kolateralni sulkus je
takodje postojao na istoj strani na kojoj je i NHI.
Druga studija obuhvata analizu ucestalosti NHI
kod oboljelih od epilepsije. Kontrolnu grupu su
sacinjavali subjekti iz prvog dijela zajedno sa 50
novih izabranih na osnovu istih kriterija kao za
prvu studiju. Grupu oboljelih od epilepsije sacinjavalo je u pocetku 300 pacijenata ali poslije iskljucenja iz studije pacijenata sa anomalijama mozga,
tumorima, hidrocefalusom, kao i onih sa nepotpunim podacima u istoriji bolesti, u studiji je ostao 201 pacijent. 30% od njih je imalo NHI, sto je
predstavljalo statisticki znacajnu razliku u odnosu

na kontrolnu grupu. Visoka ucestalost je nadjena
kod pacijenata sa kriptogenom epilepsijom kao i
kod pacijenata sa rolandickom epilepsijom, ali ne
i medju pacijentima sa epilepsijom temporalnog
reznja. Korelacija izmedju epileptickog fokusa na
EEG i NHI nije nadjena. Iako je ucestalost NHI u
pojedinim grupama visoka NHI se ne moze smatrati direktnim uzrocnikom epilepsije, nego je prije indikator da se tokom razvoja negdje u mozgu
desila promjena koja je uzrocnik epilepsije.
Treca studija se bavi normalnim razvojem
hipokampusa kroz analizu koronarnih presjeka
ultrazvuka mozga kod 158 prerano rodjene novorodjencadi u starosti od 23 do 35 gestacionih
nedelja. Posto su iskljucana novorodjencad sa sig % "   " "* > !   "
oblik hipokampusa sa ciljem da utvrdimo vrijeme
kada je hipokampus potpuno razvijen. Oko 50%
prerano rodjene novorodjencadi nema potpuno
razvijen hipokampus prije 25 gestacione nedelje,
ali je poslije tog perioda procenat novorodjencadi
sa NHI, hipokampusnom formom koju smatramo
nezrelom, isti kao kod kontrolne grupe u studiji I
i II.
Cetvrta studija sa manuskriptom u obradi predstavlja analizu morfoloskog razvoja hipokampusa za vrijeme fetalnog perioda. Izucavali smo
hipokampalni region kod 60 prenatalnih MR fetusa i 3 postmortalna MR abortiranih fetusa, gestacione starosti 17-36 nedelja. Nijedan nije imao patoloske promjene na mozgu. Uocili smo znacajne
individualne varijacije u razvoju kako hipokampusa tako i kolateralnog sulkusa. Cesto razvoj ide
asimetricno i pri tome je desna strana ta koja se
brze razvija.
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