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Version abrégée

La maturation du cerveau au cours de l’enfance fait partie des questions les plus
fascinantes soulevées par le développement des neurosciences au cours des dernieres dizaines
d’années. Quels sont les mécanismes qui permettent a quelques centaines de grammes de
neurones et a leurs connections de produire des fonctions complexes, telles que la réflexion, la
mémoire, ou l'intelligence? La construction progressive des capacités cognitives au cours de
I’enfance m’a toujours fascinée, d’une part, car elle semble suivre une cascade d’évenements
bien ordonnés, remarquablement plastique, qui culmine par d’impressionnantes facultés
a age adulte. Et d’autre part, parce que cette cascade, la méme qui vise a optimiser
les capacités intellectuelles, semble parfois extrémement fragile, tel qu’en témoignent les
troubles envahissants du développement ou autres pathologies psychiatriques résultant de
perturbations du développement cérébral. Si cette question du dévelopement cérébral peut
étre abordée sous des angles divers, 'imagerie structurelle cérébrale représente un moyen
trés prometteur de suivre le développement du cerveau in vivo.

La partie introductive de ce travail de these résume les progres effectués dans le domaine
de la neuroimagerie, qui permettent un acces relativement direct aux corrélats structurels
de la maturation cérébrale normale ou pathologique. Ainsi, les trajectoires curvilinéaires
d’épaisseur corticale observées au cours de I’adolescence pourraient étre & méme de refléter
les remaniements de l’arborisation dendritique qui accompagnent l'optimisation de la
fonction cérébrale. Aussi, les progres des techniques de quantification de la morphologie
tridimensionnelle du cortex, avec la possibilité de mesurer le plissement du cortex, semblent
permettre une fenétre sur le développement cérébral précoce.

Au cours de ce travail de theése, nous nous proposons d’explorer le développement
cérébral dans une maladie génétique fréquente: la microdélétion 22q11. Les enfants atteints
de la microdélétion 22 présentent souvent un retard des acquisitions, qui affecte surtout la
mémoire, I'intégration visuo-spatiale, et 'arithmétique. Au cours de leur adolescence, ces
personnes font fréquemment 1’expérience de symptomes psychotiques, tels qu’hallucinations
ou délires. En particulier, I'incidence accrue de schizophrénie liée a la microdélétion 22 a
méme amené l'idée que cette condition génétique puisse représenter un modele d’étude des
mécanismes qui prédisposent a cette psychose. Au cours des derni¢res années, I’étude des
corrélats cérébraux potentiellement responsables des déficits cognitifs ou des symptomes
psychotiques a donc recu un vif intérét.

Si la question des répercussions fonctionnelles des altérations cérébrales intéresse
beaucoup, celle des mécanismes qui pourraient causer ces altérations reste plus largement
inexplorée. Dans ce travail de these, nous nous efforcons de réunir une vue relativement
exhaustive des altérations de la structure du cortex liées a la microdélétion, et de comprendre
la relation de ces modifications entre elles dans une perspective développementale.
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En préambule, trois études de régions d’intérét m’ont permis de me familiariser avec les
techniques de neuroimagerie classiques, avant de s’intéresser de plus pres a la structure
du cortex. Le plissement cortical a tout d’abord été mesuré a l'aide de I'Index de
Gyrification, une méthode particulierement attrayante par son élégante simplicité et sa
facilité d’interprétation. Cependant, la maniere dont I'Index de Gyrification avait été calculé
jusqu’alors ne nous paraissait pas rendre compte de la complexité de la structure corticale
avec suffisamment de précision. Ainsi, nous avons développé un nouvel outil de mesure du
plissement cortical, inspiré de I'Index de Gyrification.

Les résultats obtenus dans la microdélétion avec cette nouvelle méthode nous ont permis
de suggérer qu’'un défaut d’expansion précoce du cortex pourrait étre responsable des
réductions de volume cortical observées. Dans un deuxieéme temps, nous avons aussi identifié
que les malformations cardiaques, fréquentes dans le syndrome, exacerbent cette anomalie
précoce, particulierement a la jonction des lobes pariéto-occipitaux-temporaux.

Nous nous sommes ensuite intéressé a la maturation du cerveau au cours de l'enfance
et de 'adolescence dans la microdélétion, et avons observé des trajectoires différentes de
I’épaisseur du cortex avec ’age, hautement suggestives d’une anomalie de 'optimisation
de I'arborisation dendritique. Dans le chapitre consacré, nous discutons comment cette
maturation anormale pourrait favoriser I’apparition de la symptomatologie psychotique chez
les individus affectés par la microdélétion.

Ce travail de these représente plusieurs contributions dans le domaine du développement
cérébral lié a la microdélétion 22, et illustre comment les techniques de neuromagerie
structurelle peuvent étre employées pour répondre a des questions de pathogenese. A terme,
une meilleure compréhension des mécanismes responsables des altérations cérébrales pourra
certainement aider a développer des stratégies thérapeutiques dans le but d’aider les patients
atteints de la microdélétion, ou ceux souffrant d’'une schizophrénie.
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Introduction






CONTEXT

Behavioral neurogenetic

The recent development of neurosciences is on the way
to revolutionize psychiatry. In particular, among recent
developments in biological psychiatry, advances in the field of
behavioral neurogenetic carry a strong potential for further-
ing our understanding of the etiopathogenesis of psychiatric
disorders.

As recently reviewed by Martin (Martin, 2002), psychiatry and neurology, which were
for long completely distinct medical disciplines, with separate departments, practices and
research interests, are increasingly tied. Eric Kandel, a psychiatrist who received the Nobel
Prize in 2000, describes academic psychiatry in the 1950s as a “psychoanalytically based
and socially oriented discipline that was surprisingly unconcerned with the brain as an
organ of mental activity” (Kandel, 1998). However, as he further depicts, progresses in
neuropharmacology in the 1960-70s dramatically changed this view, given that “psychiatry
was forced to confront neural science, if only to understand how specific pharmacological
treatments were working”. Following these neuropharmacological advances, increasing
progresses were also made in other disciplines of neuroscience, such as neurophysiology,
neuroimaging, cognitive neuroscience, or computational neuroscience. As a result of the
increasing delineation of the biological correlates of mental processes, dialogues between
psychiatry and neurosciences are now possible. More than a simple dialogue, we can even
consider that the field of psychiatry is on the way to be revolutionized by an increasing
definition of the neural pathways leading to the onset of mental diseases.

In the search for a better understanding of the pathogenesis of psychiatric disorders,
the attention of geneticists, psychiatric or neurological clinicians or neuroscientists has
been recently attracted by a few genetic conditions associated with specific behavioral or
psychiatric impairments. Behavioral neurogenetic has emerged from the observation
that neurodevelopmental and neuropsychiatric disturbances are various in their presentation
and etiologies (Baumgardner et al., 1994; Reiss et al., 2000). Therefore, our opportunity to
understand the pathogenesis of abnormal behavioral or cognitive manifestations relies on a
narrow definition of homogenous subgroups. Being genetically homogenous, neurogenetic
syndromes were thus elected as ideal candidates to “reveal insights into neurodevelopmental
pathways that might otherwise be obscured or diluted when investigating more heteroge-
neous pathologies” (Reiss et al., 2000). Some of these neurogenetic conditions have even
been designated as models for broader neurodevelopmental or neurodegenerative pathologies
of unclear origin, such as Down syndrome and Alzheimer disease (Mann, 1988), or Fragile
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X syndrome and autism (Hagerman et al., 2005). The syndrome that is studied in the
present dissertation, 22q11 deletion syndrome has been proposed as a model for studying
the pathways leading to schizophrenia (Murphy et al., 2001).

One of the more attractive feature of behavioral neurogenetic for research is that patients
affected by the neurogenetic condition can be followed-up prior to, and until they develop the
disease. Using such prospective design make it able to identify the physiological pathways
over the course of disease development, and potentially define risk factors or biological
markers. In a discipline like psychiatry, where symptoms are relatively non specific, it may
be attractive to redefine a classification more grounded on biological basis. For instance, the
identification of individuals at risk prior to the onset of symptoms may help to concentrate
prevention resources (a strategy commonly used in all other medical disciplines, e.g. with the
prescription of diet and drugs for lowering cholesterol in patients at risk for heart infarct).
Alternatively, the definition of biological markers may serve to monitor the evolution of
the disease, or the effect of treatment in affected patients. Ultimately, the integration of
genetic, biology and neuroscience may completely transform the field of psychiatry, toward
a “more scientifically rigorous medical discipline” (Kandel, 1998). Nowadays, behavioral
neurogenetic is certainly the field that carries one of the strongest potential to lead such a
transformation of the psychiatric discipline.

Overview of the manuscript

The present dissertation focuses on the anomalies of brain structure in 22qll deletion
syndrome, using neuroimaging techniques. This thesis uses the style by articles, meaning
that the introductory part is primarily intended to provide basic knowledge for the reading of
the articles (that replace the traditional Method and Results sections). The first part of the
manuscript thus comprises four introductory chapters. First, a description 22ql1 deletion
syndrome is provided, with emphasis on the physical, cognitive, behavioral and psychiatric
phenotype. The second chapter presents neuroimaging as a powerful tool for studying in
vivo brain development, with an overview of image processing analysis techniques. The
third chapter of the introduction focuses on gyrification (cortical folding), as a window on
early brain development in neurodevelopmental disorders. The last chapter describes the
current knowledge about the cerebral alterations typically associated with 22ql11 deletion
syndrome, and outlines the objectives of the thesis. In the second part of the manuscript,
journal articles published (or submitted for publication) are reproduced. Finally, the third
part of the dissertation provides an integrative, critical discussion of the studies.



CHAPTER

1

22q11.2 deletion syndrome

22q11 deletion syndrome (or 22q11.2 deletion syndrome) is
a common genetic syndrome manifested with a variety of
physical anomalies. During the last decades, the syndrome
has received a large interest due to the increased frequency of
schizophrenia, and was even elected as a model for studying
the pathogenesis of this disease.

1.1 History of the syndrome

The first mention of the syndrome appeared in the literature more than 50 years ago, when
Eva Sedlackova, a Czech phoniatrician, described a group of 26 children with hypernasal
speech, facial dysmorphism, and mental retardation (Sedlackova, 1955). However, apart
from a few speech specialists, this first report in Czech remained largely unknown (Vrticka,
2007). Another mention of the syndrome is then found a few years later, in a discussion
where DiGeorge evokes his clinical experience with children presenting with immune
deficiency due to the absence of thymus (DiGeorge, 1965). Approximately at the same
time, Strong (Strong, 1968), and Cayler (Cayler, 1969) also described an association of
typical facial features and congenital heart disease, that the later one denoted craniofacial
Cayler syndrome.

Unaware of these previous fractioned descriptions of the syndrome, Shprintzen and
colleagues published in 1978 an article entitled “A new syndrome involving cleft palate,
cardiac anomalies, typical facies, and learning disabilities: velo-cardio-facial syndrome”
(Shprintzen et al., 1978). Thus, even if the syndrome had already received punctual
interest from logopedists or immune specialists, the more comprehensive picture published
by Sphrintzen et al is generally considered as the original description of the syndrome.

In 1992, collaborators from the same group identified that the syndrome was associated with
a deletion at 22q11 locus (Driscoll et al., 1992). As a result of the deletion identification,
syndromes that were previously thought to be separate (but overlapping) entities were
recognized to all bear a common genetic etiology (Scambler et al., 1992; Burn et al.,
1993; Wilson et al., 1993; Giannotti et al., 1994; Matsuoka et al., 1994; McDonald-
McGinn et al., 1995; Fokstuen et al., 2001). Velo-cardio-facial, Sedlackova, DiGeorge,
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and Shprintzen syndromes, thus all encompass the same disorder, which is also known
under several other names such as conotruncal anomaly face syndrome, Cayler cardiofacial
syndrome (asymmetric crying facies), or CATCH 22. The later acronym, standing for
Cardiac defects, Abnormal Facies, Thymic hypoplasia, Cleft palate, and Hypocalcemia,
was later on discarded because of its pejorative connotation for an inextricable situation.
Throughout the present dissertation, the more coherent, etiologically-defined term of 22q11
deletion syndrome (22q11DS) will be used!.

1.2 Prevalence & Genetic

Reported annual incidence of 22q11DS varies from 1/9700 (Tezenas Du Montcel et al.,
1996) to 1/6395 (Devriendt et al., 1998) or 1/5950 (Botto et al., 2003) cases per live
births. However, as the mildest forms of the syndrome were probably not included in
the population-based estimation, these numbers are considered as minimum incidences.
Rather, an estimated incidence between 1/2000 and 1/4000 is commonly cited, making
22q11 deletion the most frequent interstitial deletion? in humans and the second most
important genetic cause of mental delay after Down syndrome (trisomy 21).

22q11DS occurs most of the time sporadically (de novo mutation). The few familial cases
(5-17%, Swillen et al., 1998) are inherited with an autosomal dominant mode. The extent
of the deletion usually spans 3 megabases (Mb) of DNA over the long arm of chromosome
22, encompassing a total 40 genes. In 8% of cases, a smaller deletion of 1.5 Mb (30 genes)
is observed (Lindsay et al., 1995; Carlson et al., 1997). Of note, the clinical presentations
between the 3Mb and 1.5Mb deletions are undistinguishable.

The mechanism by which the deletion occurs is commonly accepted to rely on misalignment
during meiosis. Indeed, the presence of low copy repeats flanking and within the critical
deletion interval favors aberrant recombination of 22q chromosome (McDermid et al., 2002;
Saitta et al., 2004). Chromosomal misalignment can also lead to duplication at 22q11, which
has been associated with mental and speech delay in combination with various dysmorphic
facial features, but without major birth defect (e.g. no cardiac malformations) (Ou et al.,
2008).

Diagnosis of 22¢q11 deletion syndrome requires the use of fluorescence in situ hybridization
(FISH) with probes from the DiGeorge Chromosomal Region (DGCR). The less than 5%
of individuals with negative FISH testing are diagnosed with DNA-based assays, such a
polymerase chain reaction (Fernandez et al., 2005). Prenatal diagnosis is available, in
case of an affected parent, or if 22q11DS is suspected at prenatal ultrasound examination
(through the presence of conotruncal cardiac defect or cleft palate) (Driscoll, 2001).

'Note that 22q11DS will be used for 22q11.2 deletion syndrome in this dissertation. There is indeed
another genetic syndrome related to deletion at 22q11.3, but it is not the topic of the present work
Interstitial deletion stands for a deletion that does not involve the terminal part of a chromosome
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1.3 Signs & Symptoms

The phenotype associated with 22q11DS is variable, and more than 180 anomalies have
been reported (see Table 1.1). The cardinal features, from which Shprintzen et al named
the syndrome in 1978, encompass velo-pharyngeal insufficiency, cardiac defect, and facial
dysmorphism.

Characteristic facial features Affected individuals typically have long face, hyper-
telorism (increased distance between eyes), retrognathia and prominent nasal bridge.
Small ears with overfolded helix are also frequent. Photographs from affected patients
of different age and ethnic origins are depicted in Figure 1.2.

Palate anomalies Velo-pharyngeal findings are among the most frequent anomalies in
the syndrome. Cleft palate, short palate, or hypotonia of palate musculature result
in velopharyngeal incompetence and hypernasal voice (Vantrappen et al., 1998).
Investigations and treatment are not specific for 22q11DS, including surgical correction
when needed, and logopedic interventions.

Cardiac malformations Congenital heart diseases (CHD) are among the key features of

the syndrome, being reported in 50% (McDonald-McGinn et al., 1999) to 75% (Ryan et
al., 1997) of patients with 22q11DS. The type of CHD observed in 22q11DS encompass
mostly conotruncal heart defect®, such as truncus arteriosus, Fallot tetralogy, or
right sided aortic arch. Associated atrial and ventricular septal defects are common.
Prospective studies of CHD have shown that deletion at 22ql1 accounted for a
consequent number of CHD diagnosed in the general population. Namely up to 10%
of patients with specified ventricular septal defects, 35% of patients with conotruncal
defects (among which 12% of Fallot and 20% of truncus arteriosus diagnoses), and of
50% of patients diagnosed with interrupted aortic arch have positive FISH testing for
22q11.2 deletion (reviewed by Hay, 2007). As a result, many centers now screen for
the deletion when conotruncal defects are diagnosed.
The morbidity and mortality associated with CHD in 22q11DS is important. Indeed,
according to a European collaborative study, almost all patients with 22q11DS that
died during the first 6 months did because of CHD (Ryan et al., 1997). Aside
from cardiac malformations, other vascular anomalies frequently associated with the
syndrome are described in Table 1.1.

Immune system Immune deficiency related to thymic hypoplasia is frequent in 22ql1
deletion syndrome. As a result, recurrent infections are often reported in children
with the syndrome, but improve into adulthood. Severe immune deficiency is rare
and treatment is usually unnecessary.

Other physical anomalies Growth retardation during childhood is common (Ryan et
al., 1997). Seizures are often related to hypocalcemia (Ryan et al., 1997), and, thus,
usually respond well to calcium supplements. Gastro-intestinal, ocular and skeletal
anomalies and other anomalies are also reported in the syndrome, as listed in Table
1.1.

3Conotruncal heart defects define anomalies on the outflow tract
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Velo-cardio-facial syndrome: specialist fact sheet

Velo-cardio-facial syndrome (VCFS) is caused by a deletion of a small segment of the long arm of chromosome 22. It is one of the most common genetic disorders in humans.
The following list shows the anomalies that have been found in VCFS. No features are found in 100% of cases, but all occur with sufficient frequency to warrant assessment.
If you have any questions, or if you would like to know more about VCFS, you may reach The Velo-Cardio-Facial Syndrome Educational Foundation by telephone at 315-464-6590,

by fax at 315-464-5321, or by e-mail at vcfsef@mail.upstate.edu. The Foundation maintains a web site at www.vcfsef.org

Cramofaclal / Oral Findings

Overt, submucous or occult submucous cleft palate
Retrognathla (retruded lower jaw)
Platybasia (flat skull base)

Asymmetric crying facies in infancy
Structurally asymmetric face

Functionally asymmetric face

Vertical maxillary excess (long face)
Straight facial profile

Congenitally missing teeth (one or several)
10. Small teeth

11. Enamel hypoplasia (primary dentition)

12. Hypotonic, flaccid facies

13. Downturned oral commissures

14. Cleft lip (uncommon)

15. Microcephaly

16. Small posterior cranial fossa

©O©PEND G

Eye Findings

17. Tortuous retinal vessels

18. Suborbital congestion (“allergic shiners")
19. Strabismus

20. Narrow palpebral fissures

21. Posterior emryotoxon

22. Small optic disk

23. Prominent corneal nerves

24. Cataract

25. Iris nodules

26. Iris coloboma (uncommon)

27. Retinal coloboma (uncommon)
28. Small eyes

29. Mild orbital hypertelorism

30. Mild vertical orbital dystopia
31. Puffy upper eyelids

Ear / Hearing Findings

32. Overfolded helix

33. Attached lobules

34. Protuberant, cup-shaped ears
35. Small ears

36. Mildly asymmetric ears

37. Frequent otitis media

38. Mild conductive hearing loss
39. Sensori-neural hearing loss (often unilateral)
40. Ear tags or pits (uncommon)
41. Narrow external ear canals

Nasal Findings

42. Prominent nasal bridge

43. Bulbous nasal tip

44. Midly separated nasal domes (nasal tip appear bifid)
45. Pinched alar base, narrow nostrils

46. Narrow nasal passage

Cardiac and Thoracic Vascular Findings
47. VSD (Ventricular Septal Defect)

48. ASD (Atrial Septal Defect)

49. Pulmonary atresia or stenosis

50. Tetralogy of Fallot

51. Right sided aorta

52. Truncus arteriosus

53. PDA (Patent Ductus Arteriosus)

54. Interrupted aorta, type B

55. Coarctation of the aorta

56. Aortic valve anomalies

57. Aberrant subclavian arteries

58. Vascular rings

59. Anomalous origin of the carotid artery
60. Transposition of the great vessels

61. Tricuspid atresia

Vascular anomalies

62. Medially displaced internal carotid arteries
63. Tortuous or kinked internal carotids

64. Jugular vein anomalies

65. Absence of interal carotid artery (unilateral)
66. Absence of vertebral artery (unilateral)
67. Low bifurcation of common carotid

68. Tortuous or kinked vertebral arteries

69. Raynaud's phenomenon

70. Small veins

71. Circle of Willis anomalies

Neurologic, brain and MR Findings

72.  Periventricular cysts (mostly at anterior horns)
73.  Small cerebellar vermis

74.  Cerebellar hypoplasia / dysgenesis

75.  White matter UBOs (Unidentified Bright Objects)
76.  Generalized hypotonia

77.  Cerebellar ataxia

78.  Seizures

79.  Strokes

80. Spina bifida / meningomyelocele

81.  Mild developmental delay

82. Enlarged sylvian fissure

Pharyngeal / Laryngeal / Airway Findings
83.  Upper airways obstruction in infancy
84.  Absent or small adenoids

85. Laryngeal web (anterior)

86. Large pharyingeal airway

87. Laryngomalacia

88.  Arytenoid hyperplasia

89. Pharyingeal hypotonia

90. Asymetric pharyingeal movement
91.  Thin pharyngeal muscle

92.  Unilateral vocal cord paresis

93. Reactive airway disease

94.  Asthma

Abdominal / Kidney / Gut

95.  Hypoplastic / aplastic kidney

96. Cystic kidneys

97.  Inguinal hernias

98.  Umbilical hernias

99.  Malrotation of bowel

100. Diastasis recti

101. Diaphragmatic hernia (uncommon)
102. Hirschsprung megacolon (rare)

Limb Findings

103. Small hands and feet

104. Tapered digits

105. Short nails

106. Rough, red, scaly skin on hands and feet

107. Morphea

108. Contractures

109. Triphalangeal thumbs

110. Polydactyly, both pre- and postaxial (uncommon)
111, Soft tissue syndactyly

Problems in Infancy

112. Feeding difficulty, Failure-to-thrive

113. Nasal vomiting

114, Gastrophageal reflux

115, Irritability

116. Chronic constipation (not Hirschsprung megacolon)

Genitourinary Findings
117. Hypospadias
118. Cryptorchidism
119. Vesico-uteral reflux

Speech [/ Language Findings

120. Severe hypernasality
121. Severe articulation impairment (glottal stops)
122. Language impairment (usually mild delay)
123. Velopharyngeal insufficiency (usually severe)
124. High pitched voice
125. Hoarseness

Cognitive / Learning Findings

26. Learning difficulties (math concept, reading

comprehension)

127. Concrete thinking, difficulty with abstraction
128. Drop in 1Q scores in school years (test artifact)
129. Borderline normal intellect
130. Occaional mild mental retardation
131. Attention deficit hyperactivity disorder

Miscellaneous Anomalies

132. Spontaneous oxygen desaturation without apnea
133. Thrombocytopenia, Bernard-Soulier disease
134. Juvenile rheumatoid arthritis

135. Poor body temperature regulation

Psychiatric / Psychological Findings
136. Bipolar affective disorder

137. Manic depressive illness and psychosis
138. Rapid or ultrarapid cycling of mood disorder
139. Mood disorder

140. Depression

141. Hypomania

142.  Schizoaffective disorder

143.  Schizophrenia

144. Impulsiveness

145. Flat affect

146. Dysthymia

147. Cyclothymia

148. Social immaturity

149. Obsessive compulsive disorder

150. Generalized anxiety disorder

151. Phobias

152. Severe startle response

Immunologic Findings
153. Frequent upper respiratory infections

154. Frequent lower airway disease (pneumonia, bronchitis)

155. Reduced T cell population
156. Reduced thymic hormone

Endocrine Findings

157. Hypocalcemia

158. Hypoparathyroidism

159. Hypothyrodism

160. Mild growth deficiency, relative small stature
161. Absent, hypoplastic thymus

162. Small pituitary gland

Skelettal / Muscle / Orthopedic Findings
163. Scoliosis

164. Spina bifida occulta

165. Hemiverterbrae

166. Butterfly verterbrae

167. Fused verterbrae (usually cervical)
168. Osteopenia

169. Sprengel's anomaly, scapular deformation
170. Taliped equinovarus

171. Small skeletal muscles

172. Joint dislocations

173. Chronic leg pains

174. Flat foor arches

175. Hyperextensible / lax joints

176. Rib fusion

177. Extra ribs

178. Tethered cord

179. Syrinx

Skin / Integument Findings
180. Abundant scalp hair
181. Thin appearing skin (venous patterns easily visible)

Q fary Seq /A
182. Robin sequence

183. DiGeorge sequence

184. Potter sequence

185. CHARGE associations

186. Holoprosencephaly (single case)

Some other facts about the syndrome

- Population prevalence (estimated): 1:2,000 people

- Birth incidence (estimated): 1:1,800 births

Prevalence in infants with conotruncal heart anomalies:
10-30%

Prevalence in cleft palate (without cleft lip): 8%

Table 1.1:

written by Shprintzen, available on www.vcfsef.org

List of anomalies associated with 22q11DS, reformatted from the one
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Figure 1.2: Some striking features emerge from the comparison of facial appearance
of patients with 22q11DS*, like long face and prominent nasal bridge. But compared
to more stigmatizing syndromes, such as Down syndrome, these characteristics remain
subtle. Indeed, even experienced clinicians were shown to be unable to reliably identify
individuals with 22q11DS based solely on facial photographs (Becker et al., 2004).

“Photographs are taken from the following publications (from left to right): First row: Vantrappen et
al., 1998; Fryer, 1996; Vantrappen et al., 1998; McDonald-McGinn et al., 2005; McDonald-McGinn et al.,
2005 — Second row: McDonald-McGinn et al., 2005; Fokstuen et al., 2001; McDonald-McGinn et al., 2005;
Bassett et al., 2005 — Third row: McDonald-McGinn et al., 2005; Shprintzen, 2000; Bird et al., 2000; Gripp
et al., 1997; Vrticka, 2007 — Last row: Fokstuen et al., 2001; Koolen et al., 2004; Vrticka, 2007; Bird et al.,
2000; Sedlackova, 1955.
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1.4 Developmental profile: cognitive & psychiatric pheno-
type

1.4.1 Preschool children

In young children with the syndrome, global development is known to be delayed (Gerdes et
al., 1999; Solot et al., 2001), with a mean age of walking of 18 months (Oskarsdottir et al.,
2005). Gross motor milestones are also retarded, with coordination and balance problems
(Swillen et al., 1999). Even if intelligence is hardly measured in children below 3.5 years
old, there are evidences that intellectual capacities may already be affected, with one third
of children having with mild mental retardation, one third functioning in the borderline
range, and one third in the average range (Gerdes et al., 1999). Speech delay is common
(Golding-Kushner et al., 1985; Gerdes et al., 1999). Expressive language deficits partly
rely on palate abnormalities, but concomitant deficit in receptive language is also reported
(Scherer et al., 1999).

1.4.2 School age children

School age children typically present impairments in domains that were already affected
when they were younger. For instance, gross and fine motor alterations are reported (Van
Aken et al., 2007), and deficits in receptive and expressive language abilities (Glaser et al.,
2002). Further, borderline to mild mental retardation is frequently observed, with mean
Full Scale I1QQ around 70. IQ verbal scores are typically better than performances scores
(i.e. IQ dissociation) (Moss et al., 1999; Swillen et al., 1999). More specifically, children
with 22q11DS encounter learning and mnesic difficulties, with working memory (Sobin et
al., 2005), arithmetic (Moss et al., 1999; Swillen et al., 1999) and visuo-spatial skills (Wang
et al., 2000; Bearden et al., 2001) being particularly affected.

On the behavioral level, 40% of children meet criterion for attention-deficit/hyperactivity
disorder (ADHD) (Gothelf et al., 2004), which has been suggested to rely on an impaired
efficiency of the executive functions in these children (Sobin et al., 2004). Further psychiatric
entities frequently diagnosed in children with 22q11DS encompass oppositional defiant
disorder (16%-43%), specific and social phobias (23%-61%), generalized anxiety disorder
(17%-29%), separation anxiety disorder (16%-21%), obsessive-compulsive disorder (4%-
33%) and autism spectrum disorders (14%-45%) (Feinstein et al., 2002; Arnold et al.,
2001; Antshel et al., 2007). Adolescents with 22q11DS often experience hallucinations
or delusions, prodromal of subsequent full-blown psychosis or schizophrenia. The detailed
prevalence of symptomatic manifestations along the psychotic continuum in the sample of
patients with 22q11DS collected in Geneva is provided in Annex 2.

1.4.3 Adults with 22q11DS & psychosis

Similar cognitive difficulties are reported in adults as in children and adolescents with the
syndrome. Specifically, impaired visuo-spatial processing, difficulties in problem solving
and planning, and poor abstract and social thinking have been reported (Henry et al.,
2002). If the mild intellectual delay presented by adults is often compatible with an
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adapted profession, the key feature that determines the outcome is psychiatric status.
Psychosis is reported in 50% of adults (Baker et al., 2005), whereas 30% of adults with
the syndrome meet DSM-IV criteria for schizophrenia (Pulver et al., 1994; Murphy et al.,
1999). Diagnostic criteria for schizophrenia are presented in the blue box below. As shown
in Figure 1.3, with a 30% risk, 22q11 deletion syndrome represents one of the highest risk
known to date for developing schizophrenia.

The question as to whether the schizophrenia observed in patients with 22q11DS is clinically
similar to the schizophrenia seen in non-syndromic patients from the population has been
debated. For instance, Murphy et al (Murphy et al., 1999) reported that 10 patients with
22q11DS had a significantly later onset of disease, and fewer negative symptoms, than
12 non-syndromic patients with schizophrenia. However, a few years later, Basset et al
(Bassett et al., 2003) did not find any major difference between 16 patients with 22q11DS
and schizophrenia and 46 non-syndromic patients with schizophrenia. Specifically, they
reported no differences in age at onset, lifetime core positive or negative schizophrenic
symptoms, and anxiety / depression symptoms or global functioning.

Diagnostic criteria for schizophrenia

Schizophrenia is a disease of late adolescence and
early adulthood, that belongs to the broader class
of psychosis.  Psychosis defines a loss of contact
with reality, typically associated with hallucinations,
delusional beliefs and disorganized thought (DSM-IV,
2000). Among the formal diagnosis of psychoses listed
in the DSM-IV, schizophrenia is specifically associated
with positive and negative symptoms, encompassing
two or more of the following: delusions, hallucinations,
disorganized speech, grossly disorganized or catatonic
behavior, and negative symptoms (i.e affecting flatten-
ing, alogia or avolition). To be considered as DSM-
IV schizophrenia, these characteristic symptoms must
last for at least 1 month over a consecutive period
of 6 months, and must impair social and occupational
functioning of the individual.

1.5

The following subtypes of schizophrenia are distin-
guished:

The paranoid type, including preoccupation with
delusion and frequent auditory hallucinations.

The catatonic type, dominated by motor immobility,
extreme negativism or excessive motor activity and
stereotyped movements.

The disorganized type, with prominent disorganized
speech or behavior.

The undifferentiated type, in which the criteria for
paranoid, catatonic, or disorganized are not met.

The residual type, in which the negative symptoms are
most prominent, and the positive symptoms are present
but attenuated (e.g. odd beliefs, unusual perceptual
experiences).

Why is 22q11DS a model for schizophrenia ?

As a result of the typical clinical presentation and increased risk for schizophrenia,

researchers were rapidly interested in studying 22qll deletion syndrome.

The formal

definition of 22q11DS as a model for schizophrenia relies on the following evidences:

e Increased frequency of schizophrenia in patients with 22q11DS
According to the definition by Dykens, a behavioral phenotype is defined as “the
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probability that persons with a genetic syndrome will show certain behavioral or
developmental sequela relative to those without the syndrome” (Dykens, 1995). The
30% risk presented by patients affected with 22q11DS (Murphy et al., 1999; Bassett
et al., 2003) is largely greater than the 1% commonly observed in the population (see
Figure 1.3). Further, it was recently confirmed that the 30% estimation was not biased
by recruitment considerations, as 32% of children prospectively followed-up during a
5 years period developed a psychotic disorder (Gothelf et al., 2007).

e Increased frequency of 22q11DS in population of patients with schizophre-
nia
To be elected as a behavioral phenotype of a syndrome, not only increased frequency of
the phenotype must be reported in the syndrome, but also higher rate of the syndrome
must be found in patients with the behavior/psychiatric disorder. For example,
autistic disorder is considered a behavioral phenotype of Fragile X syndrome because
subjects with Fragile X syndrome have a high rate of autistic disorder and subjects
with autistic disorder have an increased rate of the Fragile X mutation (Fombonne et
al., 1997; Flint, 1998). Regarding 22q11DS and schizophrenia, the reported rate of
the deletion in adults with schizophrenia ranges from 0.3% to 2% (Karayiorgou et al.,
1995; Arinami et al., 2001), which is far higher than the 1/5950 annual incidence of
22q11DS in the general population (Botto et al., 2003). The rate of syndrome is even
higher in patients with childhood-onset schizophrenia (5.7%) (Sporn et al., 2004), or in
patients with schizophrenia presenting manifestations typical of 22q11DS. Indeed, 20%
of schizophrenic patients with one manifestation (among cardiac or palate anomalies,
typical facies, hypocalcemia, or learning disabilities) have been shown to have 22q11
deletion, whereas this number increase to 53% in schizophrenic patients with two of
them (Gothelf et al., 1997; Bassett et al., 1998).

0% 10% 20% 30% 40% 50%

) 22g11.2 deletion syndrome

) monozygotic twin

) 2 parents

) dizygotic twin

) 1 sibling + 1 parent
e 1 parent

> sibling

[ half sibling

[ grand-parent
) nephew / niece

[> uncle / aunt
[ cousin
> general population

Figure 1.3: Risk for developing schizophrenia (adapted from McGuffin et al., 1995).
After having a monozygotic twin with schizophrenia (50% risk), and after being the child
of two schizophrenic parents (46% risk), 22q11DS represents the third more elevated risk
for developing schizophrenia.
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e Linkage studies suggest that chromosome 22q might be a susceptibility
locus for schizophrenia
In 22q11DS, linkage genetic studies provide a third criterion supporting the association
between 22q11DS and schizophrenia. Indeed, there is evidence for 22q as a
susceptibility locus with marker telomeric to or close to the 22q11 region (Pulver
et al., 1994; Gill et al., 1996; Blouin et al., 1998; Shaw et al., 1998). However, like
for all chromosomal regions suggested by linkage studies, replication of the results has
been relatively inconsistent.

The combination of the three criteria above has elected 22ql11DS as a model for
schizophrenia (Murphy et al., 2001). Such a model is highly attractive in research for
several reasons. First, 22q11DS is certainly a more convenient model than other high risks
for developing schizophrenia. Indeed, the at-risk monozygotic co-twin is obviously not
identified before the disease occurs in the co-twin, thus not allowing prospective studies
of childhood and adolescence development. Conversely, 22ql1 deletion syndrome is often
diagnosed during the first years of life, so that affected patients can easily be followed-up
until the firsts symptoms appear. Further, compared to the second most important risk for
developing schizophrenia, namely having two schizophrenic parents, 22q11DS is certainly
a more frequent situation. Finally, the risk for schizophrenia presented by patients with
22q11DS is genetically homogenous, becoming an ideal framework in which genes implicated
in the onset of schizophrenia can be explored. Indeed, today, 22ql1 deletion syndrome is
the only known homogenous genetic model for schizophrenia.

1.5.1 Why are other manifestations in 22q11DS not considered as
behavioral phenotypes ?

As recently reviewed by Gothelf et al (Gothelf et al., 2008), other phenotypes frequently
observed in 22q11DS do not fulfill the association criteria to be eligible as models. For
instance, attention-deficit/hyperactivity disorder (ADHD) is present in almost half the
children with 22q11DS (Gothelf et al., 2004). However, ADHD is not a behavioral phenotype
of 22q11DS because similarly high rates of ADHD (25% to 60%) were reported in association
with other neurogenetic syndromes, including Fragile X (Sullivan et al., 2006), Williams
(Leyfer et al., 2006), Prader-Willi (Wigren et al., 2005) or Turner syndromes (Russell et al.,
2006). In addition, no cases of 22q11 deletion have been identified in children with ADHD
from the general population (Bastain et al., 2002). Thus, we may assume that ADHD is a
common, non-specific pathway for a variety of risk factors affecting brain development and
function. Similarly, autistic spectrum disorders are not considered a behavioral phenotype of
22q11DS. Despite reported at high rates (14-45%) in children and adolescents with 22q11DS
(Fine et al., 2005; Vorstman et al., 2006; Antshel et al., 2007), the rates of autistic spectrum
disorders in 22q11DS are not higher than for other neurogenetic disorders (25-65%), such as
Fragile X, tuberose sclerosis, or Angelman syndromes (Zafeiriou et al., 2007). Furthermore,
there are yet no reports of high rates of 22q11.2 deletion in individuals with autistic disorder
from the general population. Gothelf (Gothelf et al., 2008) suggested that the reported
rates of autistic disorder and ADHD in neurogenetic syndromes reflect a pitfall of the
DSM criteria, which were not designed for children with developmental disabilities. Indeed,
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many children with developmental disabilities and mental retardation manifest deficits in
attention and in social skills that are in line within the context of their developmental level.
Therefore, neither ADHD nor autistic behaviors are considered to be specific behavioral
phenotypes of 22q11DS.

1.6 Deleted genes & possible pathogenesis

The 22q11 deleted region encompasses 30 to 40 genes, among which almost all may be
implicated in some specific aspects of the phenotype (reviewed in Maynard et al., 2002).
However, among the 30 candidate genes, three genes have received more emphasis. For
instance, TBX1 gene is thought be responsible for a large part of the physical anomalies,
through disruption of neural crest development in embryo. Two other genes, COMT
and PRODH, have also received a large interest regarding their role in neurotransmitters
regulation, thus being possibly involved in the cognitive and psychiatric symptomatology.
symptomatology.

1.6.1 TBX1

TBX1 belongs to a family of transcription factor that contain a DNA binding domain called
T-Boz. As the genes encompassed in the 22ql1 deleted region have been identified, mice
models have been proposed (Paylor et al., 2006). Specifically, a knock-out mouse for 24
genes corresponds to the 1.5Mb minimal deletion found in humans. Based on progressive
reduction of the number of deleted genes in mice, it was identified that TBX1 plays a
preponderant role in anomalies of neural crest cells migration. Indeed, TBX1 mutation in
mice is responsible for similar physical phenotypes than reported in humans with 22q11DS,
with cardiovascular and thymic malformations (Jerome et al., 2001; Lindsay et al., 2001;
Merscher et al., 2001).

In humans, point mutation inactivating TBX1 (Yagi et al., 2003; Zweier et al., 2007) were
identified in patients without the deletion, but who presented the typical physical phenotype
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Figure 1.4: Human 22q11 deletion region from (Lindsay, 2001). The genes more
frequently implicated are delineated in green, and markers for the deletion in black. Red
blocks represent low copy repeats, favoring aberrant recombination and leading to the
1.5 or 3Mb characteristic deletion.
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seen in 22q11DS. Thus, TBX1 may play a major role in the malformations associated
with the syndrome. However, the implication of TBX1 in the behavioral and psychiatric
phenotype remains controversial. Some authors claim that TBX1, which is not normally
expressed in the brain, is thus unlikely to account for the cognitive and psychiatric aspects
of the syndrome (Maynard et al., 2002). Others have reported behavioral and psychiatric
symptoms in mice and humans with single TBX1 mutation (Paylor et al., 2006), thus
arguing that 22q11DS may not be so different from a monogenic disease.

1.6.2 COMT & PRODH

Related to the behavioral and psychiatric phenotypes associated with the syndrome, two
genes have received a wide interest: COMT and PRODH. COMT codes for catecholamine-
O-methyltransferase, an enzyme involved in dopaminergic metabolism, mostly expressed
in the prefrontal lobe. A common polymorphism is the substitution of one amino-acid
in the COMT DNA (Val vs Met), which modifies the enzymatic activity (Chen et al.,
2004). COMT polymorphism has been associated with regulation of cortical dopaminergic
neurotransmission and performance on cognitive tasks involving the prefrontal cortex in
schizophrenic and healthy patients, with patients bearing the Val allele performing less
well than patients with Met (Egan et al., 2001; Meyer-Lindenberg et al., 2005). However,
in 22q11DS inconsistent results regarding the effect of COMT polymorphism in patients
with 22q11DS have been published. Bearden et al have reported poorer outcome in Val
compared to Met patients with 22q11DS (Bearden et al., 2004; Bearden et al., 2005). A few
years later, in a longitudinal study, Gothelf and colleagues have found that patients with Met
showed more important cognitive decline and more severe psychotic symptoms than patients
with 22q11DS and the Val allele (Gothelf et al., 2005). In a recent review (Gothelf et al.,
2008), Gothelf explained the divergent of COMT polymorphism in patients with 22q11DS
and non-syndromic patients according to the Goldman-Rakic model of an inverted-U shape
relationship between cortical dopamine signaling and cognitive functioning (Goldman-Rakic
et al., 2000) (See Figure 1.5). Of note, no difference in cognitive or executive functioning
according to COMT polymorphism was observed in our sample of subjects collected in
Geneva (Glaser et al., 2006).

PRODH (standing for proline dehydrogenase) gene encodes proline oxydase (POX). POX is
a mitochondrial enzyme that catalyzes the conversion of proline into different metabolites
including glutamate and GABA, two neurotransmitters that have been implicated in
schizophrenia pathogenesis. Indeed, mice deficient in PRODH show schizophrenia related
phenotypes, with abnormalities of sensorimotor gating (Gogos et al., 1999), and deficits in
associative learning (Paterlini et al., 2005). In patients with schizophrenia, genetic variation
in the PRODH gene has been associated with structural differences in the prefrontal region
and have thus been suggested to modulate the schizophrenia phenotype in patients with
22q11DS (Zinkstok et al., 2008). However, as for COMT, studies encompassing very
large samples of patients often reported no association between PRODH and schizophrenia
(Williams et al., 2003; Glaser et al., 2006)
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(O COMT genotype in non-22q11.2 DS

® COMT genotype in 22q11.2 DS
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Figure 1.5: Relationship between the dopaminergic level and cognitive function follows
an inverted-U shape (figure from Gothelf et al. (2008) according to the model from
Goldman-Rakic et al. (2000)). In the general population (white circles), the Val high-
activity allele is associated with low dopamine level, which may be too less for optimal
prefrontal function. By contrast, the low-activity Met allele is associated with higher
dopamine level, appropriate for cognitive function. As individuals affected by 22q11DS
have only one copy of the COMT gene, they have higher concentration of dopamine
that places them on the right of the inverted-U shape. Even with the Val (high-activity)
allele they still have too much dopamine for an optimal prefrontal function, whereas the
dopamine concentrations are even higher with a single copy of the low-functioning Met
allele.



CHAPTER

2

Neuroimaging as a tool for
studying brain development

The extraordinary burst of acquisition and cognition pro-
cesses development during childhood are underlined by magjor
microscopic and macroscopic changes in the brain. First de-
lineated by postmortem studies, MRI has become a powerful
tool for studying in vivo the structural correlates of brain
maturation.

2.1 Magnetic Resonance Imaging for the study of brain
development

Magnetic Resonance Imaging (MRI) takes advantage of the magnetic properties of atoms
nuclei, i.e. their ability to align along a magnetic field. On the contrary to Computer
Tomography (CT), MRI scanners do not use ionizing radiations, being therefore safe for the
patient. Different contrasts in the images (T1-weighted, T2-weighted and Diffusion Tensor
Imaging) are obtained from modifications to the acquisition parameters. As a result, the
excellent contrast for visualizing soft tissues elects MRI as an ideal modality to study the
brain development in vivo.

Less than thirty years ago, the entirety of our knowledge about the structural modifications
occurring during brain development was derived from postmortem studies. The low
rate of mortality during childhood and adolescence restrained large scale quantitative
studies. Further, postmortem modifications of the intra- and extra-cellular liquid repartition
rendered the measurements imprecise. Thus, the study of brain development, which was the
exclusiveness of neuropathology, was completely revolutionized by the generalization of MRI
exams. Nowadays, methodological developments that were permitted by the evolution of
computer power allow the delineation of maturational morphological trends with increasing
precision (see also the red box on the next page).
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The study of cortical folding before the era of MRI and computers

To illustrate the practice of cortical anatomy at the
middle of the XIXth century, a text written by Baillarger
(Baillarger, 1853) is transcribed below. In order to
preserve the sense and spirit of the text, it was kept
in its original language; the symbol “—" denotes parts
that were removed:

“Je me propose dans ce travail de déterminer I'étendue
de la surface des hémispheres cérébraux — La pie-
meére — s'enfonce dans toutes les infractuosités, et sa
surface est égale en étendue a la surface du cerveau.
Si cette derniere membrane pouvait étre déplissée, elle
fournirait un moyen trés simple et trés exact de mesurer
les surfaces cérébrales; mais il n'en est pas ainsi, et il
faut chercher un autre procédé. La premiere idée qui se
présente, c'est le déplissement du cerveau lui-méme. —
Malheureusement le déplissement du cerveau — souléve
une objection tres grave. La substance cérébrale est
extensible, et les tiraillements exercés avec les doigts
peuvent devenir une cause d'erreur. — Le procédé que
j'emploie consiste a déplisser le cerveau, en substituant
a l'action des doigts une dissection longue et minutieuse,
ayant pout but d'éviter toute espece de tiraillement.
J'enleve peu a peu la plus grande quantité possible
de substance blanche, et je réduis ainsi graduellement
I'hémisphere a une tres faible épaisseur.

Quand la substance médullaire a été presque
complétement enlevée, la membrane hémisphérique se
déplisse, pour ainsi dire, d'elle-méme, sinon en totalité,
au moins suffisamment pour qu'on puisse |'étaler et
la mouler trés exactement avec du platre. Cette
membrane cérébrale étant retirée du moule, on peut
obtenir I'étendue de sa surface par le procédé suivant.
On remplit peu a peu ce moule avec de la terre glaise
en interposant un tissu mince dont la surface plane
est ensuite trés facile a mesurer mathématiquement.
— Voici les résultats auxquels je suis arrivé par ce
procédé. Sur cing cerveaux, j'ai trouvé pour |'étendue
des surfaces une moyenne de 1,700 centimetres carrés.
— La différence d'un hémisphére a I'autre n'est guére que
de 1/50 a 1/45, ce qui est une preuve de |'exactitude
de la mesure.”
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M. BAILLARGER (1),
Médecin de I'hospice de la Salpétriére.

The present chapter overviews methological aspects of image processing, and summarizes
the most important contributions in the field of structural brain changes. Of note, given
that cortical complexity is a central topic in this dissertation, the rationale for measuring
cortical folding and related methodological aspects will be presented separately in the next
chapter.

2.2 Neuroimaging techniques: an overview

The first quantitative studies providing morphometric measurements of the brain in samples
of healthy individuals were published in the nineties. Until 1995-2000, these studies mainly
measured gray or white matter volumes, by lobe or in specific regions of interests. The
second generation of image processing techniques emerged around 2000, with voxel-based
approaches. Soon thereafter, more reliable and anatomically correct three-dimensional
reconstructions of the cortex were developed. Nowadays, these three techniques complement
each other in everyday practice.
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Figure 2.1: The Talairach € Tournouz grid (1988) developed by two neurosurgeons
uses the anterior commissure (AC) and the posterior commissure (PC) as landmarks for
scaling boxes. In turn, the Talairach coordinates are easily used to define any structure,
including entire lobes (as shown with the colors on the lower row). Images are taken
from Han et al. (2004), Kates et al. (1999) and Ganser et al. (2004).

2.2.1 Volumetric studies: lobes and Regions-Of-Interest (ROI)

Cerebral MRI datasets typically consist on a three-dimensional volume, where each voxel
is attributed an intensity, which closely reflects the biological properties of the tissue.
The intensity distribution of the image (histogram) is exploited to distinguish between
gray, white matter and cephalo-spinal fluid (CSF), a process known as segmentation. In
addition to voxel intensity, segmentation algorithms frequently use atlas-based information,
or geometric information such as Markov chains to create probabilistic maps reflecting the
distribution of the different tissue classes. The probabilistic maps are an elegant manner to
cope with the possibility that a single voxel contains more than one tissue type (partial
volume effect). Overall volumes of the different tissue compartments (gray and white
matter) are computed as the sum of voxels multiplied by their tissular probability. Semi-
automated atlas-based subdivisions or manual landmarks are then typically used to obtain a
finer localization in cerebral lobes, and cerebellar volumes. For instance, Figure 2.1 depicts
the use of the Talairach grid (Talairach et al., 1988) to subdivide automatically the brain
into the four main lobes.

Smaller regions, such as the amygdala or the hippocampus, are outlined by hand on coronal
or sagittal slices. Standardized, validated, protocols define precisely the boundaries of
the structures (e.g. Kates et al., 1997). Applying the rules defined in the protocol, two
independent raters should obtain similar volume estimation for the same subject. Although
manual techniques may seem poorly reliable at a first sight, regions-of-interest analyses still
represent the gold standard to measure the volume of specific structures. For example,
despite automated methods for delineating the hippocampus exist, manual delineation still
provide more accurate results, as compared to recent fully automated techniques (Tae et al.,
2008). However, the ROI technique presents the disadvantage to be highly time-consuming.
Further, the number of structures that could reliably be delineated is limited, because
the anatomical boundaries circumscribing a structure are not always evident. Subcortical
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structures are often accurately delineated, but the large inter-individual variability in sulci
position (Ono et al., 1990) is a major issue impairing the delineation of cortical regions.
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Figure 2.2: On the left, a coronal slice on which region-of-interests are manually
outlined (image from Schaer et al., 2007). Amygdala is drawn in red, cingulate gyrus
i orange, caudate nucleus in green and superior temporal gyrus in blue. Prior to
delineation, cerebral images are classically reoriented, and strictly validated protocols
ensure a maximized reliability between different raters and across the sample of
individuals. Measurements are then conducted on segmented images (right).

2.2.2 Voxel-Based Morphometry (VBM)

Because regions-of-interest were particularly labor-intensive and required a hypothesis to
select the structure to be examined, voxel-wise statistical approaches have been designed
to identify regional differences in gray matter concentration quickly, and without regional
a priori (Ashburner et al., 2000). Preprocessing in Voxel-Based Morphometry is intended
to allow for statistical analyses of local gray or white matter density. Spatial normalization
warps cerebral images to match a common template, and smoothing is implemented to
cope with inter-individual differences in sulcal patterns. Then, statistical differences in

Figure 2.3: Ezxzample of result using Vozel-Based Morphometry in images from our
cohort. As illustrated with regions of smaller gray matter density (in yellow-red), focal

differences can be identified independently of anatomically defined boundaries like it is
the case for ROI techniques.
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gray or white matter concentration are computed at each voxel, using a general linear
model (Statistic Parametric Mapping).

Voxel-based morphometry carries the main advantage of assessing quickly focal differences
over the whole brain, using a completely automated process (see Figure 2.3 for an example
of result) and has thus been extensively applied in a variety of neurodevelopmental and
neurodegenerative conditions. Beside its apparent simplicity, one should be particularly
careful when setting the parameters used in the spatial normalization, especially in
conditions associated with a different brain shape. Indeed, Eckert and colleagues (2006)
demonstrated completely different results depending on the choice of the registration
parameters in children with Williams syndrome (who are known to have uniquely shaped
brain with consistent posterior reductions). The major effect of parameters’ choice on the
results is also related to the fact that classical VBM does not allow a direct inference
about volume, but informs on the deformation. To provide a more direct and accurate
interpretation of the results, optimized VBM (Good et al., 2001) has been proposed,
and uses the jacobian determinant to infer volumetric differences from the transformation
process.

2.2.3 Three-dimensional cortical reconstructions

If VBM techniques allow for a rapid and completely automated estimation of focal
differences, the volumic processing of VBM does not take into account the two-dimensional
organization of the cortical sheet. Specifically, cortical regions that are near in terms of
Euclidian distance may indeed be far away in terms of cortical arrangement (i.e. the banks
of one sulcus). More recently, three-dimensional representations of the folded cortical sheet
that better deal with this issue were proposed (Dale et al., 1999; Fischl et al., 1999; Magnotta
et al., 1999), allowing precise estimations of cortical area, thickness or volume. Among the
challenges encountered to create a good cortical reconstruction, are buried sulci, exclusion

Figure 2.4: The left side of the figure (Schaer et al., 2007) depicts measurements
of cortical thickness based on 3D reconstruction of the cortical surfaces. Thickness is
overlaid with a colorcoded scale on the pial and inflated representation of the brain. On
the right, a non-mesh-based method is shown (Sowell et al., 2004), in which thickness
is progressively coded from inner to outer layers of cortex using the 3D FEikonal Fire
equation.
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of basal ganglia, and the need for a precise intersubject correspondence. Buried sulci are
typically included by using constraints on the planar structure of the cortical sheet, and
basal ganglia are often excluded using atlas-based masking. The resulting 3D cortical
representations (meshes) typically comprise a fixed number of 100’000 (Magnotta et al.,
1999) or a variable number of 80’000 to 150’000 vertices (Dale et al., 1999). Measurements
of cortical thickness are computed at each vertex (Fischl et al., 2000; Lerch et al., 2005),
and point-by-point registration is achieved through optimal alignment of sulcal patterns
(Fischl et al., 1999; Thompson et al., 2003). As a result, cortical thickness measurements
provide an exquisite precision in the localization of the alterations. Of note, methods for
estimating thickness that are not based on reconstructions of the inner and outer cortical
surfaces (see Figure 2.4) are also less precise.

Cortical thickness values are compared using vertex-wise statistics. Similarly to VBM,
these statistics do not allow to control for Type-I error. For that reason, it has been of
interest to develop methods allowing for the control of false positive errors, while retaining
sufficient spatial resolution. Several groups have simultaneously proposed algorithms for
sulcal recognition and classification (Fischl et al., 1999; Riviere et al., 2002), an information
which is subsequently used to subdivide between the different cortical regions (Cachia et al.,
2003; Desikan et al., 2006). Figure 2.5 details the processes used by one of these methods
(Desikan et al., 2006), resulting in measurements of regional cortical volumes. For cortical
regions, gyral parcellation may rapidly replace manually delimited ROI, as a powerful tool
to obtain automatically accurate regional volumes without regional a priori.

Figure 2.5: Gyral parcellation method (Desikan et al., 2006), applied on an average
template from our cohort. The left side of the figure shows the limits of the parcels on
the inflated brain representation. The right side depicts the 34 cortical regions on the
pial surface of the average subject.

2.2.4 Diffusion Tensor Imaging (DTI)

Parallel to morphometric studies based on T1-weighted images, another modality gained
the interest of researchers for quantifying brain structure: Diffusion Tensor Imaging (DTT).
DTT is particularly adapted for analyzing the white matter structure (Pierpaoli et al., 1996),
and changes in water content associated with maturation (Mukherjee et al., 2002).

Diffusion Tensor Imaging is based on the Brownian movement of water molecules, which is
restrained by axons in the white matter. As a result, DTI images are considered to reflect
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the microstructural properties of white matter. A minimum of six gradients (directions) is
required to construct a tensor containing the information encoding the direction of water
molecules movement at this point (see Figure 2.6). DTI sequences can typically contain
up to 60 directions, whereas Diffusion Spectrum Imaging (DSI) most often comprise up to
200 directions. The tensor information is exploited using diverse manners. Colormap may
be created to visualize the direction of fibers tracts. Alternatively, Fractional Anisotropy
(FA) measures the orientation of the fiber tracts, which is commonly implemented to infer
the degree of connectivity in neurodevelopmental conditions (Barnea-Goraly et al., 2003;
Barnea-Goraly et al., 2003). Maps of FA are typically compared on a voxel-wise basis.
More recently, tract based FA statistics, unbiased by differences in brain shape, have been
proposed (Berman et al., 2005; Smith et al., 2006).

One step farther, fiber tracking offers a promising tool to reconstruct axonal trajectories
in the brain from DTT images (Mori et al., 2002). Beyond the esthetics of “virtual axonal
dissections” (Hagmann et al., 2003), methods are now being developed for quantitative
comparisons of the pattern of axonal connections (Hagmann et al., 2007).

Figure 2.6: On the left, upper image, the tensor reconstructed from DTI images is
depicted (image from Kubicki et al., 2007). Below the tensor are examples of Fractional
Anistropy map (left) and colormap (right) in one subject from our cohort. On the right,
azonal reconstruction is depicted (image from Taylor et al., 2004).

2.3 Normal brain maturation

A large part of what we know about human brain development is derived from postmortem
studies, and studies in other mammals. The main events leading to the creation of
brain structures involve differentiation, proliferation, and migration of neurons from the
subventricular zone to their final position: the cortex. Then, axonal elongation is guided by
the growth cone until their final destination. After axonal growth, all cerebral structures are
considered to be created, but the brain tissue will be extensively remodeled in utero, and to
a lower extent throughout the entire life. Indeed, the nervous system development occurs
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with suproduction and subsequent eliminations of connections, which subserve increased
efficiency and specificity of the neural networks (Changeux et al., 1976). Synapse formation
(synaptogenesis), begins well before birth and continues during the first 2 years of life,
leading to an excess of synapses. The onset of functionality in the cortex may correspond to
the end of rapid synaptogenesis (Huttenlocher, 1979). For instance, visual cortex functions,
such as the ability to perceive differences in the depth of field, emerge when synaptic
density in the visual cortex reaches its maximal value (Wilson, 1988). Then, the subsequent
dendritic reorganization during childhood encompasses the normal elimination of up to 40%
of the synapses (Huttenlocher, 1979). Synaptic elimination, known as pruning, allows for
an optimization of the neural circuitry through the elimination of surnumerous connections.
During the pruning period, an increased sensitivity to environmental influences has led to
the proposal of critical periods during brain development (see also the green box on next

page).

We have seen that gray matter development and maturation encompass the refinement
of the connections. Similarly, white matter undergoes consequent changes during brain
maturation. Myelination of axons, which defines the development of oligodendrocytes
surrounding axonal tracts, allows for an increase in conduction velocity of the electric signal.
Myelination process begins from the mesencephalon, and progress from posterior to anterior
regions (Yakovlev et al., 1967). Most of the myelination’s process occurs in utero and during
the first 2 years of life, but the process still progresses well into childhood and adulthood.

These maturational processes first delineated by microscopic studies are translated in
observable volume changes during childhood and adolescence. It is known that 25% of
the adult cerebral volume is approximately reached at birth (Dekaban, 1977). Prominent
progressive events, such as glial proliferation, dendritic arborisation and myelination, lead to
a fast growth, so that 80% of the adult volume is reached at age of 2, and 95% at the age of 5
(Dekaban, 1977). After that age, important modifications in the proportions of brain tissue
still occurs (i.e altering the ratio of gray, white matter, and cephalo-spinal fluid (CSF)). For
instance, regressive events in the gray matter, such as cell death and synapse elimination,
reduce its volume (Cowan et al., 1984). Concomittantly, the progression of myelination
increases white matter volume, so the the overall cerebral volume remains stable. As stated
in the first part of the chapter, MRI stands as an ideal tool to study in vivo the remodeling
of cerebral tissue that takes place during childhood, adolescence and adulthood.
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Critical periods in development

As defined by Hensch (Hensch, 2005), a critical period is
“a strict time windows during which experience provides
information that is essential for normal development
and permanently alter performance”. The best known
example of critical period has won the Nobel prize in
1981. Hubel and Wiesel discovered that monocular
deprivation related to sutured eyelid during the critical
period was causing functional blindness to the deprived
eye (Hubel et al.,, 1964). Despite that the eye
and optic nerve are completely functional after eye
reopening, no more inputs from that eye were received
by the visual cortex. Critical periods for more complex
functions seem also to exist, as for example language.
Huttenlocher points that the windows during which
learning a second language is relatively effortless and
accent-free terminates approximately at the age of 12
(Huttenlocher, 1999).

The synaptic correlates of critical periods have received
a wide interest. It appears that the end of the critical
period, changes in Nogo receptors configuration and
rigidification of the extracellular matrix make it harder
for further extensive plasticity to occur (Sengpiel, 2007).
If prolongating the critical period may open unestimable
opportunities for reeducation or for enhanced learning,
the period of increased environmental sensitivity also
rends the brain more vulnerable. Indeed, disorders
of synaptic plasticity and pruning may be relevant for
the study of specific psychopathologies. For instance,
dysregulated pruning during the critical period have
been suggested to participate to the onset of both
addiction disorders (Arnsten et al., 2004; Crews et
al., 2007) and schizophrenia (Hoffman et al., 1989;
Keshavan et al., 1994).

2.3.1 Macroscopic brain maturation as studied with MRI

Volumetric studies

Among the extensive literature on normal brain maturation, the most referenced volumetric
study is probably the one by Giedd and colleagues, based on 145 healthy subjects from 4
to 22 years old (Giedd et al., 1999). Thanks to repeated neuroimaging, they could observe
the regional specificities of quadratic trajectory of gray matter changes with age (i.e. the
increase during childhood, followed by peak and decrease in adolescence, see Figure 2.7).
Parietal and frontal gray matter volumes were shown to peak around 12 years old for
boys, and 11 years old for girls. Temporal gray matter showed a late maturation, peaking
after the age of 16. Finally, occipital gray matter followed a different profile, with slight
volumetric increase during the entire adolescence. A few interpretations can be made from
these regional specificities. First, the earlier frontal and parietal peak in girls compared
to boys may reflect an influence of sexual hormones on brain development (Giedd et al.,
1997). Second, the regional maturational profile may be related to the development of the
different cognitive processes. For instance, the late maturation of the temporal lobe may
reflect language development, a competence that still consequently improves during late
adolescence.

Evidences of the progressive and regressive events in the gray matter have also been
delineated through functional studies. Indeed, PET studies have suggested that maturation
of the local metabolic rate parallels the initial surproduction and subsequent pruning of
synapses in the different cortical regions (Chugani et al., 1987). The reduced cerebral
metabolism associated with cerebral maturation seems closely related to an improvement
in cognitive capacities. For example, fMRI studies have established an inverse association
between cerebral activation and arithmetic performances (Menon, 2000). Indeed, individu-
als solving correctly a calculation task were shown to activate less largely and less intensively
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Figure 2.7: Developmental course of lobar wvolume in children and adolescents
(reformatted from Giedd et al., 1999). White matter is shown to follow a continuous,
linear, increase, whereas arrows indicate peaks in the gray matter profile.

the parietal cortex than individuals with poorer performances.

In summary, gray matter maturation is associated with different processes devoted to
increase the efficiency of the neural system:

1. A decrease in synaptic density allowing the selection of the most appropriate
connections

2. A reduction in the use of metabolic resources, as evidenced by PET and fMRI studies

3. On the macroscopic level, these transformations appear with gray matter volume
reduction.

As a result of the striking regional and temporal similarities of these three processes, both
cortical activation and gray matter volume have been suggested to be reliable marker of
synaptic pruning, and hence, of critical periods during brain development.

Thickness studies

More recently, techniques of image analysis have evolved, and cortical thickness measure-
ments have been proposed to delineate maturational changes with increasing precision.
With their exquisite spatial resolution, thickness studies seem more able to reflect the
cortical remodeling than were volume changes. A wide amount of studies have been
conducted with healthy participants (Sowell et al., 2003; Gogtay et al., 2004; Thompson
et al., 2004; Shaw et al., 2006; Shaw et al., 2008), confirming the potential of cortical
thickness to reliably identify critical periods in brain development. Further, a growing
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amount of studies have applied thickness measurements in patients with neurodevelopmental
conditions, such as attention-deficit/hyperactivity disorder (ADHD) (Shaw et al., 2006;
Shaw et al., 2008), autism (Chung et al., 2005; Hadjikhani et al., 2006; Hardan et al.,
2006), or schizophrenia (Kuperberg et al., 2003; Thompson et al., 2004; Greenstein et al.,
2006). Here, we briefly describe three studies that are, on our opinion, of particular interest
in the field (Shaw et al., 2006; Shaw et al., 2007; Shaw et al., 2008).

1. Cortical thickness trajectories in normal brain development (Shaw et al., 2008)

In this study encompassing a total of 764 normative scans, Shaw et al explored
the trajectories of thickness growth across the cerebral cortex. Using mixed model
regression analysis at each cortical point, they were able to classify the trajec-
tory at each point in cubic, quadratic, or linear (see figure). With such an im-
pressive number of data, they identified that most cortical regions were following

a thickening during childhood, followed by
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2. Cortical thickness and intelligence in healthy children (Shaw et al., 2006)

In this article published in Nature, Shaw et al sought to examine whether academic aptitudes
impact cortical development. They subdivided a sample of 375 children into three IQ groups:
superior (range 121-149), high (range 109-120) and average intelligence (range 83-108).
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3. Cortical thickness in children with ADHD (Shaw et al., 2007)
Using a total of 824 scans (223 children with ADHD and 223 typically developing children),
Shaw et al delineated the quadratic growth trajectories of cortical thickness with age,
and derived the age of attaining the peak.

# Their most compelling finding is that matu-
y A ration proceeded in a similar manner, with
_5' i : primary sensory areas peaking before poly-

modal areas, but with a marked delay in
= Creater than 2 years' delay  children with ADHD. In the figure aside,
— 0Oto 2 years delay the blue overlay depicts the delay in the
group of children with ADHD compared
to controls. Further, Kaplan-Meyer curves

"
§§ _ Gme _ demonstrate that the median age of at-
I’ e taining peak was significantly retarded in

children with ADHD (10.5yr) as compared
to the group of typically developing controls
(7.5yr).
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Each of the three thickness studies presented above has major implications to promote
cortical thickness as one of the most important tool for following normal and abnormal
brain maturation in children and adolescents. First, cortical thickness was shown to be
able to reflect microscopic cortical architecture, with its dynamic being dependent upon
the number of cortical layers. Second, intelligence was found to be related to a dynamic
property of the brain, rather than relying on more gray matter volume at any one age. Third,
thickness was found to be a powerful marker of cerebral maturation in neurodevelopmental
conditions.
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Cortical folding (Gyrification)

Understanding why and how does the mammalian cerebral
cortex fold has fascinated neuroscientists since more than
a century. Fxperimental studies in animals have brought
the commonly accepted view that sulci are shaped by axonal
traction during gestation. In humans, the study of cortical
morphology has also received a large interest, as a window
on early brain development.

3.1 Phylogeny of cortical folding

The first studies aiming at understanding how the cerebral cortex folds mainly focused
on the degree of convolution and its comparison across species (see Figure 3.1). Indeed,
previous studies have suggested that a universal scaling rule may govern interspecies brain
architecture (Prothero et al., 1984; Hofman, 1985; Zhang et al., 2000), with surface area
increasing faster as a function of brain volume than cortical thickness. The drastic cortical
expansion without major thickening may be genetically determined through the control of
horizontal cell proliferation. Accordingly, the radial unit hypothesis (Rakic, 1988) postulates
that the regulation of tangential (asymmetric) vs radial (symmetric) cell division during
neuronal proliferation controls the final number of cortical column units, and hence cortical
area. Evidence for such a mechanism was recently supported by knock-out mice studies,
in which mutation of a gene controlling asymmetric neuronal division resulted in cortical
folding (whereas the cortex of mice is normally smooth) (Chenn et al., 2002).

Figure 3.1: From the observation of different mammalian species (image from
www.brainmuseum.org), it becomes evident that the bigger brains are more convoluted.
For instance, the dolphin brain at the center of the image shows the more complex
pattern of sulci.

29
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Figure 3.2: In humans, cortical folding (gyrification) begins at the 4% month of
gestation, when neuronal migration is completed. The sylvian fissure is the first sulcus
to appear, followed by the central sulcus and the parieto-occipital sulcus. By week 30,
all primary sulci (largely similar between individuals) are formed (Armstrong et al.,
1995). Secondary sulci, moderately variable, are then constituted. Finally, at week
36" tertiary sulcus, highly variable between individuals begin to appear (Chi et al.,
1977).

3.2 Ontogeny of cortical folding in humans

In humans, the study of cortical folding development in fetuses and newborns has relied for
long solely on postmortem data and ultrasound examinations, which allowed the definition
of a few qualitative markers of brain development. For instance, the appearance of sulci in
the developing brain is now well defined (Worthen et al., 1986; Huang, 1991). Nowadays,
a more precise establishment of quantitative norms of gyrification, such as the relationship
between volume, surface area and / or degree of folding, may be more precise than solely
the presence or absence of sulci. In turn, such quantitative markers may have large clinical
applications as indicator of neurodevelopment. Ultrasound examinations, with their poor
spatial resolution and high dependence on the radiologist experience, are unlikely to be
able to provide accurate enough 3D cortical representations. Thus, the development of
fetal MRI may open new perspectives for research on convolutional development. MRI
has been proposed to study the fetal anatomy as early as 1983 (Smith et al., 1983), but
concerns related to the safety restrained its use. If MRI exams remain counter-indicated
during the first trimester of pregnancy (due to its possible impact on embryogenesis (Yip
et al., 1994)), no sequelae have been reported in pregnant women that were exposed to the
magnetic field every day during the second and third trimester of pregnancy (Kanal et al.,
1993). As a result, MRI is currently used as a supplementary diagnosis tool if abnormal
fetal development is suspected on ultrasound examination. However, the use of fetal MRI
for research purposes would require far better image quality than the one used in clinical
setting, which is challenged by fetal motion. Current methodological developments focus
on the possibility to obtain high resolution images from a set of low resolution images (thus
less subjected to motion) (Rousseau et al., 2006).
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Because of the challenges related to fetal neuroimaging, MRI of premature newborns
have been used to delineate cortical folding development from 26 weeks of gestation
onward (Rodriguez-Carranza et al., 2006; Dubois et al., 2008). The head of newborns
being easily fixed, nice resolution images can be obtained while they sleep. In turn,
accurate cortical representations are reconstructed and used to quantify cortical folding.
However, prematurity is often associated with other deleterious medical conditions, so
that the developmental picture obtained with these children may not truly reflect normal
neurodevelopment. Of note, among 35 newborns that participated in the study of Dubois
and colleagues (Dubois et al., 2008), 10 babies were having qualitative lesions sufficiently
important to be observed on eye examination. Further, studies of gyrification in children
and adolescents who were born prematurely have reported anomalies of cortical folding
that persist in grown-up children (Gimenez et al., 2006; Kesler et al., 2006). In sum, if
future technical developments permit precise fetal brain reconstructions from prenatal MRI,
studying healthy fetuses will certainly stand as a better option than premature newborns
to delineate the normal course of cortical development.

3.3 Determinants of cortical folding

As depicted in the last section, cortical sulci are largely determined by infancy. As a result,
studying cortical morphology in children, adolescents and adults possibly convey a lot of
information on the early development of their brain.

Understanding pathological convolutional development requires a precise delineation of the
determinants of cortical folding. Nowadays, the processes leading to the creation of the folds,
as well as the functional significance of the number, length, depth and orientation of sulci,
remain largely unexplained. The three following models provide attempts at explaining how
adult cortical morphology is built.

1. Tension-based model of convolutional development (Van Essen, 1997)

This theory postulates that many features of the mammalian cortical shape can be explained
by mechanical tension along axons, dendrites and glial processes during development.
The disproportionately large cortical surface area is thought to be shaped by pulling
strongly interconnected regions towards one
another (see figure). In turn, this connectivist
model results in a compact wiring of the
nervous system. Experimental studies with
lesion of the thalamo-cortical connections
corroborate Van Essen’s theory (Goldman-
Rakic, 1980; Dehay et al., 1996). Applied
to humans, the tension-based model would
suggest that disturbed gyrification results
from abnormal pattern of connectivity. For
instance, larger gyri and deeper sulci may
result from weaker local interconnections,
with unchanged traction exerted by the long
connections.
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2. Intrinsic cortical determinants of convolutions (Richman et al., 1975; Welker,
1990)
Welker (Welker, 1990) suggests that mechanical forces intrinsic to the cortex, rather
than passive extra-cortical tension, can be primary determinants of convolutional devel-
opment. This theory is grounded on evidences that many processes are differentially
expressed in gyral crowns and in sulci, both in terms of intensity and timing. For
instance, Welker points that neurons differentiate and grow earlier in gyri than in sulci,
which is also accompanied by an earlier
differentiation of the cortical sheets. Fur-
ther, both synaptogenesis and glial prolifer-
ation appear more profuse and voluminous
in gyral crowns than in fundi. Finally,
rearrangement of cell adhesion molecules,
affecting cortical rigidity, is likely to be also
differentially regulated in gyri and sulci,
thus actively shaping convolutions. The
drawing aside, from (Welker, 1990), depicts
developmental changes in radial and tan-
gential orientation of cortical layers dur-
ing convolutional development in the ferret
brain. In the same direction, Richman et
al (Richman et al., 1975) observed that
differential growth of the layers results in
buckling of an experimental cortical surface.

3. The sulcal root hypothesis (Régis et al., 2005)
This theory proposed by a French neurosurgeon is more recent, and thus re-
ceived less emphasis in the literature to date. The sulcal root model ex-
plains interindividual differences in sulcal patterns through different recombination of
highly stable sulcal subunits. The elementary subunits (in green and red in the
_ schematic drawing aside) may be inter-
5 rupted by buried plis de passage or annec-
tant gyri, in turn resulting in a different con-
figuration of the sulcus. For instance, the
lower row shows two different configuration
of the superior temporal sulcus. The sulcal
root model also questions the validity of the
actual nomenclature of sulci and argues for
the use of smaller sulcal entities to redefine
the classification scheme. Ultimately, such
a model identifying stable sulcal landmarks
may largely facilitate the systematic study
of the function — structure relationship.
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3.4 Abnormal cortical folding

The three models presented above illustrate how cortical folding is a tightly regulated
process, dependent upon the normal completion of several other processes, such as normal
neuronal proliferation and normal connectivity. As a result, abnormal gyrification often
accompanies neurodevelopmental disorders, and the extent and intensity of abnormal folding
may represent a window on the early brain development.

For instance, abnormal quantitative gyrification has been reported in different conditions,
leading to various interpretations. Increased gyrification in children with Williams syndrome
(Schmitt et al., 2002; Gaser et al., 2006) has been suggested to rely on a developmental
arrest (Schmitt et al., 2002). In dyslexia, reduced cortical complexity may be associated
with an increase in the number of long connections, and result in slowed down information
processing (Casanova et al., 2004). Conversely, strong local interconnectivity may decrease
gyri width. If this was the case, frontal over-connectivity in autism (Courchesne et al., 2005)
would be responsible for the increased GI observed in the frontal lobes of autistic children
(Hardan et al., 2004).

3.5 Studying cortical folding

Many different methods for studying cortical folding were proposed, grounded on different
aspects. Some techniques focused on the quantity of cortical area allowed by the process
of folding (surface-based method), while other focused on the elementary unit of cortical
morphology: the sulcus (sulcal morphometry). Further, methods measuring geometry
information were proposed, such as Fractal Dimension, or curvature-based methods.

3.5.1 Surface-based approaches: Gyrification Index

In the second half of the 20" century, comparative neuroanatomists quantified folding
using a simple zero-order surface ratio (Jerison, 1961; Haug, 1987). The Gyrification Index
(GI) was defined as the ratio of the total folded cortical surface over the perimeter of
the brain, delineated on two-dimensional coronal sections (see Figure 3.3). Many studies
were conducted to quantify GI differences between species, and the first study of human
postmortem data was published in 1988 (Zilles et al., 1988).

Zilles and colleagues reported that, despite a large variability in brain size, and in sulcal
configuration, the degree of cortical folding was remarkably stable in adults (Zilles et al.,
1988). Specifically, all individuals, independently of their age, gender, height or weight had
an average Gyrification Index of 2.56, meaning that 60% of the cortical surface is hidden
within the sulci. A few years later, Armstrong et al (Armstrong et al., 1995) also measured
GI on postmortem formalin-fixed brain, including subjects from the first weeks of life until
95 years old. They observed a gradual increase in GI during the first months of life, peaking
at 9 months old (120% of the adult GI value) and then a slight decrease to the stable value
previously observed by Zilles et al. Thus, from childhood, GI has been proposed as a stable
ontogenic feature, unaffected by age, sex, brain volume, body weight, and body length.
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Figure 3.3: Examples of Gyrification Index measured on coronal MRI sections, except
on the first row - second column depicting a formalin-fized postmortem brain. Images
of the upper row are taken from Vogeley et al. (2000), Hardan et al. (2004), Jou et al.
(2005); images of the lower row from Harris et al. (2004), Sallet et al. (2003), Schaer
et al. (2000).

Because of its easy interpretation and simplicity in implementation, many studies have
been conducted using the Gyrification Index to identify abnormal cortical complexity in
neurodevelopmental and psychiatric disorders (Kulynych et al., 1997; Vogeley et al., 2000;
Schmitt et al., 2002; Sallet et al., 2003; Hardan et al., 2004; Harris et al., 2004; Schaer
et al., 2006). Figure 3.3 shows how Gyrification Index was implemented on MRI coronal
section in some of these studies. Among the numerous results obtained by these studies are
a reduced GI in dyslexia (Casanova et al., 2004), and increased GI in autism (Hardan et al.,
2004), Williams syndrome (Schmitt et al., 2002) and in children who were born prematurely
(Kesler et al., 2006). Schizophrenia is probably the disease that has received the larger GI
literature, with evidences for a decreased global GI (Kulynych et al., 1997; Sallet et al.,
2003), along with increased prefrontal GI (Vogeley et al., 2000; Vogeley et al., 2001; Harris
et al., 2004).

Despite the elegant simplicity of Gyrification Index, major issues are related to its
methodological implementation. Firstly, most studies used manual delineation of the
contours, which raises the question of reliability and reproducibility in the context of large-
scale studies. There have been some attempts to adapt the Gyrification Index to automated
2D methods, either restricted to the prefrontal lobe (Moorhead et al., 2006), or separately
measuring the four main lobes (Schmitt et al., 2002). But even automated methods are
not ideal, given that they do not take into account the inherent three-dimensional nature
of the cortical surface. As a result, GI measurements are sensitive to slice orientation, with
variations up to 8% resulting from large rotation of the brain (Zilles et al., 1989). Also,
because two-dimensional sections are independent one from another, buried sulci are not
always included, underestimating cortical surface area. Finally, the precise localization of
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gyral anomalies in sub-lobar regions is not possible with 2D slices.

3.5.2  Sulcal Morphometry

Sulcal morphometry is a method that relies on the identification of a set of sulci in order
to compare some of their features. There are mainly two different approaches that were
proposed to date. The first framework, described by Mangin and colleagues (Mangin et al.,
2004), uses artifical neuroanatomists that are trained to identify sulci from a database. After
achieving a reliable matching of the sulci, some sulcal features are compared, such as sulcal
width or depth, position, or asymmetry indices. Another approach creates an outer surface
enveloping the cortex (hull), and measures sulcal depth as the shortest distance between
the pial and the hull surface (Van Essen, 2005). The later approach has the advantage of
measuring the entire cortex at once, without focusing on a subset of sulci. However, only
depth measurement can be provided by this method, which needs an accurate point-to-point
surface registration.

A wide amount of results have been published using sulcal morphometry. For instance,
asymmetries of the intraparietal fissure, inferior precentral and central sulcus have been
identified as correlates of handedness (Mangin et al., 2004). In healthy individuals from 20
to 82 years old, Kochunov et al reported that sulcal width increases and depth decreasess
with age for all sulci, except for the inferior frontal and orbitofrontal sulci (Kochunov et
al., 2005). Aside from studies in typically developing individuals, other authors conducted
studies in patients with neurodevelopmental conditions. For instance, reduced depth in
the right intraparietal fissure of patients with Turner syndrome was found to be correlated
with abnormal cortical function during an arithmetic task (Molko et al., 2004). In patients
with Williams syndrome, reduction of the intraparietal sulcal depth were also reported
(Kippenhan et al., 2005; Van Essen et al., 2006). Children with low-functioning autism were
shown to have reduced sulcal depth in the frontal operculum and in the insula (Nordahl
et al.,, 2007). Finally, a different morphology of the left paracingulate sulcus has been
observed in patients with schizophrenia (Fujiwara et al., 2007), along with anomalies in the
temporal sulcus, middle frontal sulcus and Broca’s area specifically associated with resistant
hallucinations (Cachia et al., 2008).

Figure 3.4: Schematic overview of the processes involved in sulcal morphometry
(reproduced from Kochunov et al., 2005). On the left, sulcal identification is completed
using neural networks. On the right, lateral and medial views show primary and
secondary sulci, on which measurements such as depth, length or asymmetry indices
are computed.
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Among the advantages of sulcal morphometry, is its intuitive interpretation. Depth and
width are geometrical notions that are easily understood, and that inform on biologically
relevant substrates. For instance, depth alterations have been shown to correlate with gray
matter volume (Kippenhan et al., 2005). However, the focus on the sulcus as an elementary
unit may miss more regional changes. In some aspects, despite far more sophisticated, sulcal
morphometry resembles ROI approaches, in that they focus in a subset of sulci, which have
to be reliably delineated (e.g. highly variable sulci are less straightforwardly measured).

3.5.3 Fractal Dimension

Fractal dimension (FD) is a measure of cortical complexity that was frequently applied to
the quantification of cortical folding (Thompson et al., 1996). FD is based on 3D cortical
reconstructions, and informs about the irregularity in the cortical shape, which can be
measured either over the whole hemisphere (Lee et al., 2004; Ha et al., 2005) or in lobes
(Blanton et al., 2001; Luders et al., 2004; Narr et al., 2004).

One advantage of Fractal dimension is that it represents a compact measurement,
condensing information about the frequency and depth of sulci. But the counter-side of
this advantage is that information may be too condensed to evidence regional differences
at the sub-lobar level. Moreover, Fractal Dimension remains challenging to interpret, in
that this geometrical notion is less easily apprehended that for instance length, surface or
volume. Finally, there are issues related to FD methodological implementation: most of
the time, the images were scaled with an affine transformation prior to cortical mesh model
reconstruction, which may affect measurements of cortical folding.

3.5.4 Curvature-based methods: Smoothed Mean Absolute Curvature

More recently, a curvature-based approach has been proposed for estimating local gyri-
fication at thousands of points over the entire cortical surface (Luders et al., 2006).
Smoothed absolute mean curvature quantifies the amount of local curvature on spherically-
parameterized cortical mesh models (see Figure 3.5). To date, only three studies have
applied this method to quantify differences in gyrification. The validation publication
included a statistical analysis revealing normal changes in cortical folding associated with
gender (Luders et al., 2006). The same authors also reported a moderate relationship
between their smoothed absolute mean curvature and measurements of intelligence (Luders
et al., 2007). Finally, increased curvature was reported in patients with Williams syndrome
(Gaser et al., 2006).

The main advantage of the method proposed by Luders et al is that it represents the only
method that measures gyrification with an exquisite spatial resolution. As for volumetric
and thickness studies, evolution of neuroimaging techniques aim at an increasing precision
in the delineation of the alterations, so that smoothed absolute mean curvature represents
the most sophisticated technique for measuring cortical folding to date. However, we have
two major concerns related to this method. The most important concern relate to the fact
that there is no evidence that more curved surfaces contain more neurons, or any other
direct neuroanatomical correlate of interest. Thus, we would question the use of curvature
as a variable that may give valuable, biologically relevant, information. The second concern
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Figure 3.5: Smoothed absolute mean curvature overlaid at each point over the cortical
surface (from Luders et al., 2006). On the left of the image, a simulated folded surface
is provided for interpretation.

relates to the implementation of the method, which similarly to Fractal Dimension uses
scaled images, and thus may bias gyrification measurements.

3.5.5 Toward other methods ?

This chapter depicted how the study of cortical folding may inform on the early brain
development. Diverse methods for measuring gyrification have been presented, exploiting
different geometrical notions, from depth, surface, and spatial frequency to curvature. We
argue that, in order to contribute to the field, a new method overcoming the issues raised by
the existing methods should combine their individual advantages. For instance, Gyrification
Index demarks as a simple and elegant method with direct interpretations. However, the
use of three-dimensional reconstruction now emerges as an essential requirement, as used
by sulcal morphometry, fractal dimension and smoothed absolute mean curvature. Finally,
increased spatial resolution, such as proposed by the curvature-based method, is a very
attractive feature.






CHAPTER

4

Defining the cerebral phenotype
in 22ql1 deletion syndrome

Previous neuroimaging studies in 22q11DS have delineated
a pattern of brain alterations, which may be tightly related
to the cognitive and behavioral difficulties encountered by
affected individuals. Future contributions in the field will
largely rely on studies with consequent sample size or using
recently developed methods, to build more precise hypotheses
on the pathogenesis of brain alterations in the syndrome.

4.1 Qualitative findings in individuals with the syndrome

The first neuroimaging studies in subjects with 22q11DS were mostly qualitative, reporting
a high rate of nonspecific brain alterations (Mitnick et al., 1994; Chow et al., 1999; van
Amelsvoort et al., 2001; Shashi et al., 2004) or cases of severe cerebral malformations
(Kraynack et al., 1999; Bolland et al., 2000). Others noted cerebral and cerebellar atrophy
(Mitnick et al., 1994; Chow et al., 1999), in addition to an enlarged cavum septum
pellucidum or cavum vergae (Mitnick et al., 1994; Chow et al., 1999; van Amelsvoort
et al., 2001; Shashi et al., 2004). A high incidence of bright foci in the white matter on
T2-weighted MRI has been observed (Chow et al., 1999), with frequent cysts around the
frontal horn of the ventricle (Mitnick et al., 1994). Finally, numerous case reports of severe
cortical malformations, manifesting with polymicrogyria' (Robin et al., 2006), were also
published.

4.2 Quantitative findings in children and adolescents with
the syndrome

Following the first qualitative delineations of cerebral anomalies associated with 22q11DS,
numerous quantitative studies were conducted on larger sample of patients. Cerebral
atrophy was confirmed, with a 8.5 to 11% volumetric decrease, affecting both gray and
white matter (Eliez et al., 2000; Eliez et al., 2001; Kates et al., 2001). Further analyses then
revealed a specific pattern of lobar alterations in children with 22q11DS. After adjusting for

Lpolymicrogyria is a cortical malformation caused by abnormal neuronal migration and characterized by
a thick cortex with shallow sulci

39
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the global reduction, relative frontal enlargement / preservation was observed along with
disproportionate parietal lobe reduction (Eliez et al., 2000; Kates et al., 2001; Kates et
al., 2004; Simon et al., 2005). This picture is consistent with a rostro-caudal gradient in
cerebral alterations (Eliez et al., 2002), that is, an alteration in global brain shape along
the antero-posterior axis. Region-of-interest (ROI) studies have mostly strengthened this
rostro-caudal hypothesis, showing a more important reduction of the volume of posterior
structures in children and adolescents with 22q11DS. For instance, the thalamus (Bish et al.,
2004) and the corpus callosum (Antshel et al., 2005; Machado et al., 2007) are more reduced
posteriorly. The head of the caudate nucleus was also found to be larger than its posterior
part (Eliez et al., 2002; Kates et al., 2004; Campbell et al., 2006). Finally, the cerebellar
reduction suggested by qualitative studies was confirmed by quantitative studies (Eliez et
al., 2001; Bish et al., 2006), further substantiating the rostro-caudal gradient hypothesis.

Observations from DTI studies support disturbed white matter organization, with decreased
Fractional Anisotropy predominantly found in the middle and superior frontal gyri (Barnea-
Goraly et al., 2003) and diffusely in the parietal lobe (Barnea-Goraly et al., 2003; Barnea-
Goraly et al., 2005; Simon et al., 2005). Although methodological problems related to the
posterior displacement of the corpus callosum have been suspected of biasing voxel-based
analyses and causing at least part of the anisotropy differences in the parietal lobes of
affected patients (Simon et al., 2005), newer registration techniques have made it possible
to confirm parietal tract alterations in 22q11DS (Sun et al., 2007).

4.2.1 Structure - Function Relationship in children and adolescents with
22ql11DS

Table 4.1 summarizes the brain alterations typically observed in 22q11DS; for comparisons
purpose, neuroanatomical findings in three other neurogenetic syndromes are also depicted.
This large list of brain alterations is likely to be responsible for the cognitive and behavioral
difficulties encountered by affected patients.

Frontal preservation: relationship with IQ and executive functions

In 22q11DS, the relative frontal lobe preservation has been suggested (Eliez et al., 2000) to
allow the maintenance of a borderline IQ during childhood (Swillen et al., 1997), whereas
other disorders with substantial frontal lobe reduction show more severe mental retardation
(e.g. Rett (Reiss et al., 1993) or Williams (Reiss et al., 2000) syndromes). The frontal
preservation is however surprising regarding the deficit in executive functioning (a typically
frontally located function) presented by children with 22q11DS. Yet, a recent fMRI study
using a verbal working memory task has shown that both children and adolescents with
22q11DS and children with learning difficulties recruited the frontal networks less efficiently
than their typically developing siblings, but activated the operculum more readily (Kates
et al., 2007). These findings suggest that both children with 22q11DS and children
with learning difficulties may compensate for a disruption in the normal frontal neural
networks by relying primarily on phonological rehearsal, which may explain their poorer
performances.

Among other structures that may be related to executive dysfunction in the syndrome,
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the cingulate gyrus may also be a relevant candidate. As the cingulate play a major role
in executive functions (Carter et al., 1999), structural or functional cingulate alterations
may be related to frequently cited attentional deficits reported in children with 22q11DS
(Gothelf et al., 2004). However, given the extent of the cingulate gyrus across both frontal
and parietal lobes, a specific cingulate reduction would not be evidenced using classical lobar
measurements. To our knowledge, only one study to date has analyzed cortical changes on
the medial aspect of the brain using a method capable of detecting regional differences
with sub-lobar precision (Simon et al., 2005). Using voxel-based morphometry, Simon and
colleagues observed decreased gray matter density in the cingulate gyrus. Aside from the
relevance of cingulate reduction in attention deficits, Simon et al also suggested that the
cingulate role in the “sense of self” may be particularly pertinent to psychotic manifestations
frequently experienced by individuals with 22q11DS.

Parietal reduction: arithmetic and visuo-spatial difficulties

The significant volumetric decrease of the parietal lobe observed in children with 22q11DS is
likely to account for part of the cognitive deficits. Specifically, parietal lobe dysfunction may
be responsible for visuo-spatial deficits and lower performance in abstract reasoning tasks
such as arithmetic (Eliez et al., 2001; Simon et al., 2005). Indeed, the first fMRI study of
brain function in 22q11DS sought to explore the neural substrate underlying deficiencies in
arithmetic reasoning (Eliez et al., 2001). Eight children with 22q11DS and 8 controls where
asked to complete increasingly difficult mathematical tasks. The authors found that the
children with the syndrome showed more intensive and diffuse activity in the inferior parietal
regions only during performance of difficult 3-operand equations, whereas the controls
showed a similar pattern of parietal activation during both the easy and the difficult tasks.
In typically developing children, performance improves as the size and intensity of activation
decrease, indicating that maturation proceeds with an optimization of brain circuitry. This
pattern is consistent for various cognitive tasks, among them arithmetical reasoning (Menon
et al., 2002), response inhibition (Tamm et al., 2002), and motor learning (Imamizu et al.,
2000). Thus, the increase in activation in the parietal lobe of children with 22q11DS on
fMRI scans supports the hypothesis of delayed maturation. Further, abnormal functioning
of the parietal lobe may also cause learning difficulties in children with 22q11DS, as fMRI
or PET studies have attributed a crucial role for the parietal cortex in normal mnesic
processes (Shallice et al., 1994). Aside from relying on a parietal dysfunction, the key
role of the hippocampus in memory also suggests a potential hippocampal contribution
to mnesic impairments in 22q11DS. Indeed, previous neuroimaging studies have reported
reduction of the medial temporal lobe (Eliez et al., 2001), but it remained unclear whether
hippocampal reduction was related to the global cerebral reduction or not.

Social difficulties: a role for cerebellum and for structures involved in facial
processing

Apart from its involvement in time perception impairment (Debbane et al., 2005) and
motor difficulties (Sobin et al., 2006), cerebellar reduction may also play a role in social
difficulties presented by children with 22q11DS (Golding-Kushner et al., 1985; Swillen et
al., 1997; Swillen et al., 1999). Indeed, cerebellar vermis decrease was also reported in
other neurogenetic and neurodevelopmental disorders such as Fragile X syndrome (Reiss et
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al., 1991; Mazzocco et al., 1997), and autism (Courchesne et al., 1994). Given the typical
social difficulties presented in these neurodevelopmental disorders (Cohen et al., 1988) and in
22q11DS, reduction of the cerebellar vermis may represent an important biological substrate
for avoidant behaviors and communication problems. Furthermore, the enlarged posterior
vermis (Reiss et al., 2000; Schmitt et al., 2001) found in the over-empathic subjects with
Williams syndrome strengthen a hypothetical positive correlation between vermis size and
social skills.

Other candidates that received interest for social difficulties in the syndrome are structures
related with face perception. Indeed, deficient face-processing capabilities can ultimately
lead to social difficulties and even psychotic symptoms, such as reference ideas (Baker et al.,
2005; Debbane et al., 2006) or autistic traits (Vorstman et al., 2006; Antshel et al., 2007). In
a recent fMRI study focusing on facial processing (Andersson et al., 2007), Andersson and
colleagues observed a suppression of the normal face-selectivity activation of the fusiform
gyrus in affected patients, electing the fusiform gyrus as an interesting marker for social
impairements. If hyperactivation in parietal lobe possibly reflected delayed maturation,
hypoactivation of the fusiform gyrus should rely on a different mechanism. Studies of normal
gray matter have provided structural evidence that frontal and parietal lobe maturation
precedes changes to the temporal lobes (Giedd et al., 1999). This suggests that frontal and
parietal input is required for temporal lobe structural maturation. Indeed, the functional
specificity of the fusiform face area (FFA) may rely on an acquired expertise (Gauthier et
al., 2001) that requires efficient connections. In 22q11DS, disorganized input connections to
the FFA may impair the development of this expertise and, thereby, activation of the FFA.
The above considerations lend support for a more detailed investigation of the fusiform
structure in 22q11DS.

4.3 Quantitative findings in adults with the syndrome

The pattern of cerebral alterations reported in adults with 22q11DS differs from the one
observed in children and adolescents on several aspects. Studies in adults with 22q11DS
reported widespread loss of brain tissue compared with normal controls (Chow et al., 2002)
and with healthy individuals with developmental disabilities (van Amelsvoort et al., 2001).
Specifically, the frontal and temporal lobes were reduced, eliminating the rostro-caudal
gradient observed in children and adolescents with the syndrome. Accordingly, the caudate
nucleus enlargement that was presumed to be part of the gradient was not observed in
adults (van Amelsvoort et al., 2001). These children vs adults studies thus suggest an
accelerated neurodegenerative process, affecting mostly the frontal and temporal lobes of
individuals with the syndrome. Two interpretations can be derived from this hypothetic
accelerated gray matter loss. First, given that frontal lobe enlargement may allow for
the maintenance of the borderline IQ in children with 22q11DS (Eliez et al., 2000), an
accelerated cortical frontal reduction may play a role in the drastic decrease in 1Q observed
with age (Swillen, 2006). Second, reduced frontal and temporal volumes are in line with the
structural abnormalities observed in non-syndromic subjects with schizophrenia (Shenton
et al., 2001), and may represent a first step toward the identification of markers and risk
factors for schizophrenia in 22q11DS.
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4.3.1 Specific anomalies associated with schizophrenia

If temporal and frontal reduction represent tempting candidates for further assessment of
schizophrenia susceptibility, hypothesis based on the comparison of neuroimaging findings
obtained by different research groups on children (Eliez et al., 2000; Kates et al., 2001;
Simon et al., 2005; Campbell et al., 2006) and adults (van Amelsvoort et al., 2001; Chow et
al., 2002) may be hazardous. For example, divergent findings may simply rely on differences
in methodology or in sample selection (e.g. control subjects matched for IQ (van Amelsvoort
et al., 2001) or typically developing individuals (Eliez et al., 2000; Chow et al., 2002; Simon
et al., 2005)). Furthermore, such “children vs adults” comparison designs may not be able
to identify specific changes associated with schizophrenia. Van Amelsvoort and colleagues
(van Amelsvoort et al., 2004) thus compared adults with 22q11DS with schizophrenia (S-
22q11DS) and without schizophrenia (NS-22q11DS). In addition to findings of a generalized
decrease in the gray and white matter volume in the patients with schizophrenia, their
results suggested that the more significant reduction in the frontal and temporal lobes may
be associated with the presence of psychotic symptoms.

Aside from studies comparing patients with 22q11DS with and without schizophrenia,
longitudinal studies offer an attractive possibility to assess intra-individual changes in
brain anatomy over time. Thus, longitudinal design represents a powerful approach to
isolate structural alterations distinctively associated with psychotic evolution. The first
longitudinal study on 22q11DS patients corroborated the theory that the decrease in the
prefrontal gray matter volume plays an important role in the susceptibility of adolescents
with 22q11DS to psychosis (Gothelf et al., 2005). Following prospectively 24 children
with 22q11DS and 23 subjects with idiopathic developmental disorder from childhood
to early adulthood, Gothelf and colleagues identified that decline in prefrontal volume
accompanies the emergence of psychosis. Further, they were able to designate the low
activity allele of the catechol-O-methyltransferase (COMT) gene as a major risk factor for
the development of psychotic symptoms. They proposed that the prediction of prefrontal
reduction and subsequent psychiatric symptomatology according to COMT polymorphism
rely on modified dopaminergic transmission (Mattay et al., 2003).

4.4 What remains to be measured in 22q11 deletion syndrome?

Facets of the typical brain phenotype are increasingly delineated in 22q11DS, with a well-
documented pattern of structural alterations. We can thus reasonably wonder what remains
to be measured. To our opinion, a contribution in the field nowadays requires to meet at
least one of the following criteria:

e First of all, include large sample size. Normal inter-individual variations in
brain structures are large, so that the delineating structural differences associated
to any condition requires large sample size. Given the prevalence of 22q11DS, most
previous studies published findings on relatively small number of subjects. Nowadays,
contributions in the field of 22q11DS should no more constitute anecdotal findings,
but should rather potentially hold true for all patients affected by the syndrome.
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e Include subjects with a large age range for cross-sectional studies, or
longitudinal follow-up of the subjects over years, to provide a better
delineation of the maturational pathways associated with the syndrome.
Former studies focused mostly on group of subjects with restrained age range (i.e.
either children or adults). Also, there are very few studies focusing on adolescents
with the syndrome, an age at which the brain changes substantially and associated
with critical periods. As a result, only little known regarding how brain matures in
the syndrome, and future studies focusing on this point are required.

e Given the variability in the phenotype associated with 22q11DS, studies
should not only delineate the alterations associated with the syndrome
(i.e. compared to controls), but also identify the factors exacerbating
alterations within 22q11DS. Indeed, the increased delineation of the cerebral
phenotype still fails to identify the factors responsible for the varying degree of
alterations in the syndrome. For instance, as mentioned before, the identification
of risk factors and markers for schizophrenia is one of the major challenges faced
by researchers. Aside from psychosis, other factors may contribute to the varying
intensity of the cerebral and cognitive phenotype in the syndrome. For instance,
genetic polymorphism inside and outside of the 22q11 deleted region must
be examined. Catecholamine-O-methyltransferase is one of this, but future work
may delineate other genes outside of the 22ql1 region that may interact with the
deleted genes normal during brain development. Also, congenital heart disease
(CHD), which affects more than half of individuals with 22q11DS (McDonald-
McGinn et al., 1999), is known to alter brain structure and affect neurodevelopmental
outcomes in non-syndromic children (Glauser et al., 1990 ; Miller et al., 2007).
However, previous studies in 22q11DS have not demonstrated an impact of CHD
on brain alterations (Bingham et al., 1997; Kates et al., 2001 ; Bearden et al., 2007).
Absence of differences between 22q11DS patients with and without CHD may be due
to methodological concerns in previous studies, such as small sample size and the
inclusion of participants with widely varying CHD. Further, volumetric studies can
miss regional cortical changes, so that an effect of cardiac anomalies cannot be ruled
out. Ultimately, identifying the factors affecting the intensity of alterations may help
to further delineate the etiology of these anomalies.

e Use novel image processing techniques, to provide a more precise delineation

of both the localization and the nature of structural alterations in 22q11DS.
Indeed, volumetric results by lobes have delineated the gross picture of the alterations,
and regions-of-interest were manually delimited for a few set of structures. Time
and reliability considerations limit the opportunity to manually subdivide the entire
brain. Hopefully, recent methodological developments provide powerful tool for
subdividing the entire cortex in regional volumes, providing a comprehensive view
of the alterations.
Aside from a better localization of the lesions, furthering our understanding also relies
on a better delineation of the nature of the alterations. Indeed, cortical volume is the
outcome of two differently regulated processes: thickness and area (which is in turn
tightly related to cortical morphology). Thus, distinguishing the contributions of both
factors may help to further understand the pathogenesis of volumetric reductions. For
instance,
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— Thickness is an attractive tool, with exquisite spatial resolution; being subject
to developmental changes, cortical thickness has been suggested to be ideal for
studying brain maturation processes. A first study assessed cortical thickness
in a small group of children with 22q11DS (Bearden et al., 2007). They noted
significant cortical thinning in the parieto-occipital and orbito-frontal regions in
the study group compared to age- and gender-matched controls. However, their
technique may have be biased by buried sulci or by scaling the images prior to
measurements. Further, due to a restricted age range, they could not assess
maturational effect on cortical thickness.

— Morphology / Folding of the cortex is determined early in development
(see Chapter 3). Thus, alterations to gyral pattern are likely to inform on
an early insult. In 22q11DS, the high frequency of polymicrogyria, a severe
cortical malformation manifested with shallower sulci, put forward an association
between 22q11DS and gyral abnormalities. If experienced radiologists can easily
identify polymicrogyria, the diagnosis of more subtle gyral anomalies in 22q11DS
may require the use of quantitative tools (see also Figure 4.2).

17 yearsold girl with 22911DS 17 yearsold control girl

Figure 4.2: Three-dimensional cortical reconstructions of the brain of two same-aged
girls. In the patient, the global brain shape is typically altered with flattened parieto-
occipital region, illustrating the rostro-caudal gradient of cerebral alterations associated
with the syndrome. Furthermore, the pattern of cortical gyrification seems simplified,
with enlargement of numerous sulci; the sylvian fissure is particularly affected.
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4.5 Objectives of the present thesis

Based on the above considerations, the present thesis aims at answering following objectives:

1. Further contribute to the delineation of the cerebral phenotype in 22q11DS through
the use of classical neuroimaging methods in a large cohort of patient, i.e.

(a) Provide specific volumetric measurements that were previously not reported
in the syndrome. The following regions-of-interest were selected given their
likelihood to participate to cognitive, behavioral or psychiatric alterations seen
in 22q11DS: (1) the hippocampus, which may represent the neural substrate
of memory impairments in 22q11DS; (2) the fusiform gyrus, which may be
involved in facial processing deficits and impaired social skills; (3) the cingulate
gyrus, which may participate to altered executive functions and psychiatric
symptomatology in 22q11DS.

(b) Apply a classical method for measuring gyrification. Two-dimensional Gyrification
Index (Zilles et al., 1988) is probably the most popular method; its application
in 22q11DS will hence allow direct comparisons with other neurodevelopmental
conditions.

2. Develop a more satisfying method for the quantification of gyrification, and apply it
to the study of 22q11 deletion syndrome. In addition to identify the gyral alteration
associated with 22q11DS, we also aim at assessing whether cardiac anomalies would
exacerbate gyral alterations within the syndrome.

3. Applied recently developed neuroimaging techniques for a more precise delineation of
cerebral anomalies in 22q11DS:

(a) Regional cortical volumes (Desikan et al., 2006), to confirm previous volumetric
alterations and elaborate relationships between cortical folding, thickness and
volume.

(b) Cortical thickness, to provide a comprehensive picture of cortical maturation
from childhood to adulthood in the syndrome.
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To answer the objectives raised at the end of the Introduction section, the following journal
articles are included in the Results section:

1. To further contribute to the delineation of the cerebral phenotype in 22q11DS through
the use of classical neuroimaging methods:

(a) Manually delimited Regions-Of-Interests:

i. M. Debbané, M. Schaer, R. Farhoumand, B. Glaser, S. Eliez (2006) “Hip-
pocampal volume reduction in 22q11 deletion syndrome”, Neuropsychologia,
44(12): 2360-5 (Study 1a)

ii. B. Glaser, M. Schaer, S. Berney, M. Debbané, P. Vuilleumier, S. Eliez (2007)
“Structural changes to the fusiform gyrus : a cerebral marker for social
impairments in 22q11.2 deletion syndrome ?”, Schizophrenia Research, 96(1-
3): 82-86 (Study 1b)

iii. F. Dufour, M. Schaer, M. Debbané, R. Fahroumand, B. Glaser, S. Eliez
(2008) “Cingulate gyral reductions are related to low executive functioning
and psychotic symptoms in 22q11.2 deletion syndrome”, Neuropsychologia,
46(12):2986-92 (Study 1c)

(b) Two-dimensional (classical) Gyrification Index:

i. M. Schaer, J. E. Schmitt, B. Glaser, F. Lazeyras, J. Delavelle, S. Eliez (2006)
“Abnormal pattern of cortical gyrification in velo-cardio-facial /DiGeorge syn-
drome (deletion 22q11.2): an MRI study”, Psychiatry Research, 146(1): 1-11
(Study 2)

2. To develop a more satisfying method for the quantification of gyrification, and apply
it to the study of 22q11 deletion syndrome:

(a) M. Schaer, M. Bach Cuadra, L. Tamarit, F. Lazeyras, S. Eliez, J.-P. Thiran
(2008) “A surface-based approach to quantify local cortical gyrification”, IEEE
Transactions on Medical Imaging, 27(2):161-170 (Study 3)

(b) M. Schaer, B. Glaser, M. Bach Cuadra, M. Debbané, J.-P. Thiran, S. Eliez.
“Congenital heart disease affects local gyrification in 22q11.2 deletion syndrome
(22q11DS)”, in press Developmental Medicine & Child Neurology (Study 4)

3. To apply recently developed neuroimaging techniques for a more precise delineation
of cerebral anomalies in 22q11DS :

(a) M. Schaer, B. Glaser, M.-C. Ottet, M. Schneider, M. Bach Cuadra, M. Debbané,
J.-P. Thiran, S. Eliez. “Regional cortical volumes and congenital heart disease:
a MRI study in 22q11.2 deletion syndrome”, submitted (Study 5)

(b) M. Schaer, M. Debbané, M. Bach Cuadra, M.-C. Ottet, B. Glaser, J.-P. Thiran,
S. Eliez. “Trajectories of cortical thickness changes in 22ql1 deletion syndrome
(22q11DS): a cross-sectional and longitudinal study”, submitted (Study 6)

ol
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My contributions to the above articles is detailed here:

As a second author of Studies 1a, 1b & 1c, I was mainly involved in the image processing,
using techniques that Stephan Eliez taught me.

In Study 1a, based on a previously validated protocol, I was in charge of designing the
hippocampal subdivision according to anatomically relevant guidelines; I further con-
ducted the subdivisions and measurements of the hippocampal heads, bodies and tails
for all subjects enrolled in the study.

For Study 1b, as no satisfying protocol existed to delineate the fusiform gyrus, I designed
and standardized a new protocol, I then conducted the inter-rater validation with
Sandra Berney and further supervised her in drawing all subjects.

For Study Ic, I taught Federico Dufour the necessary neuroimaging skills to conduct mea-
surements of the cingulate gyrus; I further supervised him in tracing and contributed
critical inputs to the manuscript.

All other studies as a first author would not have been possible without the help and critical
contributions of all authors, and in particular without supervision of both of my thesis
directors, Stephan Eliez and Jean-Philippe Thiran. Nevertheless, I conducted the
image processing, statistical analyses and wrote the manuscript of each one.

In addition, for Study 3, 1 entirely wrote the Matlab code of the algorithm, but the com-
pletion of the method and the publication in an engineer journal would not have been
possible without the efficient supervision of Meritxell Bach Cuadra.

Required copyrights for reproduction of Studies 1a, 1b, 1c, 2, 3 € 4 have been obtained
from the editor with the following details:

Study 1a: License numbers 1980810603785 & 1980820287020, Rightslink / Elsevier
Study 1b: License numbers 1980820175866 & 1980810319745, Rightslink / Elsevier
Study 1c: License number 1999270633996, Rightslink / Elsevier

Study 2: Copyright has been obtained from Elsevier by e-mail on July 4, 2008.

Study 3: (©2007 IEEE. Reprinted, with permission, from IEEE Transactions on Med-
ical Imaging (2008), 27(2):161-170 (doi: 10.1109/TMI.2007.903576). This material
is posted here with permission of the IEEE. Such permission of the IEEE does not
in any way imply IEEE endorsement of any of the Geneva University of Medicine’s
products or services. Internal or personal use of this material is permitted. However,
permission to reprint/republish this material for advertising or promotional purposes
or for creating new collective works for resale or redistribution must be obtained from
the IEEE by writing to pubs-permissionsQieee.org.

Study 4: As explicitly expressed in the Copyright Assignment Form, reproduction of
articles accepted by the Journal Developmental Medicine & Child Neurology (Mac
Keith Press) in personal compilations or other publications of the author’s own work
is permitted without needing to seek permission from Mac Keith Press.
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Abstract

Hippocampal volume reduction and decreased memory skills form a characteristic neurofunctional alteration observed in schizophrenia. Indi-
viduals affected with 22q11.2 deletion syndrome (22q11DS), while exhibiting memory deficits throughout development, are also at high risk
for developing schizophrenia. The present study sought to investigate hippocampal volume reduction as separate of global grey matter reduction
in a large, independent sample of individuals with 22q11DS. Volumetric data from structural magnetic resonance imaging was obtained for 43
individuals affected with 22q11DS, aged 6-39 years of age, as well as for 40 healthy individuals matched for age and gender. Drawing of the
amygdala was included to enhance the delineation of the hippocampus, and circumscription of both the amygdala and the hippocampus were
executed using an increased resolution matrix. After controlling for total grey volume reductions observed in affected individuals, a significant
decrease in hippocampus volume was observed in the 22q11DS group, driven by significant bilateral volumetric reduction of the body of the
hippocampus. These results are discussed in reference to memory and cerebral alterations already reported in 22q11DS. Further, the specific impli-
cations of hippocampus body volume reduction are outlined in light of its anatomical relationships and its function in memory. Finally, reduction

of hippocampal volume in 22q11DS is examined in the context of psychiatric risk status associated to the deletion.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Hippocampus; Amygdala; VCFS; Memory; Schizophrenia

1. Introduction

The hippocampus receives input from all cortical association
areas (Amaral & Witter, 1989) and serves as the final processing
station of complex sensory information (Small, 2002). More-
over, it is recognized as a central structure for the functional
neuroanatomy of different memory processes (Moscovitch et
al., 2005). Recent evidence of hippocampal volume reduction
(Heckers, 2001; McCarley et al., 1999) and functional alteration
(Cirillo & Seidman, 2003; Weiss & Heckers, 2001) in individu-
als with schizophrenia suggests that the hippocampus also plays
a central role in schizophrenic disorders.

To date, one study reports medial temporal lobe reduction
in association with 22q11.2 Deletion Syndrome (22q11DS)
(Eliez, Barnea-Goraly, Schmitt, Liu, & Reiss, 2001a); how-
ever, it remains unclear if this reduction is independent from
grey matter density loss also characteristic of this population.
This neurogenetic syndrome, also referred to as velo-cardio-

* Corresponding author. Tel.: +41 22 327 43 03; fax: +41 22 327 43 20.
E-mail address: martin.debbane @medecine.unige.ch (M. Debbané).

0028-3932/$ — see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuropsychologia.2006.05.006

facial syndrome (VCFS) (Shprintzen et al., 1978), is an auto-
somal dominant condition affecting approximately 1 out of
4300-7000 live births (Oskarsdottir, Vujic, & Fasth, 2001). It
is usually caused by a 3 mb de novo deletion on the long arm
of chromosome 22 (Shaikh et al., 2000). Important cerebral
volumetric changes are associated with the deletion, such as
reduced grey and white matter volumes (Eliez, Schmitt, White,
& Reiss, 2000), reduced parietal and temporal lobes volumes
(Eliez et al., 2001a; Eliez et al., 2000), reduced cerebellum and
vermis volumes (Devriendt, Thienen, Swillen, & Fryns, 1996;
Eliez, Schmitt, White, Wellis, & Reiss, 2001b), thalamic vol-
ume decrease (Bish, Nguyen, Ding, Ferrante, & Simon, 2004)
and basal ganglia hypertrophy (Eliez, Barnea-Goraly, Schmitt,
Liu, & Reiss, 2002; Kates et al., 2004). Cognitive development
in affected individuals is characterized by learning difficulties
(Swillen et al., 1999), speech and language difficulties (Glaser
et al., 2002), attention deficits (Gothelf et al., 2004; Sobin et
al., 2004) and below-average 1Q (Golding-Kushner, Weller, &
Shprintzen, 1985; Swillen et al., 1997).

Recent investigations into memory functions in 22q11DS
reveal below-average performances in children and adolescents
(Bearden et al., 2001), as well as adults (Henry et al., 2002).
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These performances occur in a risk-for psychosis context: tran-
sient psychotic experiences occur in up to 50% of adolescents
and young adults with the deletion (Baker & Skuse, 2005;
Debbané, Glaser, David, Feinstein, & Eliez, 2006), and 20-30%
of affected individuals are reported to develop schizophrenia
during adulthood (Murphy, Jones, & Owen, 1999). Given asso-
ciations between decreased memory functions, reduced hip-
pocampal volume and risk for psychosis (Lawrie et al., 2002;
Wood et al., 2003), a precise delineation of hippocampal mor-
phometry in 22q11DS can contribute valuable information to
the underlying neural substrates of memory impairments and
corollary psychiatric risk associated to the syndrome.

The objective of the present study is to examine hippocampal
volume in a large and independent sample of individuals affected
with 22q11DS. We argue that a robust finding of volumetric
reduction of the hippocampus should be present after control-
ling for total grey matter volume. We perform sub-regional
analyses of the hippocampus to screen for morphological speci-
ficities within the structure. The amygdala is employed as a
control structure, and its volume is tabulated in order to provide
greater specificity for hippocampus delineation (Nelson, Saykin,
Flashman, & Riordan, 1998). On the basis of our previous report,
we hypothesize that amygdala volume will not yield any group
differences. We hypothesize that individuals with 22q11DS will
exhibit reduced hippocampal volumes, independent of total grey
matter reduction.

2. Materials and methods
2.1. Subjects

2.1.1. Individuals with 22q11.2 DS

Forty-three children and young adults (16 male, 27 female) with 22q11DS
ages 6-37 (mean=16.7 £ 8.7) participated in the study. All participants were
right-handed, except for six affected individuals and three controls. The sample
had a mean full-scale IQ score of 69.4+ 11.5 as measured by the Wechsler
Intelligence Scales for Children or Adults (WISC-III or WAIS-III). Participants
were recruited through local patient associations. Thirty-six of the participants
in the study had de novo deletions on chromosome 22q11.2 as confirmed by
fluorescent in situ hybridization (FISH), and one had a familial deletion. Written
informed consent was received from all parents and/or subjects under protocols
approved by the Institutional Review Board of the Geneva University School of
Medicine.

2.1.2. Comparison group

The comparison group was comprised of 40 typically developing individ-
uals (17 males, 23 females) ages 6-39 (mean: 15.1 £7.9), with a mean IQ of
111.1 &£ 13.4. Individuals were recruited through a newsletter distributed in pub-
lic schools and the community. All participants were screened for the absence of
neurological and psychiatric disorders through a medical intake interview and
screening forms (Medical and Developmental History Form, the CBCL for indi-
viduals younger than 18, and the SCL-90 for individuals 18 and older). There
were no significant differences between the two groups on age, gender, and
handedness.

2.2. DNA analysis

Blood was collected from children with 22q11DS. The deletions were veri-
fied and their extent determined by two-color FISH, with cosmid probes cD0832
and ¢350, specific for the proximal and distal deletion regions respectively
(Karayiorgou et al., 1995; Kurahashi et al., 1997).

2.3. MRI protocol

Magnetic resonance images were obtained using a Philips Intera 1.5T
scanner. Coronal images were acquired with a 3D volumetric pulse sequence
using the following scan parameters: TR =35 ms, TE=6ms, flip angle=45°,
NEX = 1, matrix size =256 x 192, field of view =24 cm?. Resulting images were
124 contiguous slices with a thickness of 1.5mm and in-plane resolution of
0.94 mm x 0.94 mm.

2.4. Image processing and measurement

SPGR image data were imported into the software program Brainlmage
v5.24 (http://www.spnl.stanford.edu/tools/brainimage.htm). This program per-
mits semi-automated image analysis incorporating the following steps: (0)
reslicing into ispotropic voxels (0.94 mm x 0.94 mm x 0.94 mm), (1) correction
of voxel intensity non-uniformity, (2) realignment according to AC-PC plane,
(3) removal of non-brain tissues, (4) segmentation of the brain into constituent
tissue types using a constrained fuzzy algorithm based on voxel intensity and
tissue boundaries. Details of these procedures have been published elsewhere
(Reiss et al., 1998).

For all procedures, manual and automated, raters were blinded to subjects’
identifying and diagnostic information. Circumscription of mesial temporal
structures (amygdala and hippocampus) was performed based on a previously
published protocol (Kates, Abrams, Kaufmann, Breiter, & Reiss, 1997). SPGR
datasets were transformed from a 256 x 256 to a 512 x 512 resolution using
bicubic interpolation in order to allow for more precision in the delineation of a
region of interest (ROI).

Amygdala and hippocampus ROI delineations are represented in Fig. 1.
Drawing of the amygdala was performed coronally, beginning on the slice where
the anterior commisure first crosses the midline of the brain. Drawing began

Fig. 1. Illustration of region of interest drawing of the hippocampus and subdivisions. Location of the left hippocampus is shown in (A). Hippocampus drawing is
done in the rostro-caudal direction, beginning with the hippocampal head (B). The transition from head to body is defined when the fimbria is clearly distinguishable,
dividing the hippocampus in two parts: the head medially (in white) and the body laterally (in black) (C). After this transition slice, hippocampal body is drawn (D),
until the first slice on which the crus fornix becomes fully visible. The latter slice defines the most anterior slice of the hippocampal tail. Hippocampal tail (E; in

white) is then delineated until it disappears.
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infero-laterally, moving medially at the border between the amygdala and the
white matter tract inferior to it. In the posterior regions of the amygdala, the supe-
rior border was partially defined by the presence of the entorhinal sulcus. The
amygdala was drawn until it disappeared posteriorally. The anterior-most slice
of the hippocampus was determined by the presence of landmarks: the alveus,
the point where the superior horn of the lateral ventricle first points medially, the
intensification of grey matter signal and an increased separation between grey
and white matter, and the development of the laminar structure that distinguishes
the hippocampus from the amygdala. Subsequent to the delineations, we divided
the total hippocampus into head, body and tail segments. Duvernoy (1998) states
that the hippocampal body has a highly characteristic shape on coronal sections,
and is medially delimited by the fimbria (Duvernoy, 1998). Further, he illustrates
how the junction between head and body is located when the uncus appears (in
the caudo-rostral direction). According to these anatomical considerations, we
used the following criterion: the coronal slice where the fimbria clearly divides
the hippocampus in two parts (the body laterally and the head medially) was
chosen as a transition slice to draw both structures (Fig. 1). In cases where the
fimbria was not clearly illustrated, we selected the slice where the uncus dis-
appears (from antero-posterior perspective). Hippocampal segments anterior to
this section were defined as the head of the hippocampus, and hippocampal seg-
ments after this section constituted the body of the hippocampus. The following
transition between hippocampal body and tail is commonly delimited on the first
coronal slice on which the crus fornix becomes fully visible (Maller, Reglade-
Meslin, Anstey, & Sachdev, 2006). We followed this transition using the crus
fornix as the main transition landmark between body and tail of the hippocam-
pus. Thereafter, volumes were measured and reliability analyses based on 10
datasets were conducted. Intraclass correlation coefficients were 0.93 and 0.94
for the amygdala and hippocampus, respectively.

2.5. Statistical analyses

Volumetric data met the necessary criteria (independence, normality, and
homogeneity of variance) for employing parametric statistical analyses. ANOVA
was used to compare the groups on mean total grey and white matter. Multiple
analyses of covariance (MANCOVA) was utilized to determine whether the
22q11DS and comparison groups had a unique pattern of combined left and
right volumes in the amygdala and hippocampus structures (total tissue values
of the amygdala and the hippocampus) when covarying for total grey matter
volume. For all sub-regional volumetric comparisons (right and left amygdala,
right and left subdivisions of the hippocampus—head, body and tail), follow-
up ANCOVA tested for specific group differences while adjusting for group
differences in overall grey matter volume. Thereafter, significant parameters
were first covaried for age to test for any potential effect. Then, the significant
parameters were also covaried for IQ, as some authors have suggested that
controlling for IQ yields a different analysis of brain morphology associated to
22q11DS (van Amelsvoort et al., 2001). An alpha of 0.05 (two-tailed) was used
as the threshold for statistical significance in all analyses.

3. Results

Total brain tissue volumes (grey and white together) were
approximately 12% smaller in the 22q11DS group relative to
the comparison group (ANOVA; F(1,81)=28.9; p<0.0001).
Reductions in total tissue were comparable for the left and
right hemispheres when analyzed separately. Further segmen-
tation of grey and white matter was conducted to describe group
differences in total brain volumes (Table 1). Total grey mat-
ter volume in the brain was reduced (mean=11.3%; ANOVA;
F(1,81)=20.6; p <0.0001) to a similar degree as for white matter
(12.1%; F(1,73)=11.6; p<0.001).

MANCOVA indicated a significant pattern of hippocam-
pal morphological variation distinguishing persons with
22q11DS from comparison subjects (Wilks Lambda of 0.761;
F(8,73)=2.86; p=0.008). Follow-up ANCOVA specifically

Table 1
Segmented total tissue, grey and white volumetric comparisons, amygdala and
hippocampus comparisons for 22q11DS vs. control subjects®

22q11DS Control F p value
Whole brain
Total tissue 11059 + 128.8 1251.1 £ 116.5 289 0.0001
Total grey 659.8 + 81.4 7438 £ 875 20.6 0.0001
Total white 446.1 £ 89.1 507.3 £ 73.3 11.6 0.001
Amygdala
Total tissue 2.12 £ 0.42 2.21 + 045 0.07  0.792
Left 1.09 &+ 0.24 1.13 £ 0.23 0.03 0.958
Right 1.03 £+ 0.21 1.08 & 0.25 020  0.653
Hippocampus
Total tissue 3.34 £ 0.46 3.85 + 0.44 738 0.008
Head-total 1.72 £ 0.33 1.89 &+ 0.31 148  0.227
Body-total 1.06 £ 0.20 1.30 & 0.18 17.5 0.0001
Tail-total 0.48 £+ 0.14 0.56 £+ 0.12 3.83 0.054
Left-total 1.58 £ 0.27 1.81 £ 0.21 848  0.005
Right-total 1.69 £ 0.25 1.94 £+ 0.23 10.01 0.002
Head-left 0.83 & 0.20 0.90 £ 0.17 0.68 0411
Head-Right 0.90 & 0.16 0.99 £+ 0.16 1.95 0.167
Body-left 0.51 £ 0.11 0.63 &+ 0.09 17.81 0.0001
Body-right 0.55 £ 0.11 0.67 £ 0.11 11.93 0.001
Tail-left 0.24 £+ 0.08 0.28 £ 0.06 256 0.114
Tail-right 0.24 £+ 0.07 0.28 £ 0.08 414 0.045

2 Volume estimates are expressed in cm?.

indicated a significant bilateral reduction of the body of the
hippocampus, and trend-like significance for the tail of the
hippocampus (driven by right tail volumetric estimates) in the
22q11DS group compared to the control group (Table 1). When
Age was introduced as a covariate, results remained unchanged.
When 1Q was included as a covariate, only the body of the
hippocampus remained significantly reduced in the 22q11DS
group (F(3,78)=4.14, p=0.045). Volumetric estimates of the
amygdala did not yield any significant differences between
groups.

In our sample, repeated-measures ANOVA revealed conven-
tional right-left asymmetry in both subject groups, with right
hippocampal volumes significantly larger than left hippocampal
volumes (F(1,81)=41.37, p<0.0001) and no detectable differ-
ence between the groups by side (F(1,81)=0.227, p=0.635).

4. Discussion

The present study reports a bilateral hippocampal body
reduction in 22q11DS, independent of overall volumetric grey
matter reductions; this result does not differ when age or IQ are
included in the analysis. Amygdala volumes were not found
to differ between groups, confirming our preliminary finding
(Eliez et al., 2001a). A right>left asymmetry of hippocampus
volume was found in both groups, which is consistent with
normal and clinical hemispheric morphology (Pegues, Rogers,
Amend, Vinogradov, & Deicken, 2003; Weiss, Dewitt, Goff,
Ditman, & Heckers, 2005). We discuss the implications that
hippocampal body volume reduction can bear on memory
function in 22q11DS, and how they relate to previously
described morphological alterations. Further, we draw parallels
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between 22q11DS and schizophrenia, and how these inform
future research avenues in this genetically homogeneous
population.

4.1. Implications for memory processes in 22q11DS

Research on neurogenetic disorders demonstrates how vol-
umetric reduction in cerebral areas can alter related function-
ality (Karmiloff-Smith et al., 1998). Recent functional MRI
studies illustrate how the body of the hippocampus acts as a
spatiotemporal convergence segment of separate sensory input
during associative learning (Small et al., 2001). The hippocam-
pus not only associates the two spreading activations converging
along the body segment, but also plays a determinant role in
recalling the information minutes after encoding (Small, 2002).
Thus alterations to the body of the hippocampus in 22q11DS
could selectively impair binding operations that associate dif-
ferent sources of information (auditory and visual, for exam-
ple), leaving other associations relatively intact (verbal—verbal,
for example). While studies report memory impairments in
22q11DS using standardized assessment tools (Henry et al.,
2002; Lajiness-O’Neill et al., 2005), more specific association
and recall procedures are needed to better assess the conse-
quences of regional hippocampal volume reduction found in the
present report.

Concurringly, volume reduction of the hippocampal body
could alter recollection-based memory performances, as they
involve the integration of a target and related contextual infor-
mation (Mandler, 1980). Several authors suggest that the hip-
pocampus participates in recollection-based retrieval (Aggleton
& Shaw, 1996; Yonelinas, 2001), but that familiarity-based
recognition is not affected by hippocampal alterations (Mayes,
Holdstock, Isaac, Hunkin, & Roberts, 2002; Vargha-Khadem
et al., 1997). Further examination of memory for context in
22q11DS is necessary to determine the functional impact of
decreased hippocampal volume observed in affected individu-
als. We have recently suggested that individuals with 22q11DS
exhibit alteration of basic timing mechanisms (Debbané et al.,
2005). Volume alteration of the hippocampus body could also
impair memory for temporal context in affected individuals
(Mayes et al., 2002).

4.2. Parallels between 22q11DS and schizophrenia

A decrease of hippocampal volume has been repeatedly
observed in individuals with schizophrenia (Nelson et al.,
1998). However, while some studies show greater posterior
hippocampal volumetric reduction in patients with schizophre-
nia (Hirayasu, Shenton, Salisbury, & McCarley, 2000), others
suggest anterior hippocampus volumetric reduction (Pegues et
al., 2003; Szeszko et al., 2003), and still, others report diffuse
hippocampal reduction in schizophrenia (Rajarethinam et al.,
2001; Weiss et al., 2005). These discrepancies could be due to
different factors, especially parcellation techniques, as most of
these studies arbitrarily divide the hippocampus into anterior
and posterior segments. The functional division along the
longitudinal axis of the hippocampus stresses the importance

of a tri-partite parcellation in structural imaging studies (Small,
2002).

Parallels between memory alterations in 22q11DS and in
schizophrenia can also be observed. Recall procedures are
known to yield greater memory impairments in individuals
with schizophrenia (Aleman, Hijman, de Haan, & Kahn, 1999).
Authors have suggested that the basis of recollection deficits
in schizophrenia pertains to a difficulty in linking the separate
aspects of an episode into a coherent and distinctive whole
(Danion, Rizzo, & Bruant, 1999; Rizzo, Danion, van der Linden,
& Grange, 1996), a task usually sustained by the hippocampus
(Aggleton & Brown, 1999; Yonelinas & Levy, 2002). Further-
more, it has been observed that familiarity-based recognition
is relatively unimpaired in individuals with schizophrenia,
but that recollection-based recognition tasks yield substantial
deficits (Achim & Lepage, 2003; Linscott & Knight, 2001;
Pelletier, Achim, Montoya, Lal, & Lepage, 2005). Individuals
with 22q11DS, who show increased prevalence of schizotypy
(Baker and Skuse, 2005) and a 20-30% rate of schizophrenic
morbidity (Murphy et al., 1999), do exhibit memory alterations
in recall procedures (Henry et al., 2002). Further examination
of familiarity and recollection processes are needed to better
delineate the influence of hippocampal body alteration in this
population.

The present study reports hippocampal body volume
reduction in a group of individuals with 22q11DS. One major
limitation to this study is the absence of specific memory tasks
that could be associated to hippocampal volumes in order to
assess the relationship between structure and function in this
population. Research is under way to examine the specific
memory processes that could be impaired by such structural
alteration. Further research is also needed to clarify the relation-
ship between hippocampal volume and risk for schizophrenia
in this population. Finally, a detailed account of the mnemonic
strengths and weaknesses in relation to morphological and
functional cerebral alterations in 22q11DS are necessary to the
formulation of adapted educative and therapeutic strategies.
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Abstract

Identifying the neural underpinnings of socio-emotiongiaits in 22q11.2 deletion syndrome (22q11DS) may eldeidecurrer
psychosis in affected individuals. In the current studyjrwestigate volumetric changes in 22q11DS to the fusifoymg)(FG), a regio
associated with hypoactivity during fMRI, by manually iregthe FG in 42 individuals with 22911DS and 54 healthy aastil_arge
anterior FG volumes and smaller posterior volumes biltyeree observed in 22q11DS after controlling for total bredlume. The resul
demonstrate structural changes to the FG in 22q11DS, mgvédidence for neural vulnerability in regions relatedgaoaial cognitior
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction expressioniflaxby et al., 2000; Kanwisher et al., 19¢
illustrating its centrality to the development of so

The fusiform gyrus is consistently the location of cognition @dolphs, 2003; Grossmann and John:
maximal activation in fMRI studies of facial identity and  2007). As a result FG dysfunction has become ke
understanding socio-emotional deregulation in in

miations:ZqulDS 22q11.2 deletion syndrome; FG, fusi- d.uals with adult psychiatric Condltlon.s such a.s dey
form gyrus; MRI, magnetic resonance imaging. e sion (Surguladze et al., 200%nd schizophreniaQur
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adolescents deal with psychotic symptoms, mostly toms at time of participation, could be scanned
auditory hallucinations and ideas of reference, and 30% included in the sample.
of adults are attributed a diagnosis of schizophrebgdér
and Skuse, 2005; Debbane et al., 2006&/eaker 2.2. Collection of MRI data and creation of fusifc
performances on measures of face recognition and protocol
processing Glaser et al., 2006; Lajiness-O'Neill et al.,
2005 and more severe emotional probleriisiies et al., Cerebral magnetic resonance images were acc
2009 are among a profile of cognitive deficits in  using aPhilips Intera 1.5 T scanner, details on the seq
22q11DS, which are related to persistent reductions in parameters and pre-processing have been previous|
grey and white matterZ{nkstok and van Amelsvoort,  cribed ODebbane et al., 2006b; Eliez et al., 2001b; Sc
2009. Recent fMRI studies have further related these et al., 200§ AC-PC aligned coronal slices were sut
deficits to functional impairments by demonstrating a quently used for delineating the FG.
reduced face-selective response in the fusiform gyrus A standardized protocol was created for mant
when individuals with 22q11DS viewed facésidersson tracing the FG based on previous parcellation of
et al.,, in presgs and impaired emotion processing in temporal lobe Kim et al., 2000 and atlas guidelin¢
individuals with the syndromevéan Amelsvoort et al., (Duvernoy, 199). To create the protocol, the FG w
2006. This evidence for impaired functional face net- first defined as the gyrus situated between the infi
works, especially pronounced in affected individuals temporal gyrus laterally, with the entorhinal cor
with positive psychotic symptom#&\(dersson et al., in  and the lingual gyrus, at the rostral and caudal
pres3, suggests that structural brain alterations in respectively, on the medial side. In the past, struc
220g11DS may underlie social problems associated with imaging studies have calculated a more abbrev
the syndrome. measure of the FG, by excluding the antero-post
The goal of the current study was to further investigate extreme pointsl{ee et al., 2002 To measure the F
a key region in face processing and social cognition in in its entirety, we extended previous boundaries
2211DS by measuring the fusiform gyrus (FG). A ma- using the AC as the anterior limit of the FG. For
nual protocol for dividing the FG into anterior, medial, posterior limit, we used the transverse collateral st
and posterior sub-divisions was thus created to identify (a point that is easily identifiable on all individua

alterations to subregions in 22q11DS. at 5 mm from the mid-sagittal slice to circumv
2. Methods
2.1. Participants Table 1 _

Fusiform volumes before and after adjustment for total cer

volume

Forty-two individuals affected by 22q11DS (24 fe-

males, 18 males, mean age: 13.98 years, SD=5.08) and (2’32%112')35 &Ofgz)'s ANCOVA
54 matched healthy controls (31 females, 23 males, mean Mean+SD  Mean+SD a p
age: 13.44 years, SD =5.46) were recruited consecutively
through parent associations and nearby schools in the
community, respectively. Eighteen of the individuals with
22011DS and 29 of the controls also participated in a Fusiform gyrus

recent study of differences in cortical foldin@dhaer  Anterior section

etal., 2008. Written informed consent was received from ~ Ri9ht 4.508+1.125  4.563+0.757  4.809 94 0.

o Left 4.673+1.285 4.441+0.727 12.768 94 0.(
all of the subjects’ parents under protocols approved by y;qgial section

Total brain 1000.539+ 1105.545+ 20.511 95 b.00
volume 117.331 108.972

the Institutional Review Board of the university hospital.  Right 4.619+1.049 5.303+1.066 0.601 94 O.
FISH was used to confirm the 22g11.2 microdeletion in  Left 4.239+1.017 4.814+0.907 0.302 94 0.
patients Karayiorgou et al., 1995 Semi-structured  Posterior section

interviews (DICA, SCID-I, K-SADS-PL) revealed psy-  Ridht 4.69311.682  5.934:1.759 3.983 94 0.

. : . e Left 4.888+1.380 5.982+1.691 5071 94 0.
chotic symptoms, including hallucinations (31%) or

delusions (38%), in 21 (50%) of the 22q11DS patients, Note: Raw measurements of the segmepte_d parts of the fusifol

. . included in the table. Follow-up ANCOVA indicate that after correc
arate consistent with other 2_2q11D_S Sammer a_md for differences in total brain tissue, the anterior sub-section:
Skuse, 200p Only one patient with a diagnosis of  gjgnificantly bigger in the 22q11DS group and the posterior sub-se
schizophrenia, who was medicated for psychotic symp- are significantly smaller bilaterally. All volumes are expressed if. ¢
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the frequent difficulty of finding a consistently iden- idea is further supported by previous whole-b
tifiable posterior limit on coronal slices. The entire volumetric imaging studiesE(iez et al., 2000; Simc
fusiform was then traced in the posterior to anterior et al., 200%, which echo observed FG changes
direction. The anterior section corresponded to 22gl1DS, posterior cerebral structures are reduc
Talairach boxes E1-E3, the medial section to boxes children and adults. By contrast, anterior brain si
F and G, and the rest was included as the posteriortures appear preserved in childrétafes et al., 200y

section. and reduced in adulthood, suggesting abnormal prt
and maturational processes with agar{ Amelsvool
2.3. Statistical analyses et al., 200). Quantitative alterations of cortical volun

are also accompanied by reductions in white m
Inter-rater reliability for manual tracing was estab- (van Amelsvoort et al., 20Q1and abnormal fronte
lished by two raters (MS and SB) on 10 randomly temporal and frontal-parietal tract8grnea-Goral
selected participants. The inter-rater alpha correlation et al., 2003, as well as more diffuse patterns of acti
coefficient was 0.9855 for the left hemisphere and in 22q11DS during fMRI studiesAhdersson et al
0.9847 for the right hemisphere. in press; Eliez et al., 2001a; van Amelsvoort et
Multivariate analysis of covariance was used to 2006, consistent with changes to connectivity betw
compare the two subject groups on the 6 sub-divisions structures.
of the FG (left and right). Given frequently reported A neurobiological hypothesis, implicating abnori
differences in total volumes between-groups, all anal- inter-regional connectivity, has been proposed in at
yses were covaried by total tissue volume. Follow-up (Belmonte etal., 2004another developmental disori
ANCOVA were then run to detect differences in the associated with face processing impairmergeh(-

anterior, medial, and posterior parts bilaterally. mann et al., 2006and increased anterior FG volun
(Waiter et al., 200}t Belmonte and colleagues hypc
3. Results esize that in the case of autism, structural impairn

may inhibit the formation of inter-regional connectic
Differences in total brain tissue volumes and FG and increase intra-regional connectiorBelmonte
sub-sections are reported iable 1 After covarying et al., 2004. Posterior reduction and anterior prese
for total brain tissue volume, significant differences tion in the FG in children with 22q11DS may simila
in FG volumes were detected between 22g11DS contribute to face-specific impairments of the ver
and comparison subjects (Wilks Lambda of 0.8F2; temporal streamAndersson et al., in pregsa func:
(6,88)=3.391; p=0.005). Specifically, follow-up  tionally defined region in which the specialization
ANCOVA indicated that individuals with 22911DS discrete cortical areas appears to be highly depel
had significantly larger anterior FG volumes and smal- on the honing of inter-regional connectiongo(ing,
ler posterior FG volumes bilaterally, as compared with 1992).

controls {fable 1. The current study provides evidence for the r
ganization of brain regions related to face and em«
4. Discussion recognition in the syndrome. Alterations to the FG t

been previously noted in schizophrenigeé et al.
The aim of this study was to test whether the FG is 2002, with decreased posterior FG volumes espec
structurally altered in 22q11DS, given recent evidence linked to schizotypy Takahashi et al., 2006Accord-
for functional alterations to face and emotion processing ingly, it is possible that structural changes to the FG
(Andersson et al., in press; van Amelsvoortetal., 3006 inter-regional tracts in 22q11DS may prime patie
After correcting for total intracranial volumes, we psycho-social and neural vulnerability for the fusifc
observed increased anterior and decreased posterioatrophy observed in adults with frequent psyct
FG volumes in patients versus controls, thus varying the manifestationsl(ee et al., 200R
structure's characteristic "fusi-", or spindle-like, form in
22g11DS. Role of the funding source
In 22q11DS, changes to the FG may affect indivi- Swiss National Research Funds to SE (PP00B-102864) an
duals' abilities to accurately identify faces and process (323500-111165) supported the research in this manuscript, as w
. . . . grant from the NARSAD Institute to SE. We hereby attest that 1
em(_)tlonal St_lmu“ Anderss_o_n et ?I" in pregsas well . agencies had no further role in study design; in the collection, an
as inter-regional connectivity with amygdala, medial and interpretation of data: in the writing of the report; and in the dec
prefrontal lobe, and other limbic cortical regions. This to submit the paper for publication.
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A similar pattern of deficits in executive function and neuroanatomical abnormalities is shared between
22q11.2 deletion syndrome (22q11DS) and schizophrenia, suggesting that common cerebral alterations
may lead to cognitive dysfunction and promote the appearance of psychotic symptoms in 22q11DS indi-
viduals. Specifically, there is increasing evidence for involvement of the cingulate gyrus (CG) in executive
dysfunction and the expression of positive symptoms in schizophrenia. The aim of our study is to exam-
ine CG morphology in a 22q11DS population and its potential role as a cerebral marker of executive
dysfunction and the manifestation of psychotic symptoms. Using region of interest (ROI)-based analysis,
we compared CG volumes from 58 children and adults affected by 22q11DS with 64 healthy age- and
gender-matched controls. After covarying for total cranium grey matter and age, a bilateral reduced CG
grey matter volume, driven by a decrease in anterior CG cortex, was observed among 22q11DS patients.
Further post hoc analyses suggest correlations between right CG cortical reductions, low-executive func-
tioning and the occurrence of psychotic symptoms. The CG structural abnormalities observed in 22q11DS
are consistent with previous reports in schizophrenic patients and are associated with pre-morbid cogni-
tive impairments. The mechanisms by which these changes may modulate executive functioning and the
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expression of psychosis are discussed.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Recent studies suggest that individuals at high-risk for psychosis
demonstrate structural abnormalities in the cingulate gyrus (CG)
(Pantelis et al., 2003), especially reduced grey matter in the ante-
rior cingulate (Borgwardt et al., 2007; Yamasue et al., 2004). As
part of the limbic system, the CG is involved in executive func-
tion and shares numerous connections with prefrontal cortex and
hippocampus (Bush, Luu, & Posner, 2000), two other regions sig-
nificantly altered in schizophrenia (Gur, Keshavan, & Lawrie, 2007;
Suzuki et al., 2005). Moreover, cognitive impairments linked with
both of these structures, specifically executive function and work-
ing memory, are considered as putative endophenotypes and core
features for schizophrenia (Bilder et al., 2000; Mohamed, Paulsen,
O’Leary, Arndt, & Andreasen, 1999; Silver, Feldman, Bilker, & Gur,

* Corresponding author. Tel.: +41 22 388 96 72; fax: +41 22 388 96 83.
E-mail addresses: federico.dufour@etat.ge.ch, fede.dufour@bluewin.ch
(F. Dufour).

0028-3932/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuropsychologia.2008.06.012

2003; Snitz, Angus, MacDonald, & Carter, 2006). Increasing interest
is given to identifying such potential endophenotypes, which rep-
resent important markers for the complex relationships between
genes, brain and related cognitive functions.

It is now established that almost a third of individuals affected
by 22q11.2 deletion syndrome (22q11DS), a neurogenetic auto-
somal dominant condition occurring in approximately 1 in 4000
live births (Oskarsdéttir, Vujic, & Fasth, 2004), eventually develop
schizophrenia (Murphy, Jones, & Owen, 1999). Moreover, neu-
ropsychological deficits associated with schizophrenia are already
apparent in youngsters with 22q11DS. These deficits include
impairments in executive function, sustained attention and ver-
bal skills (Lewandowski, Shashi, Berry, & Kwapil, 2007). Studies on
schizotypal manifestations in 22q11DS show that half of the ado-
lescents with the syndrome experience transient positive psychotic
symptoms, such as hallucinations and delusions (Baker & Skuse,
2005; Debbané, Glaser, David, Feinstein, & Eliez, 2006). Auditory
hallucinations represent the earliest symptomatic manifestation of
psychosis in children with 22q11DS, which can be observed as early
as the age of 9 (Debbané et al., 2006a), and represent a powerful
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predictor for subsequent development of psychosis (Gothelf,
Feinstein et al. 2007; Poulton et al., 2000). These observations
lend support for the view of psychosis as a continuum (van Os &
Tamminga, 2007), according to which cognitive and clinical man-
ifestations of schizophrenia can be observed, at reduced levels of
expression, in individuals prone to psychosis (Brewer et al., 2006).

As previously mentioned, subjects at high-risk for psychosis
display brain morphological changes in addition to cognitive
changes compared to healthy individuals. Neuroimaging studies
of 22q11DS describe how cerebral alterations in the syndrome
relate to schizophrenia (Chow, Zipursky, Mikulis, & Bassett, 2002;
Zinkstok & van Amelsvoort, 2005). Individuals with 22q11DS dis-
play general structural brain abnormalities, including reduced
total brain tissue, grey and white matter volumes (Eliez, Schmitt,
White, & Reiss, 2000; Kates et al., 2001), increased ventricular and
basal ganglia volumes (Eliez, Barnea-Goraly, Schmitt, Liu, & Reiss,
2002), decreased thalamic, hippocampal as well amygdala volumes
(Bish, Nguyen, Ding, Ferrante, & Simon, 2004; Debbané, Schaer,
Farhoumand, Glaser, & Eliez, 2006; Deboer, Wu, Lee, & Simon,
2007), and a reduction in cingulate grey matter density (Simon et
al,, 2005). In schizophrenic 22q11DS subjects compared to non-
schizophrenic, further anatomical differences include decreased
whole-brain total volume and total white matter and increased
total and sulcal cerebrospinal fluid volume (van Amelsvoort et
al.,, 2004). These results provide evidence for a specific pattern of
schizophrenic-like cerebral alterations in 22q11DS. Additionally,
the executive function deficits in 22q11DS (Lewandowski et al.,
2007) have been closely related to structural abnormalities in the
anterior CG in schizophrenia (Carter, MacDonald, Ross, & Stenger,
2001; Morey et al., 2005; Szeszko et al., 2000).

Research has demonstrated that structural cerebral alter-
ations may disrupt related cognitive function (Bush et al., 2000;
Karmiloff-Smith et al., 1998), potentially sustaining resulting psy-
chopathological manifestations such as hallucinations (Aleman &
Largi, 2008). Frith, Friston, Liddle, & Frackowiak (1992) suggests
that the anterior CG is key to positive symptom activity, and recent
research supports this claim (Allen, Largi, McGuire, & Aleman,
2008). In the verbal self-monitoring hypothesis proposed by Frith
et al. (1992), positive symptoms involve misattributing the ori-
gin of self-generated mental events (thoughts, intentions, internal
speech) to a source other than the self. These self-monitoring
deficits, shown to involve the anterior CG (Allen et al., 2007),
can promote the expression of hallucinations (Aleman & Largi,
2008). Accordingly, both structural and functional alterations in
the anterior CG are present among psychotic patients with pos-
itive symptoms (Choi et al., 2005; Shergill, Brammer, Williams,
Murray, & McGuire, 2000; Wang et al., 2007). Therefore, given
that 22q11DS patients are particularly prone to experience posi-
tive symptoms like hallucinations from a young age (Baker & Skuse,
2005; Debbané, Glaser et al., 2006), a careful analysis of CG struc-
ture and associated clinical symptoms seems worthwhile.

The aim of this study is to examine CG structure and its poten-
tial relationships with executive dysfunction and positive psychotic
symptomatology in a sample of individuals with 22q11DS.

To accurately measure CG morphology, we employed a ROI-
based analysis method for its high sensitivity and specificity, rather
than voxel-based morphometry (VBM)-analysis, which can some-
times produce artifactual results (Eckert et al., 2006). We conducted
this research on a large sample of affected children, adults and
healthy controls. As suggested by previous VBM results (Simon et
al., 2005), we expected CG volumes to be reduced in 22q11DS sub-
jects. Following previous reports on executive dysfunction and CG
alterations in schizophrenic patients (Carter et al., 2001; Morey et
al., 2005; Szeszko et al., 2000), we explored whether altered CG
morphology is associated with the deficits in executive function

frequently observed in 22q11DS (Lewandowski et al., 2007). Finally,
given evidence for animplication of CG integrity in the expression of
positive psychotic symptoms, we expected to find structural differ-
ences in CG volume between psychotic and non-psychotic 22q11DS
individuals.

2. Materials and methods
2.1. Subjects

2.1.1. 22q11DS group

Fifty-eight patients with 22q11DS aged 6-37 years (mean = 15.52 + 8.75) partic-
ipated in the study. Detailed demographic characteristics are presented in Table 1.
The sample had a mean full-scale IQ score of 69.03 + 11.79 as measured by the Wech-
sler Intelligence Scales for Children or Adults (WISC-III and WAIS-III) (Wechsler,
1991, 1997). The 22q11.2 deletion was confirmed in all patients using PCR direct
sequencing. Written informed consent was received from all participating subjects,
as well as the parents of subjects younger than 18 years of age, in accordance with
protocols approved by the Institutional Review Board of Geneva University School
of Medicine. At time of participation, a total of 10 patients were taking psychotropic
medication, five of which had a diagnosis of schizophrenia.

The presence of positive psychotic symptoms was determined through semi-
structured interviews with participants affected by 22q11DS and their parents. The
parents of participants younger than 18 years responded to a computerized DICA-
P (Reich, 2000), administered by a child and adolescent psychiatrist (S.E.). DICA-P
software generated DSM-IV diagnoses as well as a listing by diagnostic criteria of all
symptoms reported as present or absent. The DICA-P was supplemented with the
K-SADS-PL (Kaufman et al., 1997) for evidence of psychosis and mood cycling. Par-
ticipants older than 18 years were interviewed separately from their parents by the
same psychiatrist (S.E.) using the SCID-I to generate DSM-IV diagnoses and criteria
(First et al., 1993). This procedure was supplemented with the SADS-PL. The “degree
of psychosis” scale (Table 1) represents a description of patients’ psychotic symp-
toms and the severity. This scale has been used in a previous publication (Debbané,
Glaser, & Eliez, 2008).

2.1.2. 22q11DS subgroups

Psychotic (n=24, 11 males and 13 females) and non-psychotic (n=18, 7 males
and 11 females) subgroups were created from the 22q11DS group for post hoc
analyses. This division corresponds to a degree of psychosis >0 (psychotic) or =0
(non-psychotic). Only patients older than age 9 were used (n=42), given the age at
which psychotic symptoms become relevant in the clinical picture of children with
22q11DS (Debbané, Glaser et al., 2006).

These patients also were divided into high-executive functioning (n=20, 12
males and 8 females) and low-executive functioning (n=20, 5 male and 15 female)
subgroups. A composite score (WISC III-Digit span subtest+Stroop interference
score) was used to assess level of executive function. Only for the executive func-
tion analyses, two of the 42 subjects were excluded due to an absence of data.
Table 3 shows detailed group characteristics and Section 2.3 describes the executive
function composite score.

2.1.3. Control group

The comparison group consisted of 64 healthy individuals aged 6-39 years
(mean =15.02 £ 8.09) with a mean IQ of 111.89 ++ 13.02. An absence of past or present
neurological and psychiatric disorders was established during a medical intake
interview and by using scores from standardized screening forms (Medical and
Developmental History Form, the CBCL for individuals younger than 18, and the
SCL-90 for those older than 18).

2.2. Brain imaging

MRI was performed on a Philips Intera 1.5T scanner; 124 contiguous coronal
slices with a thickness of 1.5mm and in-plane resolution of 0.94 mm x 0.94 mm
(TR=35ms, TE=6 ms) were acquired. Image optimization was performed in Brain-
Image 5.2 following standard procedures whose details have been published
elsewhere (Reiss et al., 1998; Schaer et al., 2006).

Manual circumscription of the cingulate gyrus ROI was performed based on a
previously published protocol (Woodward et al., 2006) developed by the principal
investigator (S.E.). Briefly, we first traced left and right CG on sagittal slices 5 mm lat-
eral to the midline. Sagittal landmarks were used to draw CG boundaries on coronal
slices. The CG was delimited medially by the inter-hemispheric cortical surface, and
laterally by a line between the deepest extension of the CG sulcus and the deepest
extension of CG grey matter adjacent to the corpus callosum (CC), and by the CG
sulcus superiorly and the CC or the calcarine fissure inferiorly. A dynamic Talaraich
grid (Talaraich & Tournoux, 1988) was then used to define four sub-regions of the
CG: ventral anterior (VA; corresponding to A/B/C boxes of Talairach), dorsal anterior
(DA; D/E1 boxes), cingulate body (CinB; E2/E3 boxes) and splenium cingulate (SCin;
F/G boxes) (Fig. 1).
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Table 1
Demographic and medical data
22q11DS Controls ANOVA
n Mean S.D. n Mean S.D. F p
Age 58 15.521 +8.751 64 15.024 +8.099 0.106 0.745
1Q 58 69.034 +11.799 64 111.89 +13.023 360.102 0.001
Gender 1/2 1.569 +0.499 1.609 +0.491 0.202 0.654
Male=1 25 25
Female=2 33 39
Degree of psychosis? 58 1.21 +1.67 NA NA
Psychotropic medication 10 0
Schizophrenia 5 0

2 Degree of psychosis: 0= no symptoms lifetime; 1 = hallucination or delusion (<3 lifetime); 2 = hallucination or delusion (>3 lifetime); 3 = hallucination or delusion (monthly

basis); 4 =hallucination or delusion (weekly basis); 5=DSM-IV schizophrenia diagnosis.

For all procedures, two independent raters, blind to the participants’ diagnoses
(FD, MS), traced the CG volumes of 10 randomly chosen subjects. Intra-class correla-
tion coefficients for total left and right cingulate tissue volumes were 0.94, indicating
good inter-rater reliability for measurements.

2.3. Statistics

An alpha of 0.05 (two-tailed) was used as the threshold for statistical signifi-
cance. Specific covariates including total grey or white matter volumes, age, 1Q or
psychosis degree were used when necessary to exclude any non-significant free-
standing results.

2.3.1. Volumetric comparisons between 22q11DS and control groups

First, ANOVA were used to compare total brain tissue, grey and white matter
volumes between groups. Second, we used MANCOVA, with total cranium grey or
white matter volumes respectively as covariates, to compare CG grey and white
matter volumes bilaterally, and then to compare grey matter volumes from the four
CG sub-regions for both hemispheres. Significant regional differences were then
retested adding age as a covariate.

2.3.2. Post hoc volumetric analyses within 22q11DS and control subgroups

For the aforementioned reasons, only patients 9 years of age and older were
included in post hoc analyses.

First, we defined high- and low-executive functioning subgroups by averaging
the z-scores converted from standard scores obtained from the Digit Span and Stroop
interference tasks. These tests were specifically chosen given that the anterior CG
cognitive division is important for executive control (Bush et al., 2000). We then
divided our sample of 22q11DS subjects by high (z-score >0) and low (z-score <0)
executive-functioning individuals. An ANCOVA using age, IQ and degree of psychosis

Fig. 1. Sub-regions of the cingulate gyrus are shown: ventral anterior (red), dorsal
anterior (green), cingulate body (pink), splenium cingulate (blue). The ROI excluded
sub-genual cingulate gyrus.

as covariates, and executive function as a group factor was then performed to com-
pare high and low executive functioning subgroups on left/right CG grey matter
volumes.

Second, we employed ANCOVA, with age as a covariate and presence of psychotic
symptoms as a group factor to test the effect of psychosis on left and right CG grey
matter volumes.

Finally, we repeated the same procedure for posterior CG regions (splenium
cingulate sub-region), which were not expected to be related to executive function
or psychotic symptoms.

We subsequently tested for any significant relationships between executive
functioning and CG grey matter volumes within control subjects older than 9 (48
individuals split in 27 high- and 21 low-executive functioning control subjects).

2.3.3. Relationship between executive function and psychotic symptoms in
22q11DS

ANOVA with psychotic symptoms as group factor and the executive function
composite mean z-score as the dependent variable was used to test a poten-
tial relationship between level of executive-functioning and presence of psychotic
symptoms.

3. Results

3.1. Volumetric comparisons between 22q11DS subjects and
healthy controls

Subjects with 22q11DS showed a significant reduction in total
brain tissue and grey and white matter volumes compared to the
control group (total brain tissue: p=0.001; total cranium grey mat-
ter: p=0.000; total cranium white matter: p=0.001) (Table 2).
MANCOVA indicated smaller bilateral CG grey matter volumes
in 22q11DS compared to controls (Wilks Lambda: p=0.002, left:
p=0.025; right: p=0.003). Further delineation of the CG sub-
regions (Fig. 1) revealed that dorsal anterior and cingulate body
grey matter volumes were also reduced bilaterally (Wilks Lambda:
p=0.013; p=0.004 for left DA; p=0.002 for right DA; p=0.027 for
left CinB; p=0.004 for right CinB). Neither left nor right CG white
matter volumes significantly differed between groups. Adding age
as acovariate, we observed the same pattern of reduced CG volumes
across 22q11DS subjects.

3.2. Post hoc volumetric analyses within 22q11DS and control
subgroups

A significant reduction in right CG grey matter volume was
observed in the low-executive functioning 22q11DS subgroup
(p=0.02) compared to the high-executive functioning 22q11DS
subgroup. When comparing CG grey matter volumes and execu-
tive functioning within control subgroups, ANCOVA did not show
any significant differences between groups (p =0.142).

Further, a reduction in right CG grey matter in the 22q11DS psy-
chotic group compared to the 22q11DS non-psychotic group, as
well as a trend for reductions in the right DA (p=0.074) and CinB
(p=0.054) anterior sub-regions were observed (Table 3).
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Table 2
Volumetric comparisons between 22q11DS subjects and healthy controls
22q11DS (n=58) Controls (n=64) ANCOVA
Mean S.D. Mean S.D. F p

Total brain tissue? 1124.523 +138.71 1244.722 +102.87 29.915 0.001
Total cranium grey matter? 674.682 +85.813 743.839 +74.432 22.714 0.001
Total cranium white matter? 449.841 +90.035 500.883 +70.949 12.208 0.001
Cingulate gyrus

Total left grey matter 11.238 +1.721 12.597 +1.847 5.18 0.025

Total right grey matter 12.167 +2.36 14.274 +2.16 9.31 0.003

Total left white matter 6.94 +1.352 7.288 +1.214 0.004 0.951

Total right white matter 6.677 +1.534 7.247 +1.129 0.864 0.355
Ventral anterior grey matter

Left 2.484 +0.889 2.862 +1.29 2.059 0.154

Right 3.296 +1.181 3.736 +1.232 1.925 0.168
Dorsal anterior grey matter

Left 1.904 +0.349 2314 +0.619 8.46 0.004

Right 2.272 +0.536 2.784 +0.623 10.52 0.002
Cingulate body grey matter

Left 1.692 +0.321 1.957 +0.346 4.995 0.027

Right 1.739 +0.374 2.091 +0.378 8.721 0.004
Splenium cingulate grey matter

Left 5.156 +0.942 5.461 +0.945 0.003 0.957

Right 4.859 +1.025 5.661 +1.237 2.816 0.096

Note: Raw measurements of CG volumes are included in the table. Follow-up ANCOVA shows significant differences between groups after covarying for total cranium grey or

white matter volume. All volumes are expressed in cm?.
2 ANOVA was used to statistically compare volumes.

To test whether these results were related to deficits in exec-
utive function and psychotic symptoms observed in 22q11DS, we
performed the same analyses with the posterior segment of the CG
(splenium cingulate sub-region), and did not observe a significant
relationship with executive function or psychotic symptoms.

3.3. Relationship between executive function and psychotic
symptoms in 22q11DS

ANOVA with psychotic symptoms as a group factor and the
executive function mean z-score as a dependent variable indicated
a trend (p=0.064) toward a relationship between low executive
functioning and the presence of psychotic symptoms. Indeed, the
general distribution of psychotic symptoms among the low- and
high-executive functioning 22q11DS individuals shows that 70%
of the low-executive functioning subjects demonstrated psychotic
symptoms versus 40% in the high-functioning subgroup (Table 3).

4. Discussion

To our knowledge, this is the first investigation of the cingulate
gyrus structure using ROI-based analyses in 22q11DS individuals.
The results demonstrate bilateral reductions in CG cortical vol-
ume compared to normal controls, driven by a decrease in anterior
CG grey matter volumes, which remain significant after covarying
for age and total grey matter volume. Further, post hoc analyses
illustrated a reduction in the right CG grey matter volume in low-
executive functioning patients, associating right CG alterations in
22q1DS with executive function deficits. We also observed an over-
all right CG grey matter reduction in the participants with 22q11DS
reporting psychotic symptoms, and post hoc analyses revealed a
trend toward right anterior CG grey matter reduction in relation to
the presence of psychotic symptoms. Decreased statistical power
in our post hoc analyses may have prevented the identification of
specific CG sub-regional alterations linked to psychosis in 22q11DS.
Finally, we observed a trend toward a correlation between low-
executive functioning and the presence of psychotic symptoms.

Reductions in anterior cingulate grey matter volumes confirm
CG alterations in 22q11DS compared to healthy controls, which
were first reported by Simon and colleagues (2005) using voxel-
based morphometry analyses. These findings are also compatible
with anterior CG structural abnormalities found in individuals
at high-risk for psychosis (Borgwardt et al., 2007), as well as in
schizophrenia (Baiano et al., 2007). Using support from the litera-
ture on psychosis, in this discussion we will focus on the following
points: (1) the implication of a relationship between executive
function deficits and anterior CG changes; (2) the potential involve-
ment of the anterior CG in the expression of psychotic symptoms
in 22q11DS; and (3) suggestions for future explorations of brain
structure and cognitive functions leading to positive symptom
expression.

Cognitive studies have shown that executive function and work-
ing memory deficits related to the anterior CG (Carter et al., 2001;
Morey et al., 2005; Szeszko et al., 2000) are present in most
schizophrenicindividuals (Bilder et al.,2000; Mohamed et al., 1999;
Silver et al., 2003; Snitz et al., 2006). Neuroimaging studies have
directly linked these deficits to the CG. Indeed, executive and work-
ing memory tasks normally activate the caudal part of the anterior
CG (Bushetal.,2000), and a significant positive correlation between
the volume of the right anterior CG and the ability to perform a
go/no-go task has been previously reported (Bush et al., 2000).
Thus, the relationship between right CG cortical reductions and
low-executive functioning in 22q11DS patients may represent an
endophenotypic marker signaling neurocognitive deficits associ-
ated with schizophrenia. A recent study of children and adolescents
with 22q11DS reporting “schizophrenic-like” executive functioning
deficits (Lewandowski et al., 2007) further supports this idea.

Pronounced CG structural alterations in individuals with psy-
chosis and 22q11DS may provoke functional disruptions in a
cerebral network responsible for the development of positive
symptoms such hallucinations. The existing literature on high-risk
and schizophrenic samples implicates the CG in the pathology of
psychosis (Borgwardt et al., 2007; Pantelis et al., 2003; Yamasue
et al., 2004). Suzuki and colleagues (2005) suggest that loss of
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Table 3
Post hoc analyses among 22q11DS subjects aged above 9
Psychotic 22q11DS subgroup (n=24) Non-psychotic 22q11DS subgroup (n=18) ANCOVA
Mean S.D. Mean S.D. [& p
Psychosis versus non-psychosis volumetric comparisons (n=42)
Age? 20.482 +7.842 16.255 +8.561 2.763 0.104
1Q 64.208 +10.668 72.111 +10.867 5.555 0.066
Cingulate gyrus
Total left grey matter 10.919 2=il,7/289) 11.661 +2.083 0.733 0.397
Total right grey matter 11.438 +2.53 13.485 +2.22 4.479 0.041
Dorsal anterior grey matter
Left 1.852 +0.325 1.908 +0.345 0.13 0.72
Right 2.111 +0.552 2.519 +0.541 3.371 0.074
Cingulate body grey matter
Left 1.58 +0.282 1.748 +0.348 1.417 0.241
Right 1.602 +0.292 1.919 +0.483 3.937 0.054
High 22q11DS subgroup (n=20) Low 22q11DS subgroup (n=20) ANCOVA
Mean S.D. Mean S.D. F p
High versus low executive functioning volumetric comparisons (n=40)
Age? 15.817 +6.91 20.062 +8.229 3.12 0.085
1Q? 722 +9.299 64.85 +11.065 5.171 0.029
Cingulate gyrus
Total left grey matter 11.75 +2.008 10.843 +1.735 1.293 0.324
Total right grey matter 13.615 +1.451 11.342 +2.859 6.142 0.020
Dorsal anterior grey matter
Left 1.915 +0.331 1.838 +0.291 0.279 0.730
Right 2.506 +0.419 2.136 +0.631 245 0.105
Cingulate body grey matter
Left 1.756 +0.314 1.556 +0.255 2262 0.339
Right 1.918 +0.402 1.593 +0.362 3.576 0.117
Executive functioning-psychotic symptoms relationship
Psychotic subjects n=8 n=14
Non-psychotic subjects n=12 n=6
Psychotic subjects (n=22) Non-psychotic subjects (n=18) ANCOVA
Mean S.D. Mean S.D. F D
Executive function composite mean z-score? -0.217 +0.637 0.213 +0.789 3.641 0.064

Note: Raw measurements of CG volumes are included in table. Follow-up ANCOVA shows significant differences between groups. All volumes are expressed in cm3.

2 ANOVA was used to statistically compare groups.

inhibitory control, typically regulated in networks involving the
prefrontal cortex and the anterior CG (Kerns et al., 2004), may be
significant to the development of such symptoms, related to an
anterior CG grey matter volume reduction in schizophrenia (Choi
et al., 2005; Wang et al., 2007). Concordantly, Allen et al. (2008)
review several reports illustrating anterior CG activity deficits
during hallucinatory experiences. For example, the authors sug-
gest that abnormal anterior CG and temporal cortex activation
leads, in patients with auditory verbal hallucinations, to the mis-
attribution of inner speech to an external source (Allen et al.,
2007). Moreover, abnormal connections between the temporal
and anterior CG cortex also contribute to verbal self-monitoring
deficits, further sustaining auditory verbal hallucinations (Johns &
McGuire, 1999; Mechelli et al., 2007). Finally, consistent with our
structural findings of an altered right CG volume in 22q11DS
patients with psychotic symptoms, Shergill et al. (2000) report the
involvement of a large network of cortical areas prominently in the
right hemisphere, including CG, in auditory hallucinations.
Although our data point to an association between right CG
alteration, executive function and psychotic expression, it is dif-
ficult at this point to differentiate between the cause and effect
of their putative contributions. Considering that CG grey matter
reduction is a common finding among 22q11DS people compared

to healthy individuals, two developmental hypotheses may be
likely: (1) CG cortical alterations may disturb executive function-
ing in 22q11DS patients, thereby increasing the risk for psychotic
symptom expression, or (2) CG cortical alterations may directly
support hallucination-proneness thereby affecting executive func-
tion deficits in 22q11DS subjects. To date, longitudinal studies
in 22q11DS find that cerebral alterations, most notably in dorso-
lateral prefrontal cortex, are related to cognitive alterations (verbal
1Q decline) that accompany the rise of psychotic symptom expres-
sion (Debbané, Glaser et al., 2006; Gothelf et al., 2005). However,
a direct relationship between developmental brain abnormalities
and psychosis expression in 22q11DS has yet to be found (Gothelf,
Penniman, Gu, Eliez, & Reiss, 2007).

One limitation of our study is that we cannot exclude an effect
of IQ concerning the structural results between 22q11DS subjects
and the control group. Indeed, the groups show significant differ-
ences in IQ, which are likely correlated with brain grey matter
volume (Reiss, Abrams, Singer, Ross, & Denckla, 1996). Low IQ is
probably a general result of the many specific developmental fac-
tors interacting in 22q11DS, like the ones specifically tested in
this study. Covarying for IQ is an ongoing debate in research on
neurodevelopmental syndromes because it often means covarying
out the very effects in question. However, within-group analyses
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clearly show the association between right CG alteration and psy-
chotic symptoms in 22q11DS, independent of age or IQ. Another
limitation is our inability to test for any effects of medication
between the 10 individuals with 22q11DS following pharmacolog-
ical treatment and healthy subjects because of the large variety
of psychotropic drugs (neuroleptic, anti-epileptic, benzodiazepine,
methylphenidate) prescribed to the participants. Finally, the assess-
ment of psychotic symptoms will necessitate finer evaluation
to better understand their developmental process in 22q11DS.
Future studies employing dimensional measures characterizing
frequency and intensity of hallucinations and delusions, and the
distress and perturbation caused by these symptoms, may help
to clarify the complex interactions between brain morphology,
cognitive profile and the unfolding of positive symptoms psy-
chosis.
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Abstract

Velo-cardio-facial syndrome (VCFS), also known as 22q11.2 deletion syndrome, is a common genetic condition associated with
increased risk for developing schizophrenia. Given that cortical malformations play an integral role in the pattern of neuroana-
tomical alterations associated with VCFS, the aim of the present study was to quantify and localize gyral abnormalities. Magnetic
resonance images were obtained on a 1.5 T scanner. The gyrification index (GI), a measure of the degree of cortical complexity,
was differentially calculated for each lobe using a semi-automated protocol. The GI was calculated for 37 patients affected by
VCEFS as well as for 36 comparison individuals group-matched for age, handedness, and gender. The subjects affected by VCFS
showed a significant decrease in the GI in the frontal and parietal lobes compared with the control group. The pattern of decreased
gyrification in the frontal and parietal lobes further defines the structural changes associated with the syndrome and suggests
underlying abnormalities in neural connectivity. Aberrant connectivity may be partially responsible for the cognitive and behavioral
impairments in the syndrome, as well as the high incidence of schizophrenia among affected individuals.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords.: 22q11 deletion syndrome; VCES; Gyrification index; Schizophrenia; Cortical complexity

1. Introduction number without a proportionate increase in head size.
The degree of cortical folding, as measured by the
gyrification index (GI), is a remarkably stable value
among human beings. GI values reach their peak be-
tween 6 and 9 months of age, and then gradually de-
crease to a level that remains constant into adulthood
(Armstrong et al., 1995). Most adults from the typically
developing population have comparable GI values, and
the GI is considered a stable ontogenic feature, unaf-

Due to its enlarged size and concurrent cortical fold-
ing, the human cerebral cortex has assumed a highly
convoluted (gyrencephalic) shape. This expansion has
allowed for an increase in surface area and neuronal
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fected by age, sex, brain volume, body weight, and body
length (Zilles et al., 1988). Therefore, modifications to
the normal developmental course of gyrification during
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childhood (Armstrong et al., 1995) may be responsible
for brain alterations in certain neurogenetic disorders
and psychiatric conditions. Accordingly, an increase in
GI has been explained by a delay in brain maturation in
autism (Hardan et al., 2004) and by a developmental
arrest in Williams syndrome (Schmitt et al., 2002).

The current study attempts to explore gyrification
abnormalities and their relevance to the neuropsychiat-
ric phenotype in a frequent genetic condition, velo-
cardio-facial syndrome (VCFS), or 22ql1 deletion syn-
drome (22q11DS). Velo-cardio-facial syndrome is a
neurogenetic disorder most commonly caused by a 3
Mb de novo deletion on chromosome 22q11.2 (Shprint-
zen et al., 1978). VCFS affects 1 in 5000 live births
(Scambler, 2000). It is typically characterized by spe-
cific physical anomalies (Goldberg et al., 1993; Ryan et
al., 1997; Shprintzen et al., 1978) as well as cognitive
and learning impairments (Gerdes et al., 1999; Moss et
al., 1999; Swillen et al., 1997; Swillen et al., 1999b).
Sobin et al. (2005) reported pronounced deficits in
visuo-spatial memory, visual attention, and working
memory. Individuals affected by VCFS are also at
increased risk for psychopathology; higher rates of
attentional problems have been reported in pediatric
samples (Gothelf et al., 2004), as well as a high prev-
alence of withdrawn and avoidant behaviors (Papolos et
al., 1996; Swillen et al., 1997, 1999a). Furthermore, the
fact that one third of persons affected by VCFS are
reported to develop schizophrenia in late adolescence or
early adulthood (Baker and Skuse, 2005; Murphy et al.,
1999) suggests the syndrome as a homogeneous genetic
model for studying neuroanatomical changes associated
with the onset of psychosis (Bassett and Chow, 1999;
Murphy and Owen, 2001).

The VCFS phenotype has been related to a pattern of
brain alterations occurring in the syndrome. Quantita-
tive neuroimaging studies have revealed decreased gray
and white matter volumes in children and adolescents
with VCFS, with the parietal lobe being particularly
affected (Chow et al., 2002; Eliez et al., 2000, 2001c;
Kates et al.,, 2001; Simon et al., 2005). Conversely,
frontal lobe volumes have been reported as increased
or relatively preserved in childhood (Eliez et al., 2000;
Kates et al., 2004, 2001; Simon et al., 2005), but
substantially reduced by adulthood (Chow et al.,
2002). Also, aberrant neurodevelopmental trajectories
in volumes of the temporal lobe and hippocampal
volumes have been suggested by cross-sectional stud-
ies, implying that these structures may be reduced in
adulthood (Eliez et al., 2001b). Volumetric alterations
to the frontal, parietal, and temporal lobes are accom-
panied by changes in the organization of regional white

matter tracts, as observed with diffusion tensor imaging
techniques (Barnea-Goraly et al., 2003; Simon et al.,
2005). Moreover, aberrant functional activation in the
left parietal region revealed during an arithmetic task
suggests that abnormal connectivity underlies impair-
ments in mathematical reasoning and parietal lobe
function in VCES (Eliez et al., 2001a). According to
hypotheses put forth in studies of gyrification (Dehay et
al., 1996; Rakic, 1988; Van Essen, 1997), early abnor-
mal connectivity is likely to change initial cortical
morphology. Further, numerous case reports of cortical
dysgenesis in patients with VCFS (Bingham et al.,
1998; Bird and Scambler, 2000; Cramer et al., 1996;
Ehara et al., 2003; Ghariani et al., 2002; Kawame et al.,
2000; Sztriha et al., 2004; Koolen et al., 2004;
Worthington et al., 2000), most frequently in the frontal
and parietal regions, may provide insight into the eti-
ology of gyral alterations in VCFS.

To date, altered gyrification has been reported in a
number of pathologies, from experimentally induced
lesions in macaques to humans with specific psychiatric
or neurogenetic conditions. Animal studies suggest that
size and degree of folding of the cortical surface may be
determined by degree of thalamic input during the first
half of gestation, with a drastic decrease in gyrification
being reported after prenatal lesions to the thalamo-
cortical connections in macaque monkeys (Dehay et
al.,, 1996; Rakic, 1988). A model of tension-based
morphogenesis (Van Essen, 1997) also has been applied
to studies of cortical folding in abnormal human brain
development due to neurogenetic conditions. One
neuro-mechanical hypothesis suggests that gyral com-
plexity is driven by underlying neural circuitry; thus,
the strength of the local cortical interconnections deter-
mines gyrification (Van Essen, 1997). In detail, Van
Essen’s theory postulates that weaker local interconnec-
tions may lead to larger gyri and deep sulci due to
traction exerted by the long connections (i.e. thalamo-
cortical or cortico-cortical between different cortical
regions). Decreased gyrification in dyslexia is thought
to be responsible for slowed down information proces-
sing due to an increase in the number of long connec-
tions (Casanova et al., 2004). Conversely, strong local
interconnectivity may decrease gyri width. If this were
the case, frontal over-connectivity in autism (Courch-
esne and Pierce, 2005) would be responsible for the
increased GI in the frontal lobes of autistic children
(Hardan et al., 2004).

Similar explanations (Jou et al., 2005; Sallet et al.,
2003) have been applied to gyral abnormalities in
psychiatric conditions such as in schizophrenia (Harris
et al.,, 2004a,b; Kulynych et al., 1997; Sallet et al.,
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2003; Vogeley et al., 2000, 2001). In studies of schizo-
phrenia, the GI has been reported as increased in certain
regions and decreased in others. The most frequently
reported finding is a reduction of gyrification in the left
hemispheres of schizophrenic patients compared with
normal subjects (Kulynych et al., 1997; Sallet et al.,
2003). The overall left hemispheric decrease may be
related to a recurrent GI decrease in the left frontal
region (Harris et al., 2004b; Kulynych et al., 1997;
Sallet et al., 2003), which also has been reported in
high-risk individuals before the onset of schizophrenia
(Jou et al., 2005). Other GI abnormalities in schizo-
phrenia include an increase in right temporal GI (Harris
et al., 2004b) as compared with normal control subjects.
Based on a slightly different calculation (slice-by-slice
algorithm), right prefrontal hypergyria has been dem-
onstrated in schizophrenic patients compared with nor-
mal controls (Vogeley et al., 2000) and unaffected
siblings (i.e. high-risk individuals) (Harris et al,
2004a; Vogeley et al., 2001).

To investigate cortical surface changes associated
with brain alterations in VCFS, a syndrome known to
be associated with a high risk for developing schizo-
phrenia (Baker and Skuse, 2005; Murphy et al., 1999),
we used a lobar-specific automated protocol for mea-
suring hemispheric gyrification (Kesler et al., in press;
Schmitt et al., 2002) based on the Zilles method (Zilles
et al., 1988). We hypothesized that gyrification abnor-
malities would be observed in regions with frequently
reported morphological alterations or aberrant connec-
tivity. Specifically, we expected to observe gyrification
alterations in parietal, frontal, and temporal regions. We
expected the least degree of change to occipital lobe
gyrification, since it has not tended to be implicated in
volumetric studies or cortical dysgenesis case reports.

2. Methods
2.1. Subjects

2.1.1. Individuals with velo-cardio-facial syndrome
Thirty-seven children and young adults (11 male, 26
female) with VCFS with an average age of 16.6 £9.1
years participated in the study. Patients had an average
IQ of 69.5%11.6. All participants were recruited
through announcements in parent association newslet-
ters. Only native French- or English-speaking indivi-
duals were included in the sample, and all individuals
were assessed in their native language. Thirty-six of the
participants in the study had de novo deletions on
chromosome 22q11.2 as confirmed by a fluorescent in
situ hybridization technique (FISH), and one had a

familial deletion. To reduce diagnostic uncertainty,
only children with a confirmed 22q11.2 deletion were
included in the study.

The parents of the children and adolescents (younger
than 18, n=23) were administered a semi-structured
interview (computerized DICA-P), as well as the Psy-
chosis Module of the Schedule for Affective Disorders
and Schizophrenia for School-Age Children—Present
and Lifetime (K-SADS-PL Parent Version; Kaufman et
al., 1997) by a child and adolescent psychiatrist (SE).
The parent interview was followed by a clinical exam-
ination of the subjects focusing on symptoms and pro-
blems revealed during the parent interviews.

For subjects older than 18 (n=14), a structured
clinical interview was conducted separately with the
subjects and the parents by a child and adolescent
psychiatrist (SE), including the Structured Clinical In-
terview for DSM-IV Axis I Disorders (SCID-I) (First et
al., 1997) and the Psychosis Module of the Schedule for
Affective Disorders and Schizophrenia Present and
Lifetime (SADS-PL). Seventeen patients presented psy-
chotic symptoms (45.9%, 5 males, 12 females, age
20.5£7.5), eight had a diagnosis of psychosis
(21.6%, 5 males, 3 females, age 21.1 £8.9), and three
were diagnosed as schizophrenic (8.1%, 1 male, 2
females, age 30.5 £ 1).

2.1.2. Comparison group

The comparison group comprised 36 typically devel-
oping individuals (15 males, 21 females) with an aver-
age age of 14.4+82 years and average IQ of
110.5 £16.5. Individuals were recruited through a
newsletter distributed at public schools in the Geneva
community. Medical history and parent-report (Child
Behavior Checklist in children and adolescents) (Achen-
bach, 1991) and self-report (Symptom Checklist-90-
Revised in adolescents and adults) (Derogatis, 1983)
questionnaires were used to screen out psychiatric pro-
blems in our control group. Subjects with a history of
past or present neurological or psychiatric disorders
were excluded. The control group was matched for
handedness, age, and gender with the VCES group.

Written informed consent was received from all
subjects, as well as the parents of subjects younger
than 18 years of age, in accordance with protocols
approved by the Institutional Review Board of Geneva
University School of Medicine.

2.2. Imaging

Cerebral magnetic resonance images were acquired
using a Philips Intera 1.5 T scanner. Coronal images
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were acquired with a 3D volumetric pulse sequence
using the following scan parameters: TR=35 ms,
TE=6 ms, flip angle=45°, NEX=1, matrix
size=256 x 192, field of view=24 cm?, slice thick-
ness=1.5 mm, 124 slices.

Images were imported into the software Brainlmage
(Reiss, 2004) in order to perform a semi-automated
image analysis consisting of the following steps: (1)
correction of voxel intensity non-uniformity, (2) remov-
al of non-brain tissues, (3) segmentation of the brain
into constituent tissue types using a constrained fuzzy
algorithm based on voxel intensity and tissue bound-
aries, and (4) positional normalization and division of
the data into anatomic subregions using a stereotacti-
cally based parcellation method (Talairach and Tour-
noux, 1988). Details of these procedures are published
elsewhere (Andreasen et al., 1996; Kaplan et al., 1997;
Kates et al., 1999; Reiss et al., 1998).

A region of interest (ROI) circumscribing the lateral
ventricles was manually delineated, and all encircled
pixels were changed to white (intensity 255 in an 8-bit
color table). This procedure was performed to prevent
the ventricle-brain perimeter from being included as
part of the cortical perimeter in subsequent measure-
ments (see below). These procedures have been de-
scribed elsewhere (Subramaniam et al., 1997). In
addition, the posterior fossa was circumscribed and
removed using methods based on a previously validated
protocol (Aylward and Reiss, 1991).

The remaining cerebral tissue was parceled spatially
based on Talairach sectors that divide the cerebrum into
its four major lobes for each hemisphere (Subramaniam
et al.,, 1997). To localize gyrification anomalies, each
lobe was measured separately.

2.3. Calculation of the gyrification index

The gyrification index (GI) was defined as the ratio
of the inner perimeter of the brain (following all con-
tours into the sulcul crevices) over the perimeter of the
outer surface. These contours were delineated using an
automated software-based procedure (Schmitt et al.,
2002). First, the image was classified into gray matter,
white matter, and cerebro-spinal fluid (CSF) using a
dual thresholding algorithm that establishes discrete
tissue segmentation based on the histogram of voxel
intensities throughout the image (Otsu, 1979). The
inner contour of the brain was then defined as the
perimeter including all voxels classified as brain tissue
(i.e. voxels that were either gray or white matter). Since
it excluded all CSF and null voxels, this ROI circum-
scribed all sulci of the brain.

Fig. 1. Illustration of the GI on a coronal slice in the left frontal lobe.
The inner perimeter is delineated in white and the outer perimeter in red.

To generate the ROI for the outer brain surface, a
relaxed convex hull morphological operator was ap-
plied with the inner contour ROI as its argument (Lan-
caster et al., 1999). The algorithm determines the
smallest convex polygon that includes all points of
the original, inner contour ROI. This algorithm essen-
tially retraces the inner contour ROI, using a virtual
“ball” with a fixed diameter (in this case 6 voxels,
approximately 6 mm). Because of the predefined size
of the ball, the resultant ROI did not include the sulci
and therefore represents a measure of the outer surface
(i.e. convex hull of the inner surface ROI) (Fig. 1). The
outer perimeter was then measured. The GI calculations
were automatically repeated for each image slice
(Schmitt et al., 2002) using the following equation, as
initially described by Zilles et al. (1988):

n
ZP;I
j=1

Gr="=
S Pyt
J=1

where P;=the inner perimeter for slice j, P,=the outer
perimeter for slice j, t=slice thickness, and n=the
number of slices in the image (Fig. 1). The result of
each component of this equation is the surface area of
the brain (or lobe), from either its inner or outer con-
tour. The variable 7 and the units of the perimeter cancel
each other out, producing the unit-less ratio GI.

2.4. Calculation of gyrification index for the right
prefrontal region

After obtaining the results for GI in the four main
lobes bilaterally, to further test our VCFS group for the
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right prefrontal hypergyria observed in schizophrenic
patients, we subsequently modified our GI algorithm to
obtain a measure of gyrification in the right prefrontal
lobe that would be commensurate with previous studies
(Harris et al., 2004a,b; Sallet et al., 2003; Vogeley et al.,
2000, 2001). Thus, we recalculated the GI for each slice
in the right prefrontal region, with GI=P;/P,, and
compared the rostrocaudal course of the GI values of
VCES subjects to control participants.

The prefrontal region was defined according to pre-
vious studies. Vogeley et al. (2000, 2001) traced the
inner and outer contour for the slice anterior to the genu
of the corpus callosum, as well as for two slices situated
at 10 and 20 mm rostrally. Harris et al. (2004a,b) used
slice-by-slice measurements of all the slices from the
first slice where ribbons of white matter were distin-
guishable, up to the slice containing the genu of the
corpus callosum (about 10 slices, 1.88 mm thick). Sallet
et al. (2003) compared the rostrocaudal course of the
first five slices of the brain (3.6 mm thick). Therefore,
we individually recalculated GI for the first 20 slices of
the spatially reoriented right hemisphere (0.9375 mm
thick). Visual examination of 10 randomly selected
subjects confirmed that the 20th slice always fell
around the genu of the corpus callosum.

2.5. Data analysis

2.5.1. Data analysis for the left and right hemispheres
and the four main lobes

Gyrification data met the necessary assumptions for
parametric statistical analyses (independence, homoge-
neity of variance, and normality). One-way analyses of
variance (ANOVAs) were used to compare the GI of
VCFS patients and control participants for the right and
left hemispheres. Multiple analyses of variance (MAN-
OVAs) were performed to determine if the VCFS and
comparison groups had unique patterns of combined GI
in the four lobes (frontal, parietal, occipital, and tem-
poral) in the left and right hemispheres. Follow-up
ANOVA was then used to measure lobar GI differences
between groups. For all comparisons, the significance
threshold was set at P <0.05.

2.5.2. Data analysis for the right prefiontal region

To avoid a potential confound, the three schizo-
phrenic patients in our sample were excluded for anal-
yses of the prefrontal region. Repeated measures
ANOVAs, with group as the between-subjects variable
and the first 20 slices of the spatially reoriented brains
as the within-subjects variable, were used to analyze the
GI in the right prefrontal region.

3. Results

No significant differences in the GI of the right and
left hemispheres were detected between the VCFS and
control groups (left: F=3.27, P=0.075; right: F=0.57,
P=0.453). However, MANOVA for GI revealed a sig-
nificant pattern of lobar differences between individuals
affected by VCFS and control participants (Wilks 4 of
0.611, F(8,64)=4.11, P<0.001). Results of the group
comparisons of GI for each of the four main lobes, as
well as for the right and left hemispheres, can be found
in Table 1. In summary, measures of the GI in the VCFS
group were significantly smaller for the frontal and
parietal lobes than in the control group (Table 1). No
differences in GI between groups were found in the
temporal and occipital lobes.

For the right prefrontal region, between-group com-
parisons using repeated measures ANOVA did not reveal
significant differences for the GI between groups. Green-
house—Geisser corrected values for the repeated mea-
sures were as follows: F(19,1292)=1.671, P=0.134. In
summary, despite a high incidence of psychotic symp-
toms in our sample, VCFS subjects unaffected by schizo-
phrenia at the time of MRI acquisition did not show
evidence for the right prefrontal hypergyria demonstrat-
ed in schizophrenic patients (Harris et al., 2004a; Voge-
ley et al., 2000, 2001) (Fig. 2).

Table 1
Mean GI values of individuals with and without velo-cardio-facial
syndrome

Mean S.D. F P

Left hemisphere ~ Normal control 2.9864 0.4341 3.272 0.075
VCES 2.8247 0.3231

Left frontal Normal control 2.3964 0.3289 5.7 0.020
VCES 2.2257 0.2825

Left parietal Normal control 2.5543 0.3220 12.5 0.001
VCEFS 2.3285 0.2146

Left temporal Normal control 1.9378 0.2080 1.1 0.291
VCFS 1.9879 0.1936

Left occipital Normal control 2.5432 0.3478 1.5 0.229
VCES 2.4610 0.2178

Right hemisphere Normal control 3.0421 0.4221 0.6 0.453
VCES 2.9625 0.4757

Right frontal Normal control 2.4621 0.3607 4.0 0.049
VCFS 22991 0.3346

Right parietal Normal control 2.5420 0.3552 4.6 0.034
VCFS 2.3889 0.2421

Right temporal ~ Normal control 2.0242 0.2612 0 0.950
VCES 2.0286 0.3359

Right occipital Normal control 2.5320 0.2674 0.1 0.756
VCFS 2.5119 0.2814

F and P values are based on ANOVA comparisons between patients
with VCFS and normal controls.
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4. Discussion

The present study represents an initial attempt to
quantify cortical gyrification in a group of individuals
with VCFS using the gyrification index (GI), an auto-
mated measure of gyral complexity. Previous reports
of abnormal cortical gyrification in the syndrome
(Bingham et al., 1998; Bird and Scambler, 2000; Cramer
et al., 1996; Ehara et al., 2003; Ghariani et al., 2002;
Kawame et al., 2000; Koolen et al., 2004; Sztriha et al.,
2004; Worthington et al., 2000), especially polymicro-
gyria or pachygyria, came from clinical case reports done
by radiologists, which were easily influenced by indi-
vidual differences and were dependent on the expertise
of the clinician. In the current study, children, adoles-
cents, and young adults with VCFS displayed aberrant
patterns of cortical folding, compared with typically
developing individuals of comparable age and gender.
Decreased gyrification in the brains of affected subjects
was observed in the frontal and parietal lobes, the regions
most frequently associated with volumetric changes or
altered connectivity. By contrast, there was no evidence
for alterations to the temporal or occipital lobes.

There are several explanations for the pathogenesis
of the decreased cortical complexity observed in the
study. As proposed by several authors, the neuro-me-
chanical model of Van Essen (1997) provides a good
framework for understanding how gyrification may
indicate abnormal underlying connectivity. In VCES,
decreased gyrification in the frontal and parietal lobe
manifests with large gyri and deep sulci (see Fig. 3).
This pattern of decreased folding with large gyri could

33

be due to weak local interconnections in the frontal and
parietal lobes, according to the tension-based morpho-
genesis model (Van Essen, 1997). In the frontal lobe,
decreased organization of white matter tracts has been
observed using diffusion imaging tensor techniques in
the middle frontal gyri bilaterally, as well as in the left
superior frontal gyrus (Barnea-Goraly et al., 2003). In
the parietal lobes, white matter tract disorganization has
been reported in the postcentral gyri bilaterally and in
the left superior parietal gyrus (Barnea-Goraly et al.,
2003). Moreover, disrupted connectivity within the pa-
rietal and prefrontal network is thought to contribute to
the frequently observed arithmetic and visuospatial
impairments in the syndrome (Eliez et al., 2001a).

Multiple etiological explanations may be proposed
for the observed gyrification abnormalities. In the pa-
rietal lobe, an abnormal early developmental process
may explain decreased gyrification. Evidence for a
reduction in parietal lobes has already been reported
in children with VCFS (Chow et al., 2002; Eliez et al.,
2000; Kates et al., 2001; Simon et al., 2005). According
to Rakic’s hypothesis, a decrease in the thalamic affer-
ences to the cortex during the first part of gestation
would explain both the reduction in parietal gray matter
(Eliez et al., 2000; Simon et al., 2005) and the currently
reported decreased GI through an impairment in corti-
cal expansion (Dehay et al., 1996; Rakic, 1988). Fur-
ther, reported decreases in white matter volumes in the
parictal lobe (Eliez et al., 2000; Kates et al., 2001;
Simon et al., 2005) would support reduced thalamo-
cortical connections, thereby altering normal cortical
development in the syndrome.

3.1+

2.94
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254

2.34

2.1+

1.9

1.74

15

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Slices

— Normal Control (n=36) — VCFS (n=34)

Fig. 2. Group comparison of the rostrocaudal course of the GI in the right prefrontal region (20 slices, 0.94 mm thick). The absence of right
prefrontal hypergyria in our sample of VCFS subjects without schizophrenia compared with normal controls further strengthens the association

between increased right prefrontal GI and schizophrenia.
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Fig. 3. An illustration of cortical folding in frontal coronal (I) and parietal (II) sections of a control participant (left) compared with a patient with
VCES (right). The patient shows larger gyri with shallower sulci than the control participant in the superior frontal region, as well as in the superior

parietal region.

Conversely, volumetric findings indicate changes of
a different nature in the frontal lobes of VCFS patients,
with a relative preservation (i.e. enlargement relative to
the overall reduction) reported in affected children
(Eliez et al., 2000; Kates et al., 2001). Although it is
less clear how abnormal development of the frontal
lobe affects gyrification without modifying volume,
the parietal and frontal cortices share a common vas-
cular peculiarity during development. Namely, the most
common locations of dysplastic cortex are in the pos-
terior frontal and the parietal regions (Barkovich et al.,
1995). Indeed, in 12 patients with VCFS for whom
cortical dysgenesis, either polymicrogyria or pachy-
gyria, was reported, the parietal lobe was affected in
11 cases (Bingham et al., 1998; Bird and Scambler,
2000; Cramer et al.,, 1996; Ghariani et al., 2002;
Kawame et al., 2000; Koolen et al., 2004; Sztriha et
al., 2004; Worthington et al., 2000) and the frontal lobe
was involved in nine cases (Bingham et al., 1998; Bird
and Scambler, 2000; Cramer et al., 1996; Ghariani et
al., 2002; Kawame et al., 2000; Koolen et al., 2004;
Sztriha et al., 2004; Worthington et al., 2000). Most

authors suggest that many, if not most, cases of poly-
microgyria are caused by ischemia occurring during a
critical period of cortical development, resulting from
either infection (cytomegalovirus), maternal shock, or
twin—twin transfusion syndrome (Barkovich et al.,
1995; Guerrini et al., 2000). The ischemic etiology of
polymicrogyria may explain its characteristic localiza-
tion restricted either to the territory of a main artery or
to the watershed between major arterial territories
(Guerrini et al., 2000). Posterior frontal and parietal
regions are especially vulnerable because they represent
an intravascular boundary zone at the mid-second tri-
mester of gestation, when both the middle and posterior
cerebral arteries are fully formed (Eecken, 1959). Given
that vascular anomalies are one of the cardinal symp-
toms of VCFS (Shprintzen et al., 1978), genetically
induced anomalies of cerebral vessels may result in
abnormal neuronal migration and gyral alterations
through circulatory disturbances in the developing
brain (Bird and Scambler, 2000; Dambska and Laure-
Kamionowska, 2001; Ehara et al., 2003; Kawame et al.,
2000). TBX1, a gene involved in vascular development
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(Chieffo et al., 1997; Merscher et al., 2001), may be a
candidate gene responsible for the differences in gyr-
ification observed in the frontal and parietal lobes
in VCFS.

Finally, contrary to our hypothesis, we did not ob-
serve gyral alterations in the temporal lobe. In addition
to abnormal developmental processes, gyrification may
also be affected by secondary pathological processes
when GI values are normally stabilized (i.e. during
adolescence or adulthood). For example, different mod-
els of alterations to gyrification are proposed for age-
related atrophy (Kulynych et al., 1997). If atrophic
sulcal widening were accompanied by proportionate
reductions in cortical surface area (e.g. total brain vol-
ume reduction), GI would remain stable (Kulynych et
al., 1997). By contrast, differential atrophy with en-
largement of the sulci without proportionate brain re-
duction would increase the inner contour of the brain,
thereby increasing GI. Reported alterations in the tem-
poral lobe in VCFS led us to erroneously expect in-
creased gyrification in the left temporal region through
a secondary pathological process. A report of enlarged
left Sylvian fissure in children with VCFS (Bingham et
al., 1997), taken together with a decrease in left tem-
poral gray volumes with age (Eliez et al., 2001b), led us
to believe that an atrophic process would open the sulci,
thereby increasing GI in the temporal lobe. Even if this
were the case, multiple reasons may exist why we do
not observe differences in temporal lobe gyrification.
First, given that overall GI tends to be decreased in
subjects with VCFS, a regional GI increase rather than
a decrease may not be discernible, either due to our
method of measurement or because more subjects
would be needed to detect a difference. Second, the
nature of the atrophy previously observed in the tem-
poral region (Eliez et al., 2001b) may be associated
with stable GI measures. Specifically, if atrophic sulcal
widening were accompanied by a concurrent propor-
tionate reduction in cortical surface, temporal lobe at-
rophy would probably not lead to increased gyrification
(Eliez et al., 2001b).

The observed pattern of gyral alterations may have
potential applications for the development of schizo-
phrenia in VCFS. Numerous gyral alterations have been
associated with schizophrenia. Namely, a reduction in
gyrification in the left (Kulynych et al., 1997; Sallet et
al., 2003) and right hemispheres (Sallet et al., 2003) has
been reported in schizophrenic patients compared with
control participants. Lobar assessment of GI has
revealed a decrease in gyrification in the frontal lobe
bilaterally (Kulynych et al., 1997; Sallet et al., 2003),
an increase of GI in the right prefrontal region (Harris et

al., 2004b; Sallet et al., 2003; Vogeley et al., 2000), and
an increase in the right temporal lobe (Harris et al.,
2004b). Moreover, observed alterations to gyrification
in the frontal lobe of VCFS patients appear to be
primordial for the development of schizophrenia. Of
interest, a recent study of young adolescents at high
risk for developing schizophrenia (Jou et al., 2005)
reported decreased GI in the left frontal lobes premor-
bid to the onset of psychotic symptomatology. Together
with our observation of decreased frontal GI in VCES,
the study by Jou et al. suggests that decreased gyrifica-
tion in the left frontal lobe may represent a neuroana-
tomical marker for susceptibility to schizophrenia. This
may also explain why differences in left frontal GI were
not appearant when affected individuals were compared
with a high-risk group (Harris et al., 2004a). By con-
trast, right prefrontal hypergyria was demonstrated in
schizophrenic patients compared with control partici-
pants (Sallet et al., 2003; Vogeley et al., 2000) as well
as their unaffected siblings (Harris et al., 2004a; Voge-
ley et al., 2001). Thus, we could postulate that de-
creased GI in the left frontal lobe may be related to
increased susceptibility to schizophrenia and right pre-
frontal hypergyria may be associated with the disease
itself. The fact that we did not find a difference in
gyrification in the right prefrontal lobe between patients
with VCFS and comparison subjects (Fig. 2) further
emphasizes a hypothesis of different cerebral changes
between individuals at high risk or patients with the
disease itself. According to Van Essen (1997), gyral
similarities between schizophrenic patients and high-
risk individuals would reinforce a neurodevelopmental
model of schizophrenia (Weinberger, 1995), in which
case alterations to frontal connectivity would precede
the disease and disconnectivity in the prefrontal region
would characterize it (Weinberger et al., 1992).

This first attempt at defining GI in VCFS suggests
new avenues for inquiry. Given that neural circuitry is
key to functional impairments, decreased gyrification in
the frontal and parietal lobes likely plays a role in the
cognitive, behavioral, and psychiatric impairments as-
sociated with VCFS. To continue to learn about the
intersection between changes in brain structure, gyrifi-
cation, and the resulting phenotype, alternate method-
ological approaches for quantifying brain alterations
will be needed. Future longitudinal studies are required
to evaluate the role of cortical folding malformations in
the predisposition to or the onset of schizophrenia.
Future studies including individuals homogeneous for
the severity of their psychotic symptoms will help to
clarify the relationship between gyrification and schizo-
phrenic progression. Also, a more specific evaluation of
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the pattern of connectivity underlying gyral alterations,
for example, by using fiber tracking based on diffusion
tensor images, may show how gyrification is influenced
by neural connections. Finally, initial quantitative evi-
dence for gyral abnormalities in VCFS encourages
further investigation of changes in cortical morphology,
such as cortical thickness. Complex frameworks for
analyzing cortical data have recently been developed,
using deformation maps on geometric models of the
cortex (Thompson et al., 2004). In the future, three-
dimensional analysis of cortical patterns will undoubt-
edly become a powerful tool for assessing gyral altera-
tions in vivo in persons affected by psychiatric or
neurogenetic conditions.
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A Surface-Based Approach to Quantify Local
Cortical Gyrification

Marie Schaer*, Meritxell Bach Cuadra, Lucas Tamarit, Frangois Lazeyras, Stephan Eliez, and
Jean-Philippe ThirgrSenior Member, IEEE

Abstract—T he high complexity of cortical convolutions in hu-
mans is very challenging both for engineersto measure and com-
pareit, and for biologists and physicians to understand it. In this
paper, we propose a surface-based method for the quantification
of cortical gyrification. Our method uses accurate 3-D cortical re-
construction and computes local measurements of gyrification at
thousands of points over the whole cortical surface. The potential
of our method to identify and localize precisely gyral abnormali-
tiesisillustrated by aclinical study on a group of children affected
by 2211 Deletion Syndrome, compared to control individuals.

orders. For example, it has been suggested that increase
fication in Williams syndrome relies on a developmental a
due to microvascular infarcts during early cortical developr
[15]. Altogether, these findings suggest that cortical compl
subtly reRects underlying biological processes associatet
normal or abnormal cognitive functioning. Therefore, the de
opment of reliable and precise algorithms to study gyrifice
is certainly key in our future understanding of normal anc
normal brain development.

Initial moves to assess cortical complexity were mad
the second half of the twentieth century by comparative
roanatomists, who had observed that an increase in the ¢
area during mammalian evolution was accompanied b
increase in folding [21], [22]. They proposed the use of a sil
A PPREHENDING the complexity of cortical folding re-zero-order surface ratio to quantify cortical folding. The G

mains one of the most formidable challenges followingcation Index (GI) was defined as the ratio of the total fol
recent advances in neuroimaging techniques [1], [2]. The igortical surface over the perimeter of the brain, delineate
creasing interest in the study of cortical complexity is drivep.p coronal sections [23]. Because of its easy interpret
by its potential to delineate and understand normal maturatigfq jts simplicity in implementation, many studies have |
[3-[5], abnormal brain development [6]-[16], or neurodegensonducted using the Gyrification Index to identify abnor
erative processes [2], [17], [18]. For example, an increase dfrtical complexity in neurodevelopmental and psychi
the frontal co_rtical comp_lexity during childhoqd suggests thafisorders [8]-[10], [12], [14]-[16], [24], [25]. However, diss¢
normal ongoing maturational processes CO_”“”UOUS|¥ remo‘?@barding traditional methodological usage of the Gyrifice
the cortical shape [4]. As the elastic properties and microstrygyex remains a major issue. First, surfaces are delineat
ture of neuronal sheets [19] and axonal connectivity [20] inflysyronal sections, which do not take into account the inh
ence cortical folding, cortical complexity may reveal the undeg.n nature of the cortical surface. Perimeter measurement
lying structural configuration of the brain. Also, cortical comyq piased by slice orientation, and buried sulci cannot al
plexity may convey crucial information in the understanding gfg incjuded. Also, the precise localization of gyral anomali
pathological processes associated with neurodevelopmental dissiobar regions is not possible in 2-D slices. Last but not |

most studies (except [14], [15], [26]) used manual deline:
Manuscript received March 8, 2007; revised June 19, 2007. This work we$ the contours, which raises the question of reliability
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where A7, and A/, are the area of the fagein the 3-D mes
of the pial surface and of the outer surface, respectively
Mp and M, are the total number of faces in the pial and ¢
mesh, respectively. In order to compute the outer surface, E
elor [30] proposed the use of the convex hull of the pial sur
However, as mentioned in [35] and [36], the convex hull i<
really an accurate representation of the envelope of the
because it does not adhere to the hemisphere. That is why
elor called it a convexity ratio and not a 3-D-Gyrification Ini
[30]. The minimal value for the convexity ratio correspor
smooth and perfectly convex object (i.e., convexity ratio €
to 1). We want the 3-D-Gyrification Index to be minimal fc
smooth object having the same general shape as the hemi
(i.e., with no sulci). Therefore, the outer surface was specifi
reconstructed for that purpose. The following section pre
the surface reconstruction process. The whole process is
marized in Fig. 2.

Fig. 1. llustration of the 2-D Gyrification Index as originally described by 1) Pial Surface: The pial cortical surface is first recc
Zilles [23] (figure from [14]). Gl is classically computed on coronal sections )

after volume realignment in the AC-PC plane, as the ratio of the pial perimet%VUCted_ in_ 3-D space, with a submillimeter accuracy. In
(in white) over the outer perimeter (in gray). work, this is done using the FreeSurfer [28] software that

divides the process into several subtasks.

First, the intensity of the original medical resonance ima
in circular regions of interest. We tested the potential of oyMRI) is normalized and voxels not considered as brain ti
method to identify and localize subtle gyral anomalies, by coare removed using a "skull-stripping" procedure. Second,
ducting a group comparison between 12 girls affected by 22qgfidsue segmentation is completed, based on intensity infi
Deletion Syndrome, a neurodevelopmental condition of genetion, on the laminar structure of the gray- white matter intel
origin [33], and 12 typically developing children matched fo[28] and on an automated atlas-based subcortical masking
age (girls only, mean age75 + 1.4). The segmentation process thus results in a single filled

The rest of this paper is organized as follows. In Section kpatter volume for each hemisphere, which is covered w
we introduce the new method for quantifying the local Gyrificatriangular tessellation (white surface). Then, this initial te:
tion Index (GI). Section Ill presents a clinical implementatioriation is repositioned using a deformable surface algorithn
of the method based on 24 young girls. Finally, in Section I\fninimizes an energy term guided by local MRI intensity va
we briefly discuss the results of our statistical analysis, and @8], resulting in two smoothed tessellated cortical hemispr
velop the relationship betwed@| and the other methods for Finally, the same surface deformation algorithm is applied

measuring cortical shape. the white surface toward the gray matter - CSF interface
sulting in the pial surface. Moreover, the self-intersection il

II. A NEW SURFACE-BASED METHOD FORQUANTIFYING surfaces is prevented [38]. The white matter and pial sur
LocAL GYRIFICATION are careful inspected, and topological defects resulting i

azilccurate or nonspherical surfaces are removed manuall)
resulting pial surface is derived from the white surface w
point-to-point correspondence [28], and is topologically co
N with no self-intersection [39]. For these reasons, 3-D re
Y1 Ppet 0 structions of the cortical surface cope more successfully
ZJ].V:] Pg ot the problem of buried sulci than 2-D perimeters, which art
continuous and have no correspondence between the inn
where; indexes the inceP}i is the pial cortical perimeter of outer faces of the cortical mantle.
slicej, P}, is the outer perimeter of sligg# is slice thickness, At this point, a 3-D mesh of the pial surface consistin

The Gyrification Index is commonly computed on coron
sections using the following equation [23]:

Gljo—p =

andN is the number of slices in the image (see Fig. 1). ~120000 vertices, with an average face area of 0.5 nire-
comes available and its envelope (outer surface) needs
A. Three-Dimensional Extension of Gl computed.

We first extend the Gyrification Index in a 3-D space, using . 2) Outer Surface:As proposed in [35] and [36], an ou
the areas of cortical mesh models instead of perimeters. In O4! ightly warping the pial surface can be efficiently compt

implementation using mesh models with triangular faces, tl;féing a morphholo_g:cal clt:)_sing og(_eration. IFor this zurhpose
following equation replaces the classical 2-D Gl: Irst convert the pial mesh into a binary volume, and then ¢

the sulci using a sphere of 15 mm diameter as the stru

ZMP A element. The diameter of 15 mm was experimentally chos

Gljs_p = ]/;1 Lis (2) thatit closes the main sulci. Kaet al. [35] used 10 mm, b
i1 Ab observed in their experiment that a 50% increase or decre



Study 3 87

SCHAERet al: A SURFACE-BASED APPROACH TO QUANTIFY LOCAL CORTICAL GYRIFICATION 168

A Triangul Deformable
Pial Surface Reconstruction
" Outer Surface Reconstruction
= e T o omputatn |*

Fig. 2. Block diagram summarizing the main steps of our method for pial surface reconstruction (top row) and outer surface reconstruction (ploétfmme
measuring the local Gyrification Index.

this parameter does not substantially affect the result. Finally, the corresponding pial region of interés{v;, ). The cor
we create a 3-D triangulated mesh on the binary closed volume. respondence between the regions of interest on the
The resulting outer mesh is typically made of an average vertices (ROlp) and pial (ROp) surfaces is described in the f
number of 55000, with an average face area of 0.4mm lowing section.

At this point, a global 3-D extension of the Gyrification Index 1) ROI on the Outer Surface, R@I For each vertex;
can be computed using (2). The main purpose of this work i the outer envelope, we define a circular region of inte
however, to propose a local measurement of the Gyrificatithrough the intersection of the outer surf&gwith a spheres
Index, which we set out in detail in the following section. centered on; with a radiusr [Fig. 3(a)]. To set this radius, v

o specifically kept in mind that its diameter has to remain le
B. Local Gyrification Measurements for Each Vertex of the inan the gyral width, so that it can take into account more
Outer Surface one sulcus at a time. Based on visual inspection, we first cl

In 2005 [31], Rettmann proposed a local Gyrification Indea radius of 25 mm for th&GI calculation, as it integrates an .
based on sulcal regions of interest, with the purpose of quantiopriate number of sulci but still allows for an accurate Ic
fying the local amount of cortex buried within the sulcal foldsization in sublobar regions [see Fig. 3(c)- (e)]. In a second
in specific sulcal regions. This measurement is an interesting e tested the effect of different radii 86| measurements; t
calized variation of the 3-D Gyrification Index, but remains corresults of this analysis are presented in Section II-D.
strained in areas defined by the sulcal walls. Thus, sulcal-based 2) Region of Interest on the Pial Surface, ROIFor eacl
Gl depends heavily on accurate and robust sulcal segmentatid®|», we cefine a corresponding area R©bn the pial sul
and could be related to a sulcal depth measurement. We propiese. First, we isolate the vertices of the outer surface thi
a local Gyrification Index measurement, that we here denas#tuated on the perimeter of the RQ[Fig. 3(b)]. To avoid re
IGI, which is not constrained by the sulci. TH8I at a given dundancies, we retain only one fifth of the vertices situate
point on the cortical surface is computed as the ratio betwetive perimeter of the RQI. Then, we find the vertices of t
the surface of a circular region of interest on the outer surfaggal mesh that are closest to each of the outer perimeter
centered at this point, and the surface of the corresponding lested points [Fig. 3(c)]. The vertices defined on the pial r
gion of interest on the pial surface. At each point on the outet that point are considered as the perimeter of the futureF
surface, it reflects the amount of cortex buried within the sulcki order to close the pial ROI, the vertices are linked vie

folds in the surrounding area. Formally geodesic pathbetween them [Fig. 3(d)]. The R@Icomprise
ROI T, A all the faces of the pial mesh contained within the resu

IGI|QMer (1) = P _ S¥ieS (i) Tr closed path [Fig. 3(e)]. Thus, the R@tonsiders the full dep

ROIo Zwes(,,,”,ﬂ) A} and width of all the sulci opening at the brain surface in

Vu; € So (3) perimeter defined by the RQI
At this point,/Gl value is computed for each of the verte:
f the outer surface according to the (3).

where

- Al isthe area of the faggof the outer surface. The surface”
of the region of interest RQJ on the outer surface is cal-
culated as the sum of those areas for all fgcesmprised C. Cortical Maps of Gl
in the intersection of the outer surfa®g with a sphere
S(v;,r) centered on vertex; of the outer surface with a [N order to obtain cortical maps of local gyrification for sut
radiusr-. quent statistical comparisons, we propagatd @levalues fron

- Al is the area of the facgof the pial surface. The surfaceth® outer mesh to the pial mesh. Accurate comparison ¢

of the region of interest RQ on the pial surface is calcu-  1sjng the "dijk" function by Michael G. Kay, MATLOG toolbox, http
lated as the sum of those areas for all fageglonging to  www.ise.ncsu.edu/kay/matlog/
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d e

Fig. 3. lllustration of the different steps for Gl computation. In the upper row, the creation of the outer region of intergds RBdwn on the outer surfe
(red); in the lower row, the creation of the pial region of interest R@h the pial surface (blue) is illustrated. In (a), a sph&te.,r) centered ofiradius
r = 25 mm is plotted on the outer surface (red). The intersection between the outer stfan®d the sphere defines the outer region of interestR@®lin
blue). The perimeter of the R@lis delineated in blue in (c). In (d), the points of the pial surface (blue) corresponding to the f&@meter are highlighted
red. Linking of these points is achieved through the geodesic path between them, resulting inghgeR@Eter (in red, in e). The faces of the pial mesh encl
by the ROl perimeter define the pial region of interest. Finally, the Gl value attributed to the ver{exred point) is computed as the ratio of the areas of
corresponding regions of interest.

cortical feature (i.e., cortical thickness, sulcal depth, gyrificavhere the sum is taken over &bl values associated with in
tion, etc.) between two different subjects relies on a precise mayhich the vertex; of the pial surface?(S, v;) was considere
ping between each cortical region in the brain of individual ar@1$ %" (v;) is the local Gl as defined in (3) at the verte
a corresponding region in another. Surface-based registrati®ionging to the outer surfack,, andd(v;, X) is the distanc
using spherical coordinates system guided by sulcal aligmérim the vertexy; to the normal axis X of the vertex;. Note
has proven its accuracy in localizing structural and functiontdat

features of the human cortex [40]. As th&l quantifies the spa- 1

tial frequency and the depth of sulci, a precise intersubject reg- 0< [1 - 7] <L (5)
. . . . . . d(’Uj,X(U;,))

istration based on sulcal patterns is crucial, to avoid differences
in gyrification caused by misalignment. For this reason, we need . .
to put the data back to the subject's own coordinate systemfsm Effect of the Sphere Radius on #@ Cortical Maps
other words we need pial cortical maps in which each vertex isAs expected, the individual variance of @l values plotte
attributed arlGl value. The aim of the propagation is to redisin Fig. 4 indicates that maximal values are located aroun
tribute /Gl values to the pial surface, with respect to their priggylvian fissure. This major maximum reflects the large am
involvement in the whole computational process. Each vertexof insular cortex hidden within the sylvian fissure during e
of the pial surface will receive a weighted part of fi@ value gyrogenesis. Using a radius of 20 or 25 mm, other (more
for which he contributed to, weighting being inversely propograte) local maxima are observed along the intraparietal s
tionate to the distance between theand the normal axi& to the superior temporal sulcus, and near the intersection «
the outer surface at the vertexat which/Gl was measured (the parieto-occipital sulcus and the calcarine sulcus. Similar t

center of the outer ROI). Mathematically sylvian fissure, the other moderate maxima are located in
that are among the first to appear in the fetal cortex durin

1GI|Ei=L( v;) velopment [41], strengthening the hypothesis @it may be

- closely tied to neural development. With larger raéié| cor-

S i €5 oy GLEST (03) - [1 - m] tical maps are progressively smoothed; and the maxima «

= 1 lateral aspect of the hemisphere are diluted, resultingin a

ZV"J €S (viyr) [1 - m] large maximal convergence around the sylvian fissure. This

VYv; € Sp (4) vergence brings to mind images from Toro and Burnod's



Study 3 89

SCHAERet al: A SURFACE-BASED APPROACH TO QUANTIFY LOCAL CORTICAL GYRIFICATION 16&

Radius =20 mm  Radius =25 mm Radius = 30 mm Radius = 35 mm
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Fig. 4. Example of color overlays df Gl, using a radius of 20, 25, 30, and 35 mm. For each radius, lateral, dorsal, and medial views of the right
are presented, along with their corresponding scale. The histograms in the bottom row display the distriljution of GI measurements. Using a radit
|Gl values range from 1.2 and 5.1, whereas increasing the radius narrows the rdnge of Gl values (for 35 mm: 1.5-3.5). On the 20-mm color-coded
maximall Gl measurements are observed around the sylvian fissure, the intraparietal sulcus, the superior temporal sulcus and, on the medial view, at t
of the parieto-occipital with calcarine sulci). Those maxima are progressively smoothed by larger radii, so that only two diffuse maxima are visible wi
radius. The histograms resulting from larger radii show a concomitant evolution toward a Gaussian distribltion of Gl values.

and Clouchouwet al. [43] work on parameterization of the cor-Specifically, one-third of individuals affected will deve
tical surface. Both group's attempts at registering cortical swehizophrenia [47], [48], and 22q11DS is therefore consic
faces with minimal distortion suggest an orthogonal organizas a genetic model for schizophrenia [49]. Cortical anomr
tion schema of cortical folding patterns, with the main sulci orare thought to be key in the cognitive and psychiatric ph
ented in longitudinal and latitudinal directions around the irtype, as decreased cortical volume is classically observec
sular pole and the central sulcus. Therefore, it is of develofp1]. Clinical observations reported severe cases of polyn
mental interest that corticaGl maps using a large radius alsagyria mainly restricted to the frontal, parietal, and perisyl
demonstrate convergence in the sylvian fissure. Given that eagions [52]- [57], providing evidence that cortical morphol
method aims to delineate local anomalies in gyrification, we uge altered in the syndrome. To complement these quali
a more contrastetG| distribution for subsequent clinical anal-observations, we previously conducted a quantitative an.
ysis (a radius of 20 or 25 mm). [14], using an automated algorithm for measuring the clas
2-D Gyrification Index [15]. In this earlier study, we identif

lll. CLINICAL APPLICATION decreased gyrification in the frontal and the parietal lobt

22q11 Deletion syndrome (22q11DS) is a neurogene®d patients with 22q11DS compared to 36 control subject:
condition affecting one per 5000 live births [44]. Typicaklso observed that decreased Gyrification Index manifest:
symptoms include physical anomalies [44], [45], cognsmaller gyri and shallower sulci in the patients' brain, so
tive impairment [46], and psychiatric symptoms [46], [47]reduced Gl in 22q11DS may represent a mild cortical me
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p‘:U.OOOfﬁ-

p< 0.001 5

Fig. 5. Statistical differences in the Gl values between patients and control subjects (lateral, frontal, and medial views of the average cortical s
regions showing significantly decreased Gl in patients with 22q11DS compared with normal controls are highlighted (golahbe): Increaseél Gl in patiel
compared with controls is not observed in any of the cortical regions.

mation in a continuum toward the polymicrogyric appearande an average spherical surface representation that opt
of the cortex reported in the most severely affected patients. align sulcal and gyral features across subjects [38], [4(

In the present study, we aimed at conducting a clinical vaktudy-specific template was created averaging the surface
dation of our new method in a syndrome where abnormal gythe right hemisphere of the 24 subjects from our sample
fication has been qualitatively and quantitatively reported. MeBata were then resampled for each participant into the cor
suring gyrification at thousands of points over the whole hemawverage spherical coordinate system aligning cortical fo
sphere, we postulate thigt! will provide a more precise local- patterns [38], [40]. Smoothing of the data on the mesh
ization of the gyral anomalies in the brain of patients affectquoyed an iterative nearest-neighbor averaging procedure

by 22q11 Deletion Syndrome. full-width at half-maximum (FWHM) of 10 mm. Statistic&G|
difference maps were created computing a general linear
A. Subjects and Imaging to assess the effect of diagnosis on the local Gl value at

vertex. Due to the severely restricted age range, age wi
inﬁ:luded as a variable in the general linear model. Corre
or multiple comparison was done using a false discovery
f 0.01 to set the significance threshold, corresponding
%orrecteqb = 0.0015 in our sample [58].

As a preliminary study intended to test tii&l method,
the analysis is restricted to the right hemisphere on a sm
sample of individuals only. Also, in order to avoid potentia
confounding effects, we selected stringently our groups wi
regards to age and gender. The control group consisted of
typically developing girls with no history of neurological orc. Results
psychiatric disorders and with an average agd®f + 2.0
years old, and a mean |Q of 11.3' The patient group Comprlsﬁ“emisphere between 12 girls affected by 22q11 Deletion
12 girls affected by 22q11 Deletion Syndrome, with an avera%?ome and 12 typically developing girls. We observe a sic
age 0f9.8+2.0, and a mean 1Q of 74. Written informed consen ’ N

was received from all the parents of the subjects, in .slccordar(l:(‘;’mthI decrease in the parietal region of the 22q11DS affe

with protocols approved by the Institutional Review Board ogaﬁlent_s, with a large cluster extending from the po sterior
. . gulate into the precuneyg < 0.00018) on the medial aspe
University of Geneva.

. . . .. of the hemisphere, and a cluster around the postcentral :
Cerebral T1-weighted MRIs were obtained using a Philip < 0.001) on the lateral aspect. We also observe an

Intera 1.5 T scanner. Coronal images were acquired with a 3 . . -
X . . cluster in the temporal lobe, around the medial and superio
volumetric pulse sequence using the following scan parameters

- o . e _ poral sulci(p < 0.001). There is no region of increasé@l in
?;tr; ;iems,_TE%_G in;EQHIE;dnievgw%S;NE; ;ml’ 22g11DS individuals compared to control subjects.

slice thickness = 1.5 mm, 124 slices. Cortical mesh model§ Fig. 6 provides a comparison between the average va

and local Gyrification Index at each vertex of the reconstructegI and the classical 2-D Gl for all vertices over the right he

- i ishere. Mean 2-D-GlI values for the right hemisphere are
surface were obtained according to the procedures descri . . o
Sistent with our previous study on a larger sample of indivic

above. FoIGl calculations, we used a sphere radius of 25 mn\?\iith 22q11DS [14], no significant differences observed bet
groups(p = 0.380). Perimeters measurements on coronal
tions are sensitive to slice orientation [59] or may be biase
In order to compare the local value of the Gyrification Indethe difficulty to include buried sulci, resulting in a large v.

obtained for each individual, the cortical surface was registeradce in whole-hemisphere 2-D-GI measurements. Due tc

(fig. 5 shows the statistical comparison of tk& in the righ

B. Statistical Analysis
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be related to differences in age, gender or sample size be

34 I Control the two studies.
55 . I 2291108 Although the present study was intended as a proof-of
cept on a restricted sample of individuals, these prelimina
30 - sults further define the pattern of cortical malformations &
ciated with 22q11DS syndrome. Replication of the analys:
5 28 both hemispheres in a more diversified sample of patient:
§ certainly help in the understanding of the biological basis i
26 ciated with the cognitive and psychiatric phenotype of affe
individuals.
24 —
22 L3 B. Methods Measuring Cortical Complexity
:{ Apart from the classical GI, many different approaches
2.0 been described to study the interindividual variability in st

; J patterns. We offer a brief overview of the most frequently |
in clinical studies, from the most global to the more local
approaches, and consider elements of comparison betwee
mean and standard deviation of right hemisphere methods andGl.
IGI values and classical 2-D-GI measurements in each group. The 2-D-GI . . .
values resulting from the semi-automated method, as mca:urcd in [14], show Fractal dimension (FD) has been prqposed to prowde ¢
a large standard deviation, with average 2-D-GI appearing even higher in Measurements of the cortical complexity based on a 3-D
patients with 22q11DS than controls. This difference is far from significant  metric mesh [60] or on a skeletonized binary volume [
(Fy 23 = 0.803, p = 0.380), as demonstrated by the overlapping confidence . . . : R
intervals. By contrast, despite the small sample size, 3-D GI detects a difference _FraCtaI dlm_en3|on condenses information ab_OUt the Irrégu
between the groups, showing reduced average IGI in patients compared to  IN the cortical shape over the whole hemisphere [7],
controls (Fy 25 = 11.776, p = 0.002). or in lobar regions [4], [13], [62]. FD is a compact mea:
that has been widely used to assess normal and abr

large standard deviations, classical 2-D approaches for mB&gin development [7], [61], [63]-[65]. However, as rece
suring Gyrification Index may not be appropriate for delineating/Scussed in [66], concrete geometrical interpretation of fr
group differences. However, the use of accurate 3-D corticjnension remains challenging. Compared to FB is alsc
reconstruction drastically reduces the variance in these m&g!€ t0 condense information about the frequency and de
surements, and we observe a significantly smaller avel@ge SUICi, but is easier to interpretéGl quantifies the proportic
value in the right hemisphere of patients compared to contr@cortical area which is buried within the sulciin a given a

Method

(p = 0.002) and therefore directly depends upon the amount and size
R sulci.

IV. DiscussIiOoN Other methods for assessing sulcal depth [17], [67], le

o [67], width [17], or asymmetry index [5] are grouped undel

A. Clinical Results heading of sulcal morphometry. Sulci are classically ident

The aim of the clinical study was to test the behavior of owrith automated procedures using a congregation of neur
local Gyrification Index on patients affected by 22q11 Deletioworks [68]. Compared to sulcal morphometi@l also reflect
Syndrome. Radiologists reported several cases of polymicthe sulcal conformation, but in a circular approach. Sulcal
gyria in the syndrome, affecting particularly the parietal, perphometry is based on the interesting idea that sulcal coi
sylvian, and frontal regions. The only quantitative study to datation can convey information about the early developme
[14] uses automated delineations of contours on coronal seortex. Analyses of sulcal pattern reveal the existence of
tions [15]. In this study, we previously found a decreased Gyide passage,” which are reminiscent of the first folds [69]. A
fication Index in the frontal and parietal lobes of patients aortex grows primarily by radial expansion [32], we postL
compared to those with normal development. Despite the snthlat/Gl is also able to reflect early cortical development, b
sample size of the current study, the present results UShg a different manner. IndeedGI quantifies the excess or def
are able to replicate previous qualitative and quantitative obsar-cortical expansion in specific regions over the whole h
vations of decreased cortical complexity. Further, our methaghere.
provides a finer topological localization of the anomalies, pre- More recently, a curvature-based approach has beet
viously observed in the whole right frontal and parietal lobeposed for estimating local gyrification at thousands of pt
Specifically, we find decreased gyrification in the parietal lobever the entire cortical surface [6], [70]. Smoothed abs:
in two constricted regions: on the medial face of the parietalean curvature quantifies the amount of local curvatur
lobe, and around the postcentral gyrus on the lateral face (sp&erically-parameterized cortical mesh models. Among &
Fig. 5). Also, we observe decreasksl in the medial third of measurements of cortical complexity, smoothed absolute
the temporal lobe, which was missed by 2-D algorithm. In theurvature is the closest to our algorithm. However, the es:
frontal lobe, we, however, do not replicate our previous findingf both measures differs, as can be illustrated using nc
of decreased cortical complexity in this small sample of youraf differential geometry. Differential geometry is defined v
girls with 22q11 Deletion syndrome. The latter discrepancy magspect to surfaces with zero-thickness, and thus ma
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Fig. 7. lllustration of extrinsic and intrinsic properties of a surface using differ-
ential geometry. Extrinsic curvature refers to folding which is created with no
distortion, as a sheet of paper that we can crumple. As illustrated by the triangle
drawn on the left sheet, distances on the surface are not altered by bending;
in other terms, extrinsic properties of a surface are not directly related to K. 8. Schematic 2-D illustration of the variation in the area of the outer r
area. Extrinsic curvature is measured mathematically using mean curvature, affidterest RO}, . As the outer surface is not perfectly planar, the area delin
directly characterizes the geometrical configuration of the surface in space. tiirough the intersection of the outer surface (in light gray) with a sphere ce
trinsic curvature denotes folding that has been created by distortion, or shearatg, (gray point) of radius: is larger than the area of a circle having the
and is best understood using an example: folding a spherical surface with@diusr . This results in slight variations in the area of the outer region of ini
modifying its area is impossible. The figure on the right shows how the distddowever, we assume that these variations are negligible as compared to
tion of a sheet alters distances on its surface. Gaussian curvature measuresftthe pial region of interest (in dark gray).

intrinsic curvature of a surface, in the sense that it captures the excess or deficit

in the surface as compared to a plane at the point. (Adapted from [30]).

[75] prior to cortical mesh models reconstruction [6], [

always be appropriate to characterize the cortical shape. HJ\X/‘% Wh'lfhhm?y affect curvature measurements.(;n the ct
ever, differential geometry has been widely used to understﬁny' all thelGl m_easuremen;s Wwere computed on cor
more fully and characterize measures of cortical shape (sukfaces based on images in their native space. Indeper

[30], [71]- [73]). Mathematically, differential geometry aIIowsOf intersubject registration, .the absence spatial normaliz
the distinction of two kinds of curvature: extrinsic or mea§nSures that the observed differences are due to a real de

curvature, and intrinsic or Gaussian curvature (see Fig. 7).cortical area (related to diminished frequency and dep

Smoothed absolute mean curvature [70] is characteristicafiyCl) rather than to an effect of scaling.
an extrinsic measurement, highly dependent upon surface con-
figuration. Gaussian curvature quantifies the excess of deficit
in area as compared to a plane in the nearest neighborhood om the present study, we have proposed a new methc
each point of the surfacéGl resembles Gaussian curvaturequantifying local gyrification, and promising results w
but covers a wider area of 50 mm diamets] would be an shown. There are, however, some limitations in our appr
alternative surface-based measure of Gaussian curvature ddhe limitation in our implementation of thesl is that the
if the ROIp perimeter exactly superposes the BQiontour, surface ratio is not measured on exactly the same oute
but, nevertheless, the ratiG! provides similar information. for each vertex. This means that we measure the amoi
Thus, the mathematics of curvature illustrates that smoothieslaginated cortical surface in a slightly varying perimete
absolute mean curvature an@l capture different properties the present study, the RQIis obtained with the intersecti
of the cortical geometry smoothed absolute curvature typicaly the outer surface with a sphere. As the outer surface
measures the shape of the cortical surface, whé@aonveys planar, the resulting RQJ area is not of exactly - »2 (Fig. 8).
information about the underlying cortical area. Therefor§pecifically, in regions of high curvature of the outer surf
we postulate thatGl reflects easily interpretable biologicalsuch as those near to the superior sagittal sinus, the aree
correlates, such as cortical volume, or neuronal number. ItROI is larger. We tested the impact of such variations or
however important to note that intrinsic and extrinsic propertiesibjects in the study. We found a standard deviation of les:
of a surface may be hardly distinguishable for highly conva~5% of the mean RQJ area value for all the vertices of 1
luted surfaces, so that smoothed absolute curvaturel@hd hemisphere. This corresponds to a circular region on the
may be geometrically related in some way which is difficulato surface having a mean radius of 28.8 mm (instead of the 2
priori infer. Recently, inspired by smoothed absolute curvatuoé our sphere), with the minimum found at 26.4 mm anc
method, other curvature-based descriptors were proposedmaximum at 32.2 mm. In comparison, the standard devi
characterize more precisely local shape and size of cortiai the pial region of interest is of 31.5% of the mean R@re:
complexity [74]. Future work will certainly be needed to pro{corresponding to planar circular regions from 29 mm radi
pose an integrative interpretation of the increasing variety 6.5 mm); we therefore assume that the slight variation i
cortical complexity measures, toward a better understandingR®l, areas is negligible compared to the differences bet
normal gyral conformation and a clear etiopathogenic approattie ROL, and ROp areas.
of cortical malformations. The proposed approach requires a high amount of tir
A last divergence between curvature-based methods ammpute the/Gl evaluation for all the vertices. To comp
[Gl resides in the preprocessing of the images. To date, cureach RO} perimeter, we first use the "Dijkstra" algoritiro
ture-based approaches typically used affine transformationfioid the shortest geodesic path between the selected ve
the brain volume into the standard space of the Internatioridien, the whole RQ4 enclosed by the perimeter is found us
Consortium for Brain Mapping-305 (ICBM-305) average braineighborhood information. Both perimeter delineation

V. LIMITATIONS OF THE PRESENTSTUDY
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ROl p reconstruction are time consuming, but robust. Further-[11] R.J. Jou, A. Y. Hardan, and M. S. Keshavan, "Reduced cortical fc

more, our code is implemented in MATLAB, which is probably in individuals at high risk for schizophrenia: A pilot stud§thizophi
. . Res, vol. 75, pp. 309- 313, 2005.

not the most suitable for computing so many loops. However, [12] J. J. Kulynych, L. F. Luevano, D. W. Jones, and D. R. Weinbe

the present manuscript is intended to present a feasibility study,  "Cortical abnormality in schizophrenia: An in vivo application of

and future developments will include an optimization for the %fifi‘ggi?mi"dexr"Bio'-PSVChiam/VO'-“l' no. 10, pp. 995- 999, M
speedlng-up of the CompUtatlonal process. [13] K. YL. Narr, R. M. Bilder, S. Kim, P. M. Thompson, P. Szeszko

Robinson, E. Luders, and A. W. Toga, "Abnormal gyral comple
in first-episode schizophreniaBiol. Psychiatry vol. 55, pp. 859- 86'
VI. CONCLUSION 2004.
[14] M. Schaer, J. E. Schmitt, B. Glaser, F. Lazeyras, J. Delavelle, ¢
In this paper, we presented a new method for quantifying Eliez, "Abnormal patterns of cortical gyrification in velo-cardio-fa

e . . - . . syndrome (deletion 22911.2): An MRI study’sychiatry Res.vol.
the Gyrification Index with a fine topological resolution over 146, pp. 1- 11, 2006.

the whole hemisphere. Using validated procedures for accurateis] J. E. Schmitt, K. Watts, S. Eliez, U. Bellugi, A. M. Galaburda, an

cortical reconstructions, we first implemented an outer surface L. Reiss, “Increased gyrification in williams syndrome: Evidence

. . 3-D MRI methods,"Dev. Med. Child. Neural.vol. 44, pp. 292- 29!
closely enveloping the hemisphere. Then, we proposedanewal- 555,

gorithm for measuring a local Gyrification Index at each vertex [16] K. Vogeley, T. Schneider-Axmann, U. Pfeiffer, R. Tepest, T. A. Bz
of the entire cortical surface. The outcome of our method sug- ~ B. Bogerts, W. G. Honer, and P. Falkai, "Disturbed gyrification o

: f f prefrontal region in male schizophrenic patients: A morphometric
gests that the decreased cortical complexity reported in 22q11 mortem study;Am. J. Psychiatryvol. 157, pp. 34-39, 2000.

Deletion Syndrome may be powered by restricted regions of ab-17] p. kochunov, J. F. Mangin, T. Coyle, J. Lancaster, P. Thompsc
normal cortical expansion mostly located in the parietal lobe and ~ Riviere, Y. Cointepas, J. Regis, A. Schlosser, D. R. Royall, K. Z
on the medial surface of the hemisphere. J. Maz_zmtta, A Toga, and P T. Fox, "Age-related morphology tr
of cortical sulci,"Human Brain Mapp.vol. 26, pp. 210- 220, 2005.

[18] V. A. Magnotta, N. C. Andreasen, S. K. Schultz, G. Harris, T. Ciz:

D. Heckel, P. Nopoulos, and M. Flaum, "Quantitative in vivo n
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Congenital heart disease affects local gyrification in 22q11.2 deletion
syndrome (22q11.2DS)*

Marie Schaerf, Bronwyn Glaser, Meritxell Bach Cuadra, Martin Debbané, Jean-Philippe Thiran,
Stephan Eliez

Abstract

22q11.2 deletion syndrome (22q11.2DS) is a common
genetic condition associated with cognitive and learn-
ing impairments. In the current report, we apply
a three-dimensional method for quantifying gyrifica-
tion at thousands of points over the cortical surface
to imaging data from 44 children, adolescents and
young adults with 22q11.2DS (mean age 17.2 years
[SD 9.1; range: 6-87]; 17 males, 27 females) and
53 healthy participants (mean age 15.3 years [SD 8.5;
range: 6-40]; 21 males, 32 females). Several clusters
of reduced gyrification were observed, further substan-
tiating the pattern of cerebral alterations presented
by children with the syndrome. Comparisons within
22q11.2DS demonstrated an effect of congenital heart
disease (CHD) on cortical gyrification, with reduced
gyrification at the parieto-temporo-occipital junction
in patients with CHD, as compared to patients with-
out. Reductions in gyrification can resemble mild
polymicrogyria, suggesting early abnormal meuronal
proliferation or migration, providing support for an ef-
fect of hemodynamic factors on brain development in
22q11.2DS. The results also shed light on the patho-
physiology of acquired brain injury in other popula-
tions with CHD.

*This article is currently in press, Developmental Medicine
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Introduction

22q11.2 deletion syndrome (22q11.2DS) is a neu-
rogenetic disorder affecting 1 in 5000 live births!.
Children with 22q11.2DS typically present impair-
ment in domains such as memory and attention, as
well as fine motor skills, and visuospatial abilities?.
Previous attempts at delineating the cortical cor-
relates responsible for cognitive deficits in children
and adolescents with the syndrome have consistently
identified reductions in cortical gray matter?*,
detecting some of the regions that are most altered
in the syndrome (e.g. the parietal lobe). However,
volumetric alterations are a product of changes to
either cortical thickness or area, the latter of which
is dependent on the degree of folding. Therefore, new
three-dimensional methods measuring thickness and
gyrification may contribute more detailed informa-
tion about the etiopathogenesis of cortical alterations.

While cortical thickness is particularly informa-
tive about the dynamics of cortical maturation®,
changes in cortical morphology may help to eluci-
date early developmental processes. For example,
enlarged sylvian fissures in children with 22q11.2DS
can result from abnormal opercular development
during embryogenesis®. In a previous study using
a 2D method, we identified reduced Gyrification
Index in the frontal and parietal lobes?, suggesting a
simplified gyral pattern and decreased surface area in
these regions. However, 2D methods are not optimal
for quantifying complex cortical convolutions. More
recently, we tested a new three-dimensional technique
for the quantification and localization of cortical
surfaces changes®, improving both accuracy and
overall precision.

Understanding the etiopathogenesis of cortical
anomalies in 22q11.2DS also relies on the identifica-
tion of factors that determine phenotypic expression.
Congenital heart disease (CHD), which affects more
than half of individuals with 22q11.2DS°, may be
one such factor because it is known to alter brain
structure and affect neurodevelopmental outcomes
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in non-syndromic children'®!'.  Previous studies

of 22q11.2DS have not demonstrated an impact of
cardiac defects on cerebral phenotype®®'2. However,
our inability to differentiate between 22q11.2DS
patients with and without CHD may be due to
methodological problems, such as small sample
sizes and the grouping of participants with widely
varying CHD. Moreover, volumetric studies can
easily miss cortical changes in certain regions. To
address these issues, the present study includes: 1)
One of the largest samples of children, adolescents
and young adults with the syndrome collected to
date; 2) 22q11.2DS patients with and without CHD
based on strict cardiac surgery criteria; and 3) A
newly developed method, independent of regional a
priori hypotheses and boundaries, to determine the
extent to which CHD affects the expression of gyral
anomalies in 22q11.2DS.

Materials & Methods

Participants

Forty-four (17M, 27F) children, adolescents and
young adults with 22q11.2 deletion syndrome aged
6 to 37 years (mean 17.2 [SD 9.1]) were recruited
through announcements to regional parent associa-
tions in Switzerland and France. The 22q11.2 deletion
was confirmed in all participants. Mean full-scale 1Q
(FSIQ) in the 22q11.2DS group was 68.5 [SD 12.1].

The comparison group, comprised of 53 (21M, 32F)
typically developing individuals aged 6 to 40 years
(mean: 15.3 [SD 8.5]), was recruited through a
newsletter distributed at public schools and in the
Geneva community. A medical intake interview, as
well as parent-report (Child Behavior Checklist in
children and adolescents) and self-report (Symptoms
Checklists YSR and Auto-ABCL in adolescents and
adults) behavioral questionnaires were used to screen
control participants. Individuals with a history of
past or present neurological or psychiatric disorders
were excluded. Written informed consent was re-
ceived from all participants, as well as from the par-
ents of participants younger than 18 years of age, in
accordance with protocols approved by the Institu-
tional Review Board of Geneva University School of
Medicine. Mean FSIQ in controls was 111.9 [SD 13.2].

CHD in 22q11.2DS

Parents of participants were asked if their child had
signs of a cardiac problem or had undergone heart

surgery. In addition, medical reports, including ul-
trasound examinations and surgical reports, were ex-
amined. Seventeen (7M, 10F; mean age: 14.5 [SD
8.1]) of the 44 patients with 22q11.2DS were iden-
tified as having a history of major CHD (6 persons
with tetralogy of Fallot, 4 with interrupted aortic
arch and 7 with various septal defects commonly as-
sociated with pulmonary hypertension). All patients
in the CHD sub-group had undergone palliative or
reparative surgery before the age of 4, except one 6
year-old girl who was to be operated on shortly af-
ter participation. Nine other patients were excluded
from the CHD analyses (mean age: 17.0 [SD 6.0]),
due to unclear cardiovascular status (including one
patient with retro-oesophagal subclavian artery and
five patients with a history of ventricular septal defect
with spontaneous closure). The no-CHD sub-group
was composed of 18 patients without CHD (7M, 11F;
mean age: 20.0 [SD 10.7]), all with normal cardiac
ultrasounds and without history of cardiorespiratory
complications at birth. Although the age difference
between the CHD and no-CHD sub-groups did not
reach significance (p=0.134), we controlled for age in
all statistical comparisons.

FSIQ was similar in the sub-group with (67.8 [SD
12.9]) and without CHD (67.4 [SD 12.1]), but there
was a non-significant trend toward lower IQ in the
6 patients with tetralogy of Fallot (FSIQ: 62.8 [SD
12.4], Age: 14.1 [SD 8.4]) as compared to the 11 with
acyanotic CHD (interrupted aortic arch and septal
defects combined) (FSIQ: 70.5 [SD 12.8], Age: 14.7
[SD 8.3]). Given non-significant age differences be-
tween the CHD and no-CHD groups, we subsequently
divided children and adolescents (younger than 16
years) and adults to check for age-related 1Q dif-
ferences in the CHD groups. Exploratory IQ com-
parisons in patients younger than 16 years of age
did not demonstrate significant differences in Full-
Scale 1IQ (FSIQ), Verbal 1IQ (VIQ), or Performance
IQ (PIQ) between children with and without CHD.
However, the VIQ >PIQ dissociation frequently ob-
served in 22q11.2DS!3 was seen in children with CHD.
The 11 children with CHD scored, on average, 10
points higher on VIQ than PIQ, whereas the 9 chil-
dren without CHD scored 4 points lower on VIQ than
PIQ (Two-sample Students t-test: p=0.021, t(18)=-
2.879). In patients older than 16, this IQ dissocia-
tion was no longer apparent, but adults with CHD
had significantly lower VIQ (n=6, VIQ=>55 [SD 2.3])
than adults without (n=9, VIQ=69.8 [SD 13.7]; two-
sample Students t-test: p=0.026, t(13)=2.506).
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Figure 1: Local Gyrification Index (IGI) computation. In Panel A, the white (in green) and pial (in
red) cortical surfaces obtained using FreeSurfer are overlaid on axial (a), coronal (b) and sagittal (¢) MRI
images. The outer surface wrapping the brain is shown in yellow. Panel B shows mapping of a circular
region of interest on the outer surface (ROIp, in yellow) to a corresponding region of interest on the pial
surface (ROIp, in red). This correspondence is achieved through the transfer of a set of points from the ROIo
perimeter to the pial surface, which is then used to reconstruct the full geodesical cortical ROIp. Panel C
shows an example of an IGI-overlaid cortical map for a control participant (a: lateral, b: medial views).
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Cluster area (mm?)  Control 22q11DS F

AVERACGE RIGHT LGI 2.48 (0.12) 2.32 (0.09) 51.2
Right pre- and post-central gyri 7763.7 2.94 (0.17) 2.73(0.12) 71.8
Right posterior cingulate gyrus 6217.8 2.31 (0.17) 1.99 (0.13) 134.0
Right orbitofrontal cortex 1972.8 1.64 (0.08) 1.54 (0.78) 39.3
Right superior temporal gyrus 1035.7 3.32 (0.27) 3.09 (0.23) 20.5
Right middle frontal gyrus 572.4 2.71 (0.20) 2.46 (0.18) 45.8
AVERAGE LEFT LGI 2.48 (0.13) 2.32 (0.11) 389
Left posterior cingulate gyrus 7921.3 2.46 (0.23) 2.15(0.14) 68.4
Left pre- and post-central gyrus 6626.5 2.85(0.22) 2.66 (0.15) 27.2
Left parieto-temporo-occipital junction 1229.7 2.83 (0.19) 2.64 (0.13) 29.8
Left medial frontal gyrus (rostral part) 1175.8 1.62 (0.08) 1.52 (0.99) 30.5
Left middle frontal gyrus 840.4 2.49 (0.20) 2.27 (0.16) 33.6
Left orbitofrontal cortex 594.9 2.11 (0.19) 1.96 (0.15) 15.5

Table 1: Average lGI values for significant clusters between control and 22q11.2DS groups.
Values taken from MANCOVA conducted on mean IGI per cluster, with age and gender as covariates. Sig-
nificance of the overall MANCOVA was as follows: Fi183 =15.8, p<0.001 (Wilks‘ Lambda). F values are

shown for each indiwvidual cluster (all p<0.001).

MRI acquisition & processing

Cerebral magnetic resonance images were acquired
with a 3D volumetric pulse sequence using a Philips
Intera 1.5T scanner. The following scan pa-
rameters were used: TR=35 msec, TE=6 msec,
flip angle=45°, NEX=1, matrix size=256x192, field
of view=24 cm?, slice thickness=1.5 mm, 124
slices. Images were first imported into the software
FreeSurfer (https://surfer.nmr.mgh.harvard.edu/) to
produce precise three-dimensional representations of
the cortical surfaces. A detailed description of image
analysis is provided in the developers articles'?. The
white and pial surfaces were then carefully inspected,
and topological defects contributing to surface inac-
curacies were manually removed.

Based on the pial surface reconstruction produced in
FreeSurfer, we developed an algorithm for measuring
local 3D Gyrification Index at thousands of points
across each hemisphere. This method, denoted as
IGI, is now fully implemented in FreeSurfer, and thus
freely available to the scientific community. Details
of the IGI computation can be found in our validation
paper® and in the corresponding FreeSurfer wiki page
(https://surfer.nmr.mgh.harvard.edu/fswiki/LGI);
only a brief description is presented below.

Local 3D Gyrification Index method is adapted from
the classical Gyrification Index (2D-GI'®), which is
the ratio of the total pial cortical surface over the
perimeter of the brain delineated on coronal sections.
However, 2D-GI can present threats to accuracy, given
that coronal slices do not take into account the inher-
ent three-dimensional nature of the cortical surface.

More specifically, perimeter measurements can easily
become biased by slice orientation, or by the presence
of buried sulci. Also, the use of two-dimensional slices
does not allow for precise localization of gyral anoma-
lies. Our method, IGI, addresses these issues by it-
eratively quantifying GI in circular three-dimensional
regions of interest. After the creation of an outer enve-
lope that tightly wraps the pial cortical surface, local
measurement of circular Gyrification Index is com-
puted for each vertex of the outer surface as the ra-
tio of corresponding regions of interest (ROI) on the
hull and pial meshes. Delineation of the regions of
interest on both the outer surface (ROIp) and pial
surface (ROIp) uses a matching algorithm based on
geodesic constraints, so that the ROIp takes into ac-
count the entire patch of cortical surface delineated
by the ROIo circular perimeter (see Figure 1). This
means that at the end of the computational process,
individual IGI cortical maps reflect the amount of cor-
tex buried within the sulcal folds in the surrounding
circular region (see Figure 1, Panel C).

Statistical Analyses

After the above-described steps, FreeSurfer was used
to conduct vertex-based statistical analyses. A study-
specific template was created by averaging the sur-
faces of the 97 participants. Individual cortical sur-
faces were then registered to the canonical surface,
optimally aligning sulcal features across participants,
and data were resampled to a common average spher-
ical coordinate system. To increase the signal-to-
noise ratio, resampled cortical maps of IGI values were
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smoothed, using an iterative nearest-neighbor averag-
ing procedure with the full width at a half maximum
of 10 mm.

Statistical IGI difference maps were created by com-
puting a general linear model (GLM) to assess the
effect of diagnosis on the [GI value at each vertex.
Gender was entered as a potential confounding factor
in the GLM, and age effects were controlled by model-
ing the slope of IGI regressed on age in each sub-group
(“Different Offset Different Slope design”). Correc-
tions for multiple comparisons were done using a False
Discovery Rate (FDR) of 0.01 to set the significance
threshold'®. To complement the vertex-wise maps of
statistical differences, the GLM allowed for the extrac-
tion of mean IGI values for each cluster demonstrating
significant differences; series of ANCOVA were then
conducted on mean IGI per cluster, using age and
gender as covariates. These confirmatory ANCOVA
did not model a different effect of age on IGI in each
subgroup (i.e. GLM with “same slope design”).

A second GLM was then performed at each vertex to
assess the effect of CHD on IGI distribution in the
CHD vs no-CHD 22q11.2DS sub-groups, using age
and gender as potential confounding factors. Simi-
larly to the patients vs controls analysis, mean IGI
values in clusters of significant differences between
the CHD and no-CHD subgroups were extracted, and
confirmed using series of ANCOVA.

Results

Patients vs controls

Average total cerebral volume was significantly
smaller in patients (937.7 cm® [SD 112.7]) compared
to controls (1062.3 cm® [SD 106.0]; F=31.4, p<0.001).
Table 1 shows a significant reduction in average IGI
in the patient compared to the control group. Within
both the patient and control groups, IGI decreased
significantly with age (all p<0.001, Control: R=-0.574
(left), R=-0.631 (right); 22q11.2DS: R=-0.517 (left),
R=-0.510 (right)), and was significantly greater in
males than females (Control: F=7.9, p=0.007 (left),
F=9.8, p=0.003 (right); 22q11.2DS: F=8.3, p=0.006
(left), F=4.3, p=0.045 (right)). These between-group
differences remained robustly significant when covary-
ing for age and gender (p<0.001; Fg93=49.0 (left),
72.2 (right)), and when covarying for age, gender and
total brain volume (p<0.001; F492=17.4 (left), 30.3

(right)).

Cortical maps illustrate clusters of significant reduc-
tion in the patient and control groups, after control-

ling for the effects of gender and age at each vertex
(Left Panel in Figure 2). Mean [GI values in signifi-
cant clusters, along with the F-tests details, are pre-
sented in Table 1.

Effect of CHD

Total cerebral volume was significantly smaller in pa-
tients with CHD (889.4 cm® [SD 124.0]) compared to
no-CHD (979.6 cm?® [SD 94.4] ; F=5.9, p=0.021). This
reduction remained highly significant when covarying
for age and gender (F331=11.3, p=0.002). Subse-
quent analysis of the tissular compartments revealed
that the reduction equally affected gray (F331=9.3,
p=0.005) and white matter (Fg 3;=7.6, p=0.010).

Comparisons of average IGI values revealed a reduc-
tion in the right hemisphere of CHD patients vs. No-
CHD patients (F=4.7, p=0.038) and a trend toward
reduction in the left hemisphere (F=3.6, p=0.069),
when covarying for age and gender. Vertex-wise anal-
yses showed clusters of decreased IGI in the CHD
group at the parieto-temporo-occipital (PTO) junc-
tion bilaterally, as well as smaller parietal clusters
(Right Panel in Figure 2). Average IGI values for
the corresponding clusters are presented in Table 2).

To identify whether gyral anomalies were associated
with alterations to cortical thickness, we further ex-
plored differences in cortical thickness between CHD
and no-CHD using two different methods. First, us-
ing vertex-by-vertex whole-brain statistical analyses,
we did not observe regional differences in cortical
thickness between the two sub-groups (p<0.05, un-
corrected). Second, we did not observe changes in
cortical thickness associated with CHD in the four re-
gions corresponding to differences in IGI (see Table
2).

Finally, exploratory statistics comparing local gyrifi-
cation between the 6 patients with tetralogy of Fallot
and the 11 with acyanotic CHD did not reveal differ-
ences in gyral anomalies using an alpha level of p<0.05
(uncorrected). Larger samples may be needed to de-
termine the effects of specific cardiac malformations
on gyral anomalies.

Discussion

Using a method unrestricted by lobar boundaries,
we observe several clusters of reduced local gyrifi-
cation in 22q11.2DS. Given that the cortex grows
through radial expansion'”, decreased surface area in
circular regions of interest supports an early defect
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Reduced gyrification in 22q11DS
—— Control Effect of CHD within 22q11DS
——22q11DS o NoCHD
p<0.01 0.0001

Figure 2: Statistical maps of the vertex-by-vertex |GI comparisons (colorbar: p values). The
left panel shows regions of decreased IGI in patients with 22q11.2DS compared to controls (FDR<0.01). No
regions of increased IGI were observed in 22q11.2DS compared to controls. A detailed description of the
clusters is provided in Table 1. The right panel illustrates reduced IGI in the CHD compared to no-CHD
sub-groups (p<0.01). The cluster at the right parieto-temporo-occipital junction was more significant than
the left one, and survived correction for multiple comparisons using FDR<0.05. No clusters of increased |GI
value were observed in the sub-group with CHD compared to the sub-group without. Details of the mean IGI

values per cluster are available in Table 2.

of cortical expansion. This reduced surface area is
likely to be additionally expressed in reduced gray
matter quantity in the altered cortical regions. In-
deed, bilateral IGI reduction in lateral (inferior pari-
etal cortex, parieto-temporo-occipital junction, mid-
dle frontal gyrus) and medial (posterior cingulate
gyrus) regions is consistent with previous volumetric
studies in the syndrome?*.

Previous findings in 22q11.2DS

Consistent with our IGI findings, reduced cortical vol-
umes in the inferior parietal lobe and supramarginal
gyrus have been observed in previous studies of chil-
dren and adolescents with 22q11.2DS*%. In addi-
tion to structural anomalies, aberrant functional ac-
tivation was also reported in these areas, such as
increased activation during arithmetic reasoning in
22q11.2DS'8. Cortical changes in the inferior parietal
region are also thought to affect spatial reasoning?,
as well as complex cognitive manipulations relying on
fronto-parietal connections, like working memory!?.

Our findings also point to gyrification changes in re-
gions less frequently discussed in 22q11.2DS, such as
the cingulate gyrus. The first study that analyzed
cortical changes on the medial aspect of the brain
using a method capable of detecting regional differ-
ences with (sub-lobar) precision, showed decreased
gray matter density in the cingulate gyrus®. The au-

thors suggested that reduced cingulate volume may
contribute to frequently cited attentional deficits in
22q11.2DS?0, as well as impairments to patients sense
of self, an awareness particularly relevant to psy-
chotic manifestations frequently experienced by af-
fected individuals®. More recently, we confirmed cin-
gulate reduction using a region-of-interest method,
and further observed a significant relationship be-
tween volumetric reduction and the occurrence of psy-
chotic symptoms in 22q11.2DS?!. The results pre-
sented here show reduced cortical surface area in the
cingulate region, suggesting that early abnormalities
in neuronal migration affecting gyrification may con-
tribute to volumetric reductions. These cingulate re-
ductions may, in turn, predispose individuals with
22q11.2DS to develop psychosis.

Pre- and post-central cortical areas have received less
attention in 22q11.2DS, despite the fact that anal-
ogous alterations to white matter tracts have been
reported!®. We observed reduced gyrification in the
primary motor and somatosensorial areas, regions
largely implicated in hand and facial movements.
Decreased IGI in those primary cortical areas sup-
ports impairments in fine motor skills (manual dex-
terity and grapho-motor control) frequently reported
in the syndrome??. Likewise, oromotor control, re-
lated to the language difficulties typically associated
with 22q11.2DS?, may also be affected by the cortical
anomalies.
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IGI Thickness
Area (mm?) noCHD CHD Excluded noCHD CHD Excluded
Left PTO 34482 | 272 (0.11) 2.60 (0.15)° 2.66 (0.13) | 2.674 (0.34) 2.80 (0.30) 2.70 (0.22)
Left parietal 364.6 2.50 (0.18)>  2.49 (0.17)>  2.50 (0.20) | 2.32 (0.22)  2.22 (0.41) 2.09 (0.39)
Right PTO 37027 | 2.69 (0.14)°  2.57 (0.12)°  2.64 (0.12) | 2.60 (0.36)  2.73 (0.33) 2.61 (0.24)
Right parietal 366.1 243 (0.16)%  2.36 (0.14)%  2.36 (0.16) | 2.17 (0.28)  2.26 (0.23) 2.33 (0.30)

Table 2: Average lGI and cortical thickness values for clusters demonstrating significant |GI
differences between the CHD and no-CHD sub-groups of 22q11.2DS patients. Values for the sub-
group of patients with unclear cardiac status are shown for information only, individualswere not included

in the statistical analyses.

MANCOVA for IGI values between the CHD and no-CHD was significant at

Fy08=8.4, p<0.001 (Wilks’ Lambda). Follow-up ANCOVA per cluster were significant at p<0.001 with the
values of “F=16.2; *F=15.8; °F=27.9; “F=14.0. To test whether differences in IGI were associated with
change to cortical thickness, MANCOVA was conducted to compare mean cortical thickness values per cluster
between CHD and no-CHD, while covarying for gender and age. MANCOVA comparing mean IGI values per
cluster was highly significant, while MANCOVA comparing mean cortical thickness values for each cluster
demonstrated no difference in thickness between sub-groups (Wilks’ Lambda : Fy08=1.1, p=0.384)

Underlying etiopathogenesis

Defects in cortical expansion, as demonstrated by [GI
reduction in 22q11.2DS, point toward early abnor-
malities in control over neuronal migration or pro-
liferation. It would be tempting to think of medial
changes in IGI as yet another midline anomaly re-
sulting from genetically-induced disturbance to neu-
ral crest development?®. However, abnormal control
over neural crest development can only partially ex-
plain the pattern of IGI findings reported here. Cases
of polymicrogyria, a severe cortical malformation fre-
quently associated with 22q11.2DS?*, may shed light
on alternative explanations for the observed corti-
cal anomalies. Polymicrogyria is often traced back
to ischemia?®, implicating cardio-vascular defects in
gyrification changes. Given that polymicrogyria ap-
pears on MRI as extreme surface reduction due to
sulcal shallowing, the degree of the reported IGI re-
ductions in 22q11.2DS seems to qualify as subtle cor-
tical deformation in the direction of polymicrogyria.
Or more specifically, cortical malformations associ-
ated with 22q11.2DS may surface along a continuum,
ranging from severe polymicrogyria, easily diagnosed
by radiologists, to more subtle forms of gyral mal-
formations, which require quantitative tools, such as
IGIL.

Effect of CHD

Similarities in neuroanatomical findings in patients
with 22q11.2DS and non-syndromic patients with
CHD (i.e. microcephaly, cortical malformations, age-
nesis of the corpus callosum, open operculum and
white matter lesions!®!!), suggest a strong associ-
ation between cardiac and cerebral anomalies. In

the present report, using stringent criteria, we ob-
served reduced total brain volume in patients with
22¢11.2DS with CHD compared to those without. We
also report decreased IGI, in the absence of cortical
thickness changes, in the parieto-temporo-occipital re-
gions of individuals with 22q11.2DS and CHD. Al-
though our sample sizes were small, the IQ scores
of our CHD sub-groups suggest an effect of CHD
on intellectual functioning in 22q11.2DS. Namely, the
verbal-nonverbal 1Q dissociation during childhood!?
and lower verbal IQ in adults?® appear to differ be-
tween CHD sub-groups. If these effects can be repli-
cated in larger samples of patients, these 1Q differ-
ences would suggest that certain hallmark features of
the 22q11.2DS cognitive phenotype might be related
to the presence of cardiac malformations.

Two different interpretations can be considered to ex-
plain the observed association between brain anoma-
lies and CHD in 22q11.2DS. A first explanation would
be that common mechanisms disrupt the development
of the cardiovascular and nervous systems, leading
to the co-occurrence of both anomalies in one pa-
tient. For example, knock-out mice support a role
for the TBX1 gene in cardiac defects?”. If TBXI1
is also expressed in the developing brain?’, the ex-
tent to which TBX1 may interact with cortical de-
velopment remains unknown. Alternatively, cardiac
malformations may pose a threat to cerebral hemo-
dynamics, a phenomenon that could occur at differ-
ent points in brain development. First, it has been
postulated that CHD prevent brain sparing, an in
utero protective mechanism that maintains a con-
stant cerebral perfusion in case of reduced placental
blood flow?8. Second, decreased cerebral blood flow
may occur after birth, due to inefficiency in the mal-
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formed heart. Finally, surgery itself can be a poten-
tial cause of lesions on the developing brain. The fact
that most cerebral alterations associated with CHD in
non-syndromic patients are apparent at birth points
to prenatal injury'?. Our ability to identify the pre-
cise timing of the alterations, which will be critical
for improving treatment, will rely on future studies
using fetal or neonatal presurgical imaging. In the
meantime, we can speculate that the mechanisms by
which cardiac defects impair cortical development be-
fore and after birth may be similar. Indeed, almost
all of the abovementioned putative mechanisms re-
sult in global hypoperfusion on the growing brain. In
the only histopathological report published to date??,
the younger patients with a history of CHD showed
evidence of focal tissue destruction that may have
been caused by repeated hypotensive events. Stud-
ies of adults with carotid disease have taught us that
the most distal fields of the main arterial territories
are the regions at highest risk for low cerebral perfu-
sion pressure, resulting in watershed infarcts®’. The
parieto-temporo-occipital junction corresponds topo-
graphically to the juncture of the most distal field of
the three main cerebral arteries. The bilateral reduc-
tion in IGI observed in affected individuals with CHD
could thus be similarly caused by a global hemody-
namic failure largely affecting the developing cortex
at its most susceptible location. The CHD analyses in
the present study support a potential effect of hemo-
dynamic factors on brain development in 22q11.2DS,
and illustrate the potential for identifying factors that
may contribute to heterogeneity of genetic expression
throughout development.

Conclusion

The present study demonstrates how precise delin-
eation of cortical anomalies can shed light on volu-
metric changes in 22q11.2DS, and how future work
on cortical anomalies may help us to understand both
disrupted neurodevelopment and the resulting behav-
ioral and cognitive phenotype. Further, the current
study supports cardiac malformations as a potential
determinant of neurodevelopment and prognosis in
the syndrome.
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Regional cortical volumes and congenital heart disease: a MRI study
in 22q11.2 deletion syndrome*

Marie Schaer’, Bronwyn Glaser, Marie-Christine Ottet, Maude Schneider, Meritxell Bach Cuadra,

Martin Debbané, Jean-Philippe Thiran, Stephan Eliez

Abstract

Objective: Children with congenital heart disease (CHD)

who survive surgery often present impaired neurodevel-
opment and qualitative brain anomalies. However, no
previous studies quantified the impact of CHD on total or
regional brain volumes. The purpose of this study is to
address this question in a sample of patients with 22q11.2
deletion syndrome (22q11DS), a neurogenetic condition
frequently associated with CHD.

Patients: Sizty-one children, adolescents and young
adults with confirmed 22q11.2 deletion were included,
as well as eighty healthy participants matched for age
and gender. Subsequent subdivision of the patients group
according to CHD yielded a sub-group of 27 patients with
22q11DS and normal cardiac status, and a sub-group of 26
patients who underwent cardiac surgery during their first
years of life (8 patients with unclear status were excluded).

Methods: An automated method for quantifying re-
gional cortical volumes was applied to T1-weighted MRI.
First, regional cortical volumes were compared between
patients with 22q11DS and controls. Then, the associ-
ation between regional cortical volumes and CHD was
examined within a three-conditions fized-factor. Robust
protection against Type I error used Bonferroni correction.
Results:  Smaller total cerebral wvolumes were ob-
served in the sub-group of patients with CHD compared
to both patients without CHD and control participants.
The pattern of bilateral regional reductions associated
with CHD encompassed the superior parietal region, the
precuneus, the fusiform gyrus and the most anterior
part of the cingulate cortex. When comparing patients
with 22q11DS with CHD and patients without, the

*This article is currently in revision
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most significantly reduced regions were the right middle
temporal and left superior frontal gyri, as well as the left
parahippocampal region.

Conclusions: The present results of global and re-
gtonal volumetric reductions contribute to further our
understanding of the pathophysiology of brain alterations
in patients with congenital heart disease, and may partic-
ipate to the intellectual and behavioral problems observed
in survivors of cardiac surgery.

Introduction

Congenital heart diseases (CHD) are among the most
frequent birth defects. Over the past few decades,
progress in surgical techniques have allowed for
the correction of most CHD, so that an increasing
number of children and adults live with surgically
corrected CHD'. Nevertheless, CHD and its correc-
tion still have neurological and developmental costs?.
Survivors often present difficulties in expressive lan-
guage, visuo-motor skills and fine motor function®, as
well as inattention and hyperactivity?. Non-specific
structural brain anomalies associated with these
impairements have been reported, which include
microcephaly, abnormalities of the cortical mantle®,
and frequent periventricular leukomalacia®.  The
pathophysiology of brain anomalies associated with
CHD has largely incriminated intra-operative support
mechanisms, leading to continuous improvement of
surgical procedures’. But more recently, it has also
been evidenced that neurological abnormalities, such
as microcephaly or leukomalacia, may be present be-
fore surgery®'°. As reduced cerebral blood flow has
been shown in fetuses!' and neonates with complex
CHD'2, presurgical brain abnormalities may be the
consequence of decreased perfusion pressure in the
developing brain. Despite increasing evidence that
reduced blood perfusion impairs brain growth in indi-
viduals with CHD, no single study quantified cerebral
volumes in children or adults survivors. Further, the
question as to how cerebral volume may be altered
regionally in survivors remained similarly unadressed.
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If we look at brain anomalies related to CHD
from another point of view, we cannot ignore the
numerous neurogenetic conditions frequently associ-
ated with CHD in which abnormalities of the brain
structure are well documented, such as Williams syn-
drome, Down syndrome or 22q11.2 deletion syndrome
(22q11DS)'317. Among neurogenetic syndromes, the
one with the strongest association with CHD is prob-
ably 22q11DS. Prospective studies of neonates with
CHD have shown that deletion at 22q11.2 accounts
for one third of patients with conotruncal heart
defect (most often tetralogy of Fallot and truncus
arteriosus) and one half of patients with interrupted
aortic arch'®. Moreover, 50 to 75% of patients with
22q11DS have CHD!%2°. In addition to a strong
bidirectional association between CHD and 22q11DS,
striking similarities in the difficulties presented by
children affected with 22q11DS and children with
CHD have led to the suggestion that part of the
cognitive or cerebral phenotype in 22q11DS may be
caused by CHD!. Specifically, children with 22q11DS
show visuospatial impairements, fine motor difficul-
ties, executive dysfunction and frequent attention
problems?!:22, all of which are commonly seen in non
syndromic patients with CHD. Although patients
with 22q11DS and CHD demonstrate more severe
intellectual impairements than patients with CHD
alone?3, comparing children with 22q11DS but with
and without CHD offers an interesting framework
to study the effect of CHD on brain structure and
cognition. To date, no study has observed any
differences in the cognitive outcome of children with
22q11DS with and without CHD?%24-27 In the
present study, we address the question of regional
volumetric reductions associated with CHD using a
recent method that measure gyral volumes across the
brain?®. First, we will quantify volumetric reductions
that are specific to the syndrome by comparing
patients to controls. Then, we will identify the
regions that are specifically altered in patients with
CHD compared to patients without CHD.

Materials & Methods

Participants

Individuals with 22q11DS

Sixty-one individuals with 22q11.2 deletion syndrome
participated in the current study. The sample con-
sisted of children, adolescents and young adults, with
an average age of 15.6+8.9 (36F/25M). Patients had
an average 1Q of 68.7£12.0. Participants were re-

cruited through announcements to regional parent
associations.  All individuals were native French-
or English-speaking individuals and were assessed in
their native language. Only children with a confirmed
22q11.2 deletion were included in the study.

Cardiac malformations in 22q11DS

A history of cardiac surgery was documented using a
questionnaire to the parents. In addition, medical re-
ports, including ultrasound examinations and surgical
reports, were examined. Twenty-seven patients with
major cardiac defects were identified and constituted
the CHD sub-group (17F/10M, mean age: 13.7+8.3).
The type of CHD and the age at cardiac surgery are
detailed for each patient in Table 1. Eight patients
were excluded at analysis for unclear cardiac status (2
with retrooesophageal subclavian artery, 6 with doc-
umented interventricular communication with spon-
taneous closure at follow-up). Twenty-six patients
with normal heart, or with benign heart murmurs
at birth with normal ultrasound examination, were
included in the noCHD sub-group (13F/13M, mean
age: 17.6+9.8). Although the age difference between
the CHD and noCHD sub-groups did not reach signifi-
cance (p=0.121), age was covaried out in all statistical
analyses.

IQ scores in the sub-group of patients with CHD
(66.7+£12.6) did not differ from IQ in the sub-
group without (70.0+£11.6, p=0.333), neither did PIQ
(p=0.365) nor VIQ (p=0.364). In further exploratory
statistics, we subdivided all patients who we included
in the CHD analyses (n=53) into 2 sub-groups of
equal size according to their IQ performances. The
low performing sub-group (FSIQ<67) was composed
of 26 patients with an average IQ of 58.2+6.7 (mean
age: 17.349.5), and the high performing sub-group
(FSIQ>68) was composed of 27 patients with an av-
erage IQ of 78.1£7.0 (mean age: 14.148.8). The pro-
portion of low-performing patients in the CHD sub-
group (17/27, 65.4%) was significantly higher than
the proportion of low-performing patients in the no-
CHD sub-group (9/26, 34.6%, p=0.039, ¢= 0.283).
This difference appeared mainly driven by the ado-
lescents and adults with CHD, as the nine patients
with CHD who were older than 14 years old were all
low-performers.

Control group

The comparison group is comprised of 80 typically
developing individuals (44 females, 36 males). The
control group had an average age of 15.948.4, and an
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Age ex® CHDP Age at cardiac surgery
6.1 F ASD, VSD 3 months

6.1 M PHT, VSD 3 months

6.3 F PAH, VSD Surgery planned
6.3 M IAA, ASD, VSD 1 month & 3 months
6.4 M ToF 5 months

7.0 F IAA, VSD 1 month

7.3 F TA, VSD 1 month

7.6 M PA-VSD (ToF) 11 days

7.6 F ASD, VSD 6 months

7.9 F ToF 15 months

8.0 F PA-VSD (ToF) 2 months & 3.5 years
8.6 F ASD, VSD 5 months

10.9 F ASD, VSD 8 months

11.2 F IAA, VSD 8 days

11.9 M TAA, VSD 9 days & 4 years

12.5 M ToF 3 years

13.3 M ToF 2.5 years

14.3 F ToF 2 years

14.6 F ToF 1 year

17.7 F Unspecified 4 years & 14 years

18.1 M TAA, VSD At birth & 1 year

19.6 F IAA, VSD 4 days & 3 months

21.6 M ToF 17 months

23.3 M Aortic dysplasia During 1st year

30.0 F ToF 3 years & 5 years

32.5 F ASD During 1st year

334 F PAH, VSD 11 years
Table 1: Description of the sub-groups

with 22q11DS according to a history of
major congenital cardiac malformation
and subsequent surgery.

* F: Female, M: Male

Y ToF=Tetralogy of Fallot; VSD=Ventricular Septal
Defect; ASD=Atrial Septal Defect; IAA=Interrupted
Aortic Arch; PAH=Pulmonary Artery Hypoplasia;
PA-VSD=Pulmonary Atresia with Ventricular Sep-
tal Defect (often considered to be the most severe
of the ToF defects); PHT=Pulmonary Hypertension,
TA=Truncus Arteriosus

average 1Q of 111.7+12. Individuals were recruited
through a newsletter distributed at public schools
and in the Geneva community. A complete medical
history, as well as parent-report (CBCL in children
and adolescents)?® and self-report (SCL-90R in ado-
lescents and adults)®? behavioral questionnaires were
used to screen control participants. Subjects with a
history of past or present neurological or psychiatric
disorders were excluded. Written informed consent
was received from all subjects, as well as the parents
of subjects younger than 18 years of age, in accordance
with protocols approved by the Institutional Review
Board of Geneva University School of Medicine.

MRI acquisition & processing

Cerebral magnetic resonance images were acquired
with a T1-weighted 3D volumetric pulse sequence us-
ing a Philips Intera 1.5 T scanner as a series of 124
contiguous coronal slices, with a voxel size of 0.9375
x 0.9375 x 1.5 mm (TR=35 msec, TE=6 ms, flip an-
gle=45°, NEX=1).

Cortical reconstruction and volumetric segmentation
were performed using published algorithms included
in FreeSurfer software (Harvard University)3!:32.
Briefly, processing consisted of removal of non-brain
tissue®3, automatic segmentation of the subcortical
gray matter structures®*, and the extraction of cor-
tical surfaces, which was performed according to
previously published protocols®!35. Both intensity
and continuity information from the entire three-
dimensional MR volume are used in segmentation
and deformation procedures, thus producing accu-
rate representation of cortical thickness or volumes.
These procedures have been validated against his-
tological studies®®, manual measurements3”3® and
shown reliable across scanner manufacturers and field
strengths3?.

Subsequent to cortical reconstruction, the cortex is
subdivided into units based on gyral and sulcal
structures®®. This parcellation method based on ma-
jor sulci has been shown to be both valid and reliable,
with high intraclass correlation coefficient between the
manual and automated procedures for both cortical
volume estimates and parcel boundaries. The par-
cellation produces 34 gyral regions subdivided into
11 frontal regions, 9 temporal regions, 5 parietal re-
gions, 4 occipital regions, 4 parts of the cingulate
cortex, and finally the corpus callosum which is de-
signed to improve the reliability of the placement of
the other parcels (for details, please refer to the vali-
dation article®®). In the present study, the frontal pole
and the banks of the superior temporal sulcus regions,
that exhibited relatively poor reliability in the valida-
tion article?®, were excluded from statistical analyses.
Cortical volume was therefore estimated for 31 parcels
in each hemisphere for each subject.

Statistical Analyses
Patients vs controls

ANOVA was used to compare total cerebral volume
between groups. Subsequent MANCOVA compared
the 31 ROISs in each hemisphere with diagnosis as the
fixed factor, and both age and total cerebral volume
as covariates. Results are reported both with a sta-
tistical threshold of p<0.05, and with a Bonferroni
corrected threshold of p<0.0016.
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Control 22q11DS F p
Total cerebral volume®* 1072287 (101804) 939831 (114254) 52.7 <0.001
CORTICAL REGIONS SHOWING RELATIVE PRESERVATION IN 22Q11DS
Left  Lateral Orbitofrontal 8227.3 (983.6) 8055.4 (1162.2) 204 <0.001
Pars Opercularis 5176.7 (925.3) 5242.4 (984.8) 6.0 0.016
Precentral 4684.5 (1575.4) 14188.6 (1841.1) 5.7 0.019
Pars Orbitalis 2743.0 (456.8) 2628.7 (591.3) 5.7 0.019
Superior Frontal 27430.5 (3653.1) 25494.9 (3990.5) 4.8  0.030
Medial Orbitofrontal 5106.4 (880.8) 4955.8 (787.7) 43  0.041
Right Precentral 14493.0 (1806.5) 14117.5 (2006.4) 15.0 <0.001
Superior Frontal 25605.5 (3313.5) 24819.5 (3713.7) 13.5  <0.001
Lateral Orbitofrontal 8273.2 (954.5) 7901.0 (1381.6) 12.2 <0.001
Pars Orbitalis 3196.3 (630.0) 3097.5 (659.3) 5.3 0.023
CORTICAL REGIONS SHOWING DISPROPORTIONATE REDUCTIONS IN 22Q11DS
Left  Precuneus 11187.8 (1633.8) 9164.4 (1705.3) 23.3  <0.001
Fusiform 10379.1 (1443.6) 8413.5 (1534.4) 16.8 <0.001
Rostral Ant. Cingulate  2701.1 (600.7) 2025.7 (471.3) 12.7  <0.001
Temporal Pole 2672.6 (500.4) 2278.3 (419.0) 11.4  <0.001
Cuneus 3356.7 (686.1) 2636.8 (536.5) 9.4 0.003
Superior Parietal 14728.9 (2562.2) 12750.4 (2058.1) 7.3 0.008
Caudal Ant. Cingulate  2031.5 (583.1) 1567.9 (315.5) 68  0.010
Pericalcarine 2258.7 (514.7) 1754.0 (426.1) 4.2 0.041
Right Precuneus 11452.6 (1967.0) 9418.3 (1472.7) 19.6  <0.001
Lingual 7545.5 (1292.4) 6122.9 (954.0) 135 <0.001
Rostral Ant. Cingulate 2123.5 (430.2) 1658.0 (383.2) 13.4 <0.001
Fusiform 9628.3 (1430.3) 7628.4 (1732.7) 11.8  <0.001
Cuneus 3860.5 (791.1) 3118.3 (672.2) 58  0.017
Rostral Middle Frontal = 20440.6 (3307.4) 17679.1 (2576.0) 4.9 0.028
Temporal Pole 9572.04 (574.1) 2178.6 (394.6) 48 0.030
Caudal Ant. Cingulate  2450.1 (679.0) 1943.9 (434.3) 48 0.030
Lateral Occipital 14206.3 (2243.5) 12217.8 (1992.1) 4.8 0.031
Superior Parietal 14360.8 (2222.5) 12688.9 (1956.1) 45  0.036
Pericalcarine 2593.0 (602.1) 2054.7 (417.9) 4.0  0.049

Table 2: Regional cortical volumetric changes in patients with 22q11DS compared to controls.
In both hemispheres, MANCOVA comparing regional brain volumes while covarying for age and total cerebral
volume were significant at Wilks’ Lambda of p<0.001 (left: Fs3105=4.808; right: Fs3105=3.538).

@ = cortical gray matter + white matter (i.e. cerebellum and subcortical gray matter excluded)
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Percentage of cortical reduction in 22911.2DS
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Figure 1: Distribution of cortical reduction associated with 22q11DS plotted on the average
study-specific brain. Percentage of volumetric reduction is illustrated using a scale centered at average
cerebral reduction (-12%, green). Blue regions demonstrate relative preservation (i.e. less than 12% of
reduction) and yellow to red regions indicate regions with the greatest percentage reduction.

Patients with and without CHD

In order to test whether volumetric alterations were
associated with CHD, we then conducted the same
MANCOVA on the 31 parcels in each hemisphere,
using age and total cerebral volume, but with three
conditions as our fixed factor (control, patient with
CHD, patient without CHD). Parcels that were sig-
nificant at p<0.05 were further tested in pairs using a
Scheffe post-hoc on cortical volumes residualized for
age. Post-hoc results are also reported at p<0.05 and
p<0.0016.

Results

Patients vs controls

A 12.4% reduction in cerebral volume was observed
in patients with 22q11DS compared to controls (see
Table 2), the regional distribution of which is further
depicted in Figure 1. Specifically, Figure 1 demon-
strated that cortical reductions seen in 22q11DS were
largest in the posterior and medial parts of the brain.

Detailed statistical significance reported in Table 2
confirms the pattern of cortical alteration visible in
Figure 1. Significantly preserved (i.e. relatively in-
creased) cortical regions in the syndrome are exclu-
sively located in the frontal lobes. Posterior regions
with the greatest reduction in 22q11DS reach almost

equal significance in both hemispheres, at the pre-
cuneus, fusiform gyrus and the most anterior part of
the cingulate cortex. Widespread reductions are also
observed in the parietal and occipital lobes, although
these did not reach significance after correcting for the
number of tests.

Patients with and without CHD

We observed prominent deleterious effect of congenital
heart disease on total and regional cerebral volumes.
While patients with 22q11DS and normal cardiac sta-
tus showed a 6.9% reduction in total cerebral volume
compared to controls, patients who underwent cardiac
surgery had an average of 16.9% reduction. Statistical
significance in Table 3 demonstrates two patterns of
cortical changes in patients with 22q11DS and CHD,
highlighted with different colors on Figure 2. First,
in yellow regions on Figure 2, patients without CHD
show an intermediate level of reduction between the
typically developing subjects and the most affected
patients with CHD. Second, 22q11DS patients with
normal cardiac status showed completely normal vol-
umes in three cortical regions that were exclusively
reduced in CHD. These regions are highlighted in red
on Figure 2 and consist of the right middle temporal,
the left superior frontal and the left parahippocampal

gyri.
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MANCOVA Post-hoc (Scheffe test)
F p Ctl vs noCHD Ctl vs CHD noCHD vs CHD
Cerebrum 31.5 <0.001 0.009 <0.001 0.001
Left Precuneus 13.4 <0.001 <0.001 <0.001 0.031
Lateral Orbitofrontal 10.8 <0.001 0.278 0.036 0.003
Fusiform 7.6 0.001 <0.001 <0.001 0.120
Rostral Ant. Cingulate | 5.9 0.003 <0.001 <0.001 0.165
Cuneus 4.8 0.010 0.001 <0.001 0.097
Parahippocampal 4.7 0.010 0.399 <0.001 0.001
Superior Parietal 3.9 0.022 0.010 <0.001 0.037
Superior Frontal 3.4 0.035 0.978 <0.001 0.001
Precentral 3.3 0.041 0.075 0.037 0.077
Right Precuneus 10.3 <0.001 <0.001 <0.001 0.012
Precentral 7.7 0.001 0.419 0.011 0.002
Superior Frontal 6.5 0.002 0.720 0.008 0.006
Rostral Ant. Cingulate | 6.5 0.002 0.001 <0.001 0.033
Lateral Orbitofrontal 6.4 0.002 0.994 0.013 0.046
Fusiform 6.2 0.003 0.002 <0.001 0.001
Lingual 5.5 0.005 0.001 <0.001 0.089
Superior Parietal 3.1 0.049 0.030 <0.001 0.012
Middle temporal 3.1 0.050 0.967 <0.001 0.002

Table 3: Statistical significance of regional cortical volume differences in the three groups

comparison.

Cortical regions that showed significant difference in the 3-conditions fixed factor MANCOVA

were further tested for differences two-by-two using a Scheffe test on the cortical volumes residualized for age.
The whole MANCOVA was highly significant in both hemispheres (left: Feo,196=2.803; right: Fez106=2.268).
The most significant regions (p<0.0016) are highlighted in bold and further illustrated in Figure 2.

Discussion

In the present study, we used an accurate method
for measuring regional volumes over the cortex in
22q11DS with the specific aim of quantifying the ef-
fect of CHD on brain development in the syndrome.
In the entire cohort of patients with 22q11DS, in-
dependent of their cardiac status, we were able to
replicate previous volumetric results that used other
methods?®44. In summary, the 12.4% reduction of
the cerebrum observed here is in accordance with pre-
vious measurements*?*!. Further, thanks to the in-
creased precision allowed by maps of continuous vol-
umetric changes over the cortex, we were able to con-
firm the rostro-caudal gradient in brain alterations
that has been previously suggested using techniques
with poorer spatial resolution. Indeed, as noted by
Gothelf et al'®, a more important reduction of cau-
dal structures was evidenced at the lobar level042,
as well as in specific regions-of-interests such as basal
ganglia®34%, the thalamus?®, the corpus callosum?’
and the fusiform gyrus*®*. Turning to potential im-
plications of the rostro-caudal gradient of brain alter-
ations, several authors have pointed out that frontal
preservation may help to protect verbal performances
in children with 22q11DS, while posterior reduction

may alter arithmetic and visuo-spatial skills#0:42-44,

In addition to a rostro-caudal gradient, the preci-
sion brought by the continuous measurement over the
three-dimensional cortical surface also demonstrates a
previously unreported latero-medial gradient of brain
alterations in 22q11DS. As a result of the rostro-
caudal and latero-medial gradients, we observe that
the regional distribution of cortical reductions on Fig-
ure 2 is proximal to the territory supplied by the pos-
terior cerebral artery. The posterior cerebral artery
supplies the brain stem, cerebellum, caudal part of
the thalamus and striatum; and the uncus, fusiform
gyrus, inferior temporal gyrus, pericalcarine region,
cuneus, lingual gyrus, precuneus, and the occipital
pole at the cortical level (see also Figure 3, reproduced
from an article by van der Zwan & Hillen*®). Given
that various vascular anomalies are commonly asso-
ciated with 22q11DS, Shprintzen have suggested that
abnormal brain development in the syndrome may be
caused by reduced perfusion related to cerebrovascu-
lar malformations®®. However, we were missing em-
pirical support for this hypothesis. Only one study
reported cerebral angiography in the syndrome®!, ob-
serving up to 55% of minor vascular anomalies. De-
spite this angiographic study included a small num-
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Differences in total and regional cerebral volumes related to CHD
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Total and regional volumetric differences related to CHD. Patients with 22q11DS

and CHD showed more drastic reductions in total brain volume than patients without CHD, compared to

typically developing individuals.

The regional distribution of the most significant parcels driving average

cerebral reduction is also shown: yellow regions demonstrate areas where patients with normal cardiac status
show intermediate reductions between normal controls and patients with CHD; red depicts regions where

reduction is exclusively related to the presence of CHD.

ber of subjects, Chow and colleagues reported an in-
creased incidence of hypoplasia of the (right) pos-
terior cerebral artery. Based on Shprintzen original
hypothesis and on the angiographic observations by
Chow et al, we speculate that the cortical reduc-
tions observed here point to reduced blood flow in
the territory of the posterior cerebral artery, possibly
altering cerebral growth in these regions. The ob-
servation that non-cortical regions supplied by this
artery are also reduced corroborates this hypothe-
sis (namely the brain stem®?, cerebellum®2°3, caudal
part of the thalamus®, and caudal part of the cor-
pus callosum®”-54). The potential implications of re-
duced blood supply over the territory of the posterior
cerebral artery opens avenues for more detailed explo-
ration of cerebrovascular anomalies in the syndrome.

A vascular hypothesis of cerebral alterations in the
syndrome is even more likely given that CHD affects
cortical volumes in 22q11DS. Among regions exclu-
sively affected by the presence of congenital heart
disease are the (left) superior frontal gyrus and the
(right) middle temporal gyrus. Again, these differ-
ences may be analyzed in light of the arterial supply
territories. As depicted in Figure 3, variability in ar-
terial territories is relatively high. However, the supe-

rior frontal and the middle temporal gyri are the only
two gyri for which their entire length is located at
the junction between two arterial territories (namely,
between the anterior and middle cerebral arteries).
Decades of neurological observations have taught us
that these regions, known as watershed areas, are the
first to suffer with reduced perfusion pression in the
brain®°6. We can thus speculate that hypoperfu-
sion related to CHD has particularly impaired brain
growth in the superior frontal and middle temporal

gyTi.

Finally, we also observed a specific reduction of the
left parahippocampal region associated with CHD.
While a direct association between this region and
arterial territories is less straightforward, this finding
becomes interesting in light of the known vulnerability
of this region to a variety of stressful events. Indeed,
the hippocampus (a non cortical region which was not
measured in the present study, but which is known to
be reduced in the syndrome®”5%), is a structure known
to be highly sensitive to anoxia®%%! or to diverse kind
of stress82-64. It is possible that the nearby parahip-
pocampal region is similarly sensitive to stress related
to CHD or to surgery on the post-natal developing
brain.
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Figure 3: Variability in the arterial terri-
tories (reproduced from the article by van
de Zwan & Hillen*?). Territories supplied by
the anterior (white), middle (black) and posterior
(gray) cerebral are schematically reproduced, illustrat-
ing possible variations (from A to D).

Although the above-mentionned reasons support a
role for haemodynamic factors in reduced cortical vol-
umes in patients with CHD, alternative explanations
also need to be considered. Indeed, the association
between CHD and the observed cerebral anomalies
may be a co-occurrence rather than a causative ef-
fect. Common embryologic origins of the malformed
heart and brain could be incriminated. For instance,
abnormal migration of cells of the neural crest is
thought to be partially responsible for heart anoma-
lies in 22q11DS%, and may also be a good candidate
for certain brain alterations.

The present study opens avenues for furthering our
understanding of the pathophysiology of brain alter-
ations in 22q11DS and related to CHD. However, the
establishment of a clear relationship between hemody-
namic status and the observed volumetric reductions
remains impaired by some limitations. First, cardiac
defects are largely incomparable in terms of hemo-
dynamic disturbance, and unfortunately the present
sample size does not allow explorations of the ef-
fect of specific cardiac malformations on brain struc-
ture. Second, information about cardiac status was
obtained retrospectively from cardiologists, at the
time of the patients evaluation in our reseach pro-
gram. In the present sample, surgical procedures were
performed in different hospitals in Switzerland or in
France between 1971 and 1996. As a result, mea-
sures which would have been interesting to correlate
with brain volumes, such as for instance oxymetry,

were not available. Finally, due to the lack of angio-
graphic data, we were not able to confirm a clear as-
sociation between cerebrovascular malformations and
cerebral reductions. Accordingly, recommandations
for future studies in the syndrome include: (1) a pre-
cise data collection about cardiac history in all pa-
tients with 22q11DS, (2) if possible, the acquisition of
angiographic exams (e.g. magnetic resonance angiog-
raphy) jointly with other structural MRI acquisitions.

Whatever the cause of the additional volumetric alter-
ations in patients with CHD, the findings of the cur-
rent study point to potential cognitive repercussions.
For instance, we observed that a significantly larger
proportion of low performing patients were found in
the CHD than in the noCHD subgroups. We also
observed that none of the adults with 22q11DS who
underwent cardiac surgery were included in the high-
performing sub-group of patients. If we expected
stronger cognitive differences, there may be several
explanations for the absence of a clearer association
between performances and CHD in the present study.
First, heterogeneity of CHD and surgical procedures
in the CHD subgroup may explain a lack of clear dif-
ferences in cognitive performances in patients with
and without CHD. Indeed, different CHD?2, different
surgeries®®, or different ages at surgery®” have all been
identified as important determinants of cognitive out-
come. Second, it is possible that the effect of CHD
on cognitive outcome, as we are able to measure it,
may remain subtle in this genetic syndrome which
is already associated with a consequent mental delay
(i.e. without CHD). Even if we identified specific vol-
umetric alterations related to CHD, these alterations
may not be directly translated into isolated cognitive
deficits. Similarly, Bellinger®® has discussed how pedi-
atric cardiac surgery differs from adult surgery, point-
ing out that one occurs in a developmental and plastic
setting, whereas the other is more likely to result in
“static neuropsychological deficits”. Finally, the lack
of clear relationship between CHD and intelligence in
the entire sample of patient contrasts the difference in
cognitive performances observed between adults with
and without CHD. As Bellinger suggested®®, some
deficits may remain silent until the child learns more
complex tasks. Or, more optimistically, the differ-
ence between children and adults’ outcomes may rely
on evolution in cardiac surgical procedures during the
last decade.

Conclusion

In the present study, we show that the distribution of
reduced cortical volumes support an impact of hemo-
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dynamic alterations both in 22q11DS and in CHD,
opening avenues for exploring cerebrovascular malfor-
mations and their relationship with cognitive outcome
in the syndrome. This study is also the first to report
changes to cortical volume related to CHD. Even if
these changes occur within the wider context of the
syndrome, we argue that they provide clues for fur-
thering our understanding of the neurology of CHD
and of the intellectual impairments often reported in
survivors of surgery.
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Deviant trajectories of cortical maturation in 22q11.2 deletion
syndrome (22q11DS): a cross-sectional and longitudinal study*

Marie Schaer!, Martin Debbané, Meritxell Bach Cuadra, Marie-Christine Ottet, Bronwyn Glaser,

Jean-Philippe Thiran, Stephan Eliez

Abstract

Context: 22q11.2 deletion syndrome is associated with
an increasing susceptibility to develop schizophrenia.
Despite a large body of literature documented abnormal
brain structure in 22q11DS, the question as to how the
brain matures throughout life in the syndrome remained
scarcely addressed.

Objective: To map cortical maturation from child-
hood to adulthood in 22q11.2 deletion syndrome.

Design:  Cross-sectional cortical thickness trajecto-
ries with age were approximated over age bins of three
years; repeated-measures were conducted on longitudinal
data confirm the cross-sectional trajectories.

Setting: A longitudinal study of 22q11DS at Geneva
University.

Participants: Fifty-nine patients with 22q11DS,
aged 6 to 40, and eighty typically developing controls.
Longitudinal assessments included twenty-seven patients
and twenty-six controls

Main outcome measure: Cortical thickness across
the cerebrum. FExploratory measures of cortical thickness
differences related to COMT polymorphism, intelligence,
and schizophrenia were also conducted.

Results:
changes with age were observed in patients with 22q11DS.

Deviant trajectories of cortical thickness

In affected preadolescents, larger prefrontal thickness was
observed compared to age-matched controls. Afterward,
convergence of cortical thickness values by the end of
adolescence suggested greater cortical loss during adoles-

*This article is currently in revision
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cence in patients compared to controls. No compelling
evidence for an effect of COMT polymorphism on cortical
Within 22q11DS, thickness
measurements were related to cognitive level in children

maturation was observed.
and adolescents, and to schizophrenia in adults.

Conclusions: Deviant trajectories of cortical thick-
ness from childhood to adulthood support disrupted
cortical maturation associated with 22q11.2 deletion
syndrome, with greater cortical thickness loss during
adolescence suggesting an aberrant pruning.

Introduction

22q11.2 deletion syndrome (22q11DS) is a neu-
rogenetic condition which draws particular inter-
est as a model to understand the pathogenesis of
schizophrenia'. Since more than one decade, a large
body of literature aimed at delineating the cerebral
phenotype in these individuals at risk for developing
schizophrenia for genetic reasons. Series of structural
neuroimaging studies have reported specific patterns
of volumetric alterations in children and in adults with
the syndrome?3. However, aside from two recent lon-
gitudinal studies®®, between-groups comparisons in
sample with restrained age ranges only provide snap-
shots over the dynamic unfolding of structural brain
changes with age. As a result, the question of how the
brain matures throughout life in individuals affected
by 22q11DS remains scarcely documented. Provid-
ing a comprehensive picture of the dynamic of brain
maturation from childhood to adulthood in the syn-
drome is all the more important, when theories argue
that schizophrenia involves a disruption in the cortical
maturational processes during adolescence®7.

To study structural brain maturation in vivo using
MRI, cortical thickness emerges as the ideal tech-
nique among other methods. The typical curvilin-
ear trajectories of cortical thickness changes with age
share strikingly similar temporal and regional simi-
larities with the progression of synaptic pruning as
observed postmortem, confirming the potential of cor-
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tical thickness to reliably identify the brains critical
development periods®'2. Moreover, cortical thickness
studies have an exquisite resolution, allowing for the
identification of local alterations with high precision.
Consequently, a growing amount of studies apply cor-
tical thickness measurement as an index of develop-
ment in patients with various conditions, such as at-
tention deficit / hyperactivity disorder (ADHD)3:14)
autism'®'7, or schizophrenia!?'819, In 22q11DS, pre-
vious studies by Bearden and colleagues in 21 af-
fected children and adolescents compared to 13 con-
trols reported a thinner cortex in the superior pari-
etal and right parieto-occipital region?® and in the
ventro-medial occipito-temporal cortex?!. However,
these studies did not account for cortical thickness
changes with age during that period, warranting fur-
ther exploration of the dynamic of cortical thickness
over a more encompassing age range.

In the present study, we exploited neuroimaging data
from patients with 22q11DS who have been partici-
pating in our research project since 20012224, Cere-
bral MRI was available for 59 patients aged from 6
to 40 years old, along with 80 healthy participants
matched for age and gender. Follow-up cerebral MRI
was also available for 27 patients and 26 controls.
We approximated the trajectories of thickness changes
with age during childhood and adolescence by subdi-
viding our sample of participants into age bins en-
compassing 3 years periods. Then, we conducted
repeated-measures on the longitudinal data to con-
firm the dynamic of brain maturation observed in
the cross-sectional analysis. Although the direction of
cortical thickness changes was difficult to infer a pri-
ori at each age, we expected that patients will show a
more intense thinning than controls in the prefrontal
regions during adolescence, supporting previous lon-
gitudinal volumetric observations?.

In subsequent analyses, we also explored the effect of
specific parameters on cortical thickness within the
syndrome. First, we explored the possibility that
patients with 22q11DS will show different cortical
thickness depending of their genetic polymorphism on
the COMT® (Val vs Met allele). Previous stud-
ies have identified the low activity allele (Met) as
a risk factor for poorer outcome in 22q11DS*?25:26,
Second, we subdivided our sample of patients with
22q11DS into children and adolescents (below 18 years
old), and adults. In the younger sub-group of pa-
tients, we investigated cortical thickness differences
related to IQ. In accordance with previous observa-
tions of higher gray matter density or thicker cortex in
high-functioning individuals compared to those with
lower 1Q'0-2730  we expected that children and ado-
lescents with poorer performances will show thinner

118
Cross-sectional | Longitudinal
Control  22q11DS* | Control ~ 22q11DS*
6to9 16 15 (0/0) 10 8 (0/0; 0/3)
9 to 12 22 11 (0/4) 9 9 (0/4; 0/5)
12 to 15 8 10 (0/2) 4 6 (0/0; 0/1)
15 to 18 7 4 (0/3) 3 4(0/3; 1/3)
18+ 27 19 (6/15)
TOTAL 80 59 (6,/26) 26 27 (1/12)

Table 1: Repartition of the participants in
the different age bins. The right part of the
table details the sub-sample who participated in
the follow-up examination.

*In the patients’ columns, psychiatric statuses
are described in brackets as follow: “(number of
schizophrenic patients / number of patients present-
ing either hallucinations or delusions or both)”. For
the longitudinal subgroups, psychiatric characteristics
are presented similarly, but with “(status at Time 1 ;
status at Time 2)”.

cortices than those with higher IQ scores. In the adult
22q11DS sub-sample, we searched for cortical thick-
ness differences between patients with schizophrenia
and patients without. As observed in non-syndromic
adults with schizophrenia!®19 we expected that a
thinner cortex in the frontal and temporal regions will
characterize patients with schizophrenia compared to
those without.

Materials & Methods

Participants

Patients with 22q11DS were recruited through an-
nouncement in regional parents associations. Fifty-
nine patients, with confirmed 22q11.2 deletion, were
included in the study, including 35 females and 24
males. The 59 patients had an average age of 15.9+8.9
(detailed distribution over the age range is provided in
Table 1). Cognitive assessment used the Wechsler Full
Scale 1Q, all participants being tested in their native
language (French or English). The group of patients
had an average 1Q of 69.0+12.0. Hemizygosity for ei-
ther the COMT!%®Met or the COMT!%8Val allele was
determined by polymerase chain reaction with the re-
striction enzyme NlalII?!. At the time of evaluation, 7
patients received antipsychotic treatment (age range:
19.6 - 36.6), 3 received methylphenidate for ADHD
(age range: 6.4 - 12.6) and one received antiepileptic
treatment (11.5 years old).

Eighty healthy participants were recruited through a
newsletter distributed at public schools in Geneva and
in the community (44F /36M). Subjects with a history
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of past or present neurological or psychiatric disor-
ders were excluded. The control group had a mean
age of 15.948.4 and an average 1Q of 111.7£12.8.
Written informed consent was received from partic-
ipants and their parents (for subjects younger than
18 years of age), under protocols approved by the In-
stitutional Review Board of Geneva University School
of Medicine.

Twenty-seven patients who were younger than 18
years old at the first evaluation participated at follow-
up examination (time interval: 3.14+0.3 years). The
longitudinal subgroup of patients had a mean age
of 11.243.6 at time 1 (T1) and 14.2+3.6 at time
2 (T2) and was composed of 16 females and 11
males. The average IQ for this subgroup did not dif-
fer at T1 (71.6+11.5) and T2 (73.0+12.9). Twenty-
six healthy participants matched for age and gender
also participated in the follow-up examination (av-
erage time interval: 3.04+0.3 years). The longitudi-
nal subgroup of controls had a mean age of 10.6+3.2
at T1 and 13.6+3.2 at T2, encompassing 15 females
and 11 males. The 26 controls had an average 1Q of
112.0+12.1 at T1 and 108.3+10.4 at T2.

Imaging

Coronal cerebral MRI was acquired using a Philips
1.5T Intera scanner with a 3D volumetric pulse se-
quence. The following scan parameters were used:
TR=35 msec, TE=6 msec, flip angle=45°, NEX=1,
matrix size=256x192, field of view=24 cm?, slice
thickness=1.5 mm, 124 slices.

Images were imported into the software FreeSurfer
(http://surfer.nmr.mgh.harvard.edu, Athinoula Cen-
ter for Biomedical Imaging, Massachusetts General
Hospital) to reconstruct accurate cortical surface
models and measure cortical thickness. The algo-
rithms used for cortical thickness estimation were pre-
viously validated against manual delineation on MRI
sections' and on postmortem brains3?. Further, the
cortical thickness measurements have been proven re-
liable, independently of scanner manufacturer, up-
grade or field strength33.

Fully automated image processing included resam-
pling into cubic voxels, intensity normalization, and
skull stripping. Subsequent accurate cortical surfaces
reconstructions used deformation algorithms based on
the local intensity value, geometrical and topological
constraints®*3%. The final three-dimensional cortical
surfaces include the white (gray-white boundary) and
the pial (gray-CSF interface) surfaces, reconstructed
with a submillimeter accuracy. Cortical thickness

was measured in the native space of the images, as
the shortest distance between the white and the pial
surfaces35. As a result, cortical thickness values were
available at more than 150’000 points over each hemi-
sphere.

Statistical Analyses

Cross-sectional 22q11DS vs control comparisons

Statistical analyses employed a general linear model
(GLM) to estimate the effect of diagnosis, age and di-
agnosis by age at each cortical point. Cortical thick-
ness changes with age were fitted using a linear model.
Interactions for gender were not included in the final
model because they did not contribute significantly to
the explanatory power of the model across the cortical
surface (after employing a FDR correction). A false
discovery rate at FDR<0.05 was employed to correct
for Type 2 errors related to multiple comparisons.

Cross-sectional analyses: subdivision into age bins

In order to refine the delineation of the trajectories of
cortical changes with age, we further subdivided the
sample of subjects into 5 age bins: participants from
6t09,9to12, 12 to 15, 15 to 18, and more than 18
years old. The 3 years interval was chosen in order
to keep a sufficient number of subjects within each
age bin (see details in Table 1), while keeping an ap-
propriate temporal resolution in the period where the
most cortical changes are known to occur. Moreover,
3 years corresponded exactly to the interval between
the two time-points for longitudinal analyses. Within
each age bin, a GLM was employed to assess the ef-
fect of diagnosis at each vertex. Given the restricted
age range in each bin, age was not introduced as an
explanatory variable.

Longitudinal descriptive analyses in significant clus-
ters

Mixed effect models, which would have been the gold
standard technique to combine cross-sectional and
longitudinal cortical thickness data, commonly en-
compass more than 500 scans'®1513:1437 o1 3.4 time
points?18. Given the limited size of our sample, we
preferred the use of repeated-measures to identify lon-
gitudinal differences in cortical thickness changes in
clusters previously identified by cross-sectional anal-
yses. Average thickness change for each cluster was
computed for each age bins, with the exception of the
sub-groups that were between 12 and 15, and those
that were between 15 and 18 at Time 1; the latter
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a) Effect of diagnosis
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Figure 1: Verter-wise comparisons of cortical thickness between groups (cross-sectional). (a)
When comparing the entire sample, we observe extensive areas of thicker cortex in patients with 22q11DS
compared to controls (in blue). Small regions of thinner cortex in 22q11DS are shown around the bilateral
entorhinal and parahippocampal regions. (b) Clusters in red / yellow show regions of significant age by diag-
nosis interaction, meaning that the regression line of cortical thickness changes with age showed a significantly
steeper slope in patients with 22q11DS compared to controls.

two sub-groups were merged in a single 12 to 18 sub-
group, based on two considerations: (1) their small
sample size if taken alone; (2) a priori cross-sectional
analyses showing a comparable average thickness loss
in these two bins.

Within group factors that may interact with cortical
thickness

a) COMT polymorphism

Of the 59 patients, information about the
COMT!8Val/Met status was not available for 2
of them. The remaining 57 showed the following
COMT polymorphism: 29 patients had the Met
allele (18F/11M; mean age: 16.848.8; average IQ):
68.7£10.7) and 28 had the Val allele (16F/12M;
mean age: 15.4+9.3; average IQ: 68.3+13.1). The
Val and Met subgroups did not differ neither in age
distribution (p=0.541), nor in IQ (p=0.907). In order
to determine the effect of COMT polymorphism
on cortical thickness changes, a GLM was applied
at each cortical vertex, modeling the effect of age,
COMT polymorphism, and COMT polymorphism by
age.

b) Cognitive abilities and psychiatric statuses
The extent to which cortical thickness changes in
22q11DS were associated to the level of cognitive per-
formance and to schizophrenia were separately as-
sessed in patients below and above 18 years old.

First, we defined a low performing subgroup with
all children and adolescents who had an established
mental delay, as defined by an IQ lower or equal to

65 (n=13, 7TF/6M, FSIQ: 58.9+5.5, range: 44-64).
Twenty-one children and adolescents scored above 75
(13F/8M, FSIQ: 81.1+4.6, range: 75-91) and consti-
tuted the high performing subgroup. The patients
scoring in the intermediate interval between 66 and
74 were not considered in this analysis. The high and
low performing group had similar average age (low:
11.244.5; high: 10.2+4.0, p=0.371). Cortical thick-
ness differences between the high and low performing
subgroups were assessed using a GLM at each vertex
to assess the effect of group, age and age by group
interaction on cortical thickness.

Second, cortical thickness changes associated with
schizophrenia were examined in the 46 individuals
who were older than 18 years old. The control group
was composed of 27 adults (14F/13M, mean age:
26.0+5.9). Among the adults with 22q11DS; six were
schizophrenic (SZ group, 3F/3M, mean age: 31.6
4.1). The remaining 13 adults with 22q11DS (no-SZ
group, 8F/5M) had a mean age of 24.8+6.2. There
was a trend for a significant difference in age distri-
bution between the 3 subgroups (p=0.063 F=2.944).
Post-hoc analyses demonstrated no age difference be-
tween the control and the no-SZ group (p=0.843)
or between the control and the SZ group (p=0.113).
However, a trend for a significant difference between
the no-SZ and SZ groups (p=0.073). Because of this
age difference, no age by group interaction could be
assessed; rather the effect of age was covaried out at
each vertex. A GLM assessed the effect of group and
age on cortical thickness at each vertex.



Study 6 121

a) Patients vs controls comparisons at each age bin b) Thickness changes in 3 years
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gr. 1: individuals that were between 6 and 9 at T'1
gr. 2: individuals that were between 9 and 12 at T1
gr. 3: individuals that were between 12 and 18 at T'1

Figure 2: Trajectories of cortical thickness change with age (cross-sectional and longitudinal;
for detailed sample size please refer to Table 1) a) Cortical thickness differences between patients and
controls in multiple age bins shows that the larger clusters of thicker cortex are observed between 9 and 12
years old in the prefrontal regions (Clusters B & E). Between 12 and 15 years old, clusters of thicker cortex
are mostly located in the dorsal prefrontal region (Clusters C, D, F & G). In adults, prominent clusters of
thinner clusters are seen around the superior temporal gyrus, bilaterally. b) Longitudinal cortical thickness
changes over a period of three years in clusters that showed the largest differences in cross-sectional analyses.
In clusters B, C, D, E, F and H, the younger controls showed a greater thickness loss than patients. Most
of the clusters that showed thicker cortex in the cross-sectional analyses also showed larger thickness loss
between the three years interval in group 2 (namely clusters A, B, C, E, G and H), or in group 8 (namely
clusters C, E, G and H). However, none of these differences reached significance (see text).
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a) Effect of COMT polymorphism
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Figure 3: Effect of COMT polymorphism on cortical thickness within 22q11DS. Apart from
a cluster of thinner cortex at the left cuneus in patients with Met compared to Val allele (which was also
associated with a steeper slope of cortical thickness changes with age in patients with Val compared to Met
allele), only modest clusters of significant differences associated with COMT polymorphism are observed.

Results

Cross-sectional analyses

ANOVA comparing mean thickness values over the
whole sample revealed significantly higher thickness
in patients (2.67£0.20 mm) than controls (2.60+0.16
mm; p=0.016, F=5.934). The effect of diagnosis on
mean thickness became even more significant when co-
varying for age (p<0.001, F3 136=17.785) or age and
gender (p<0.001, F3135=17.701). Statistical cortical
maps revealed that regions of thicker cortex were rel-
atively widespread, touching extensively the frontal
regions (Figure la). At the same time than increased
thickness, a significant age by diagnosis interaction
was observed, with a steeper slope of cortical thick-
ness changes with age in patients than controls (Fig-
ure 1b). Thinner cortex in patients compared to con-
trols was only observed on the medial aspect of the
brain.

Cortical trajectories in the age bins

Figure 2a illustrates the profile of mean cortical thick-
ness over the different age bins, while statistical maps
depict the detailed distribution of cortical thickness
differences between groups across hemispheres. In
the youngest bin, patients show significantly higher
thickness values than controls in the left hemisphere
(p=0.016, F=6.541) and a trend for a thicker cortex
in the right hemisphere (p=0.076, F=3.3387). At this
age, detailed maps show that average thicker cortex in
patients is driven by small widely distributed clusters.
In the subsequent 9 to 12 age bin, highly significant
average thicker cortex is observed in both hemispheres

(right: p<0.001, F=15.490; left: p=0.002, F=12.076),
which is driven by prominent cluster of thicker cor-
tex mostly distributed in the frontal lobe. In the
12 to 15 age bin, higher average thickness values are
still observed in both hemispheres (right: p=0.002,
F=13.496; left: p=0.007, F=9.616), that appear to be
mostly driven by thicker cortex in the dorsal frontal
regions. In the 15 to 18 bin, we do not observe
any differences in average thickness (right: p=0.302,
F=1.186; left: p=0.232, F=1.618). Although the ab-
sence of significant difference may be driven by the
smallest sample size, the absence of significant aver-
age thickness difference in the subsequent adult bin
(right: p=0.825, F=0.050; left: p=0.571, F=0.326)
further confirms the disappearance of the thicker cor-
tex observed in younger patients with 22q11DS com-
pared to controls.

Longitudinal analyses

The thicker cortex in preadolescents with the syn-
drome was quite surprising, and can result either
from a delay in the normal process of maturational
thickness loss with age, or from artifactual differences
driven for instance by inter-subject variability. In
that context, we used the longitudinal data to con-
firm that the clusters of thicker cortex were truly the
result of deviant pattern of maturation. In such lon-
gitudinal design, the use of each subject as his / her
own control dismisses the interference usually related
to inter-subject variability. Repeated measures were
conducted in each age bin (the 12 to 15 and 15 to
18 bins being merged, see Statistical analyses section)
on cortical thickness at T1 and T2 in the clusters
identified by cross-sectional analyses. Although the
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direction of the cortical changes corroborated a less
important cortical loss in patients than controls in
the younger subgroup (see descriptive plots in Figure
2b), only cluster H at the left superior approached
significance (greater loss in controls, p=0.093). Also,
as inferred from the cross-sectional analyses, patients
in the two older sub-groups showed greater thickness
loss than controls. However, similarly to the younger
sub-group, only two clusters approached significance:
cluster B at the right prefrontal region showed larger
thickness loss in intermediate age bin (p=0.086) and
the cluster H at the left superior temporal sulcus in
the older sub-group (greater loss in patients, p=0.07).

Within group effects

a) COMT polymorphism

No significant effect on COMT polymorphism was
observed on mean cortical thickness values (Met:
2.63+£0.21 mm; Val: 2.70+£0.20 mm, p=0.194,
F=1.732). The statistical maps (Figure 3) did not
reveal a compelling intensity and direction of changes
associated with COMT polymorphism or to age by
group interaction.

b) Cognitive abilities and psychiatric statuses
In the patients with 22q11DS below 18 years old, we
did not observe significant difference in mean cortical
thickness between the group of patients with poorer
score on the IQ tests (2.754+0.16 mm) compared to
those scoring above 75 (2.804+0.11 mm; p=0.236,
F=1.461). Despite the absence of difference on mean
thickness values, the statistical maps demonstrated
numerous clusters of thinner cortex in low perform-
ing compared to high performing subgroup. Namely,
thinner cortex in the medial frontal gyri bilaterally,
the superior and inferior right frontal gyri, and the
left superior temporal sulcus were seen in the low-
performing sub-group (Figure 4). No group by age
interaction was observed.

Statistical maps of cortical thickness difference in
adult participants (Figure 5) demonstrate that (1)
patients without schizophrenia show a combination
of increased and decreased thickness compared to
healthy participants; (2) schizophrenic patients show
extended regions of cortical thinning, as compared
to healthy controls and to non-schizophrenic patients
with 22q11DS. Among the region in which thinnest
cortex was associated with schizophrenia, arrow heads
on Figure 5 at the right fusiform / lingual region
and at the left superior frontal gyrus depict reduc-
tion in schizophrenic patients compared to both the
controls and the non-schizophrenic patients. Thin ar-
rows at the right middle frontal gyrus and the left

Differences between High and Low IQ

lateral | lateral

A ventral .
medial = medial

I
p<0.05 p<0.01 p<0.001

Figure 4: Differences in cortical thick-
ness related to cognitive abilities within
22q11DS. Clusters in red / yellow depict regions
where children and adolescents with 22q11DS who
score above 75 on the IQ) tests show larger thickness
values than those with IQ) below 65. This association
between thicker cortex and better performances seem
to hold true at each age, as mo significant clusters
of group by age interaction were evidenced at p<0.05
(statistical maps not shown).

superior temporal sulcus illustrate an intriguing pat-
tern of thickness change, with normal thickness in
patients with schizophrenia, whereas aberrantly high
thickness in these regions was observed in patients
without schizophrenia.

Discussion

The work presented here uses cortical thickness to
quantify the course of cerebral maturation over a wide
age range in 22q11.2 deletion syndrome. When com-
paring the entire sample of patients to age matched
controls, we observe several clusters of thicker cor-
tex (Figure 1a). In subsequent analyses, we demon-
strate that these clusters of thicker cortex are mostly
driven by larger cortical thickness values in preadoles-
cents with the syndrome (Figure 2a). The observation
of thicker cortex partially modifies the classical view
that patients with 22q11DS consistently show differ-
ences in the reduced direction. Indeed, volumetric
studies have always reported reduced cortical volume
in the syndrome®®42, If cortical volume is undeni-
ably the product of its surface and thickness, surface
changes are more susceptible to result in volumetric
changes than thickness alterations*®. Thus, the dras-
tic cortical surface reduction that we observed in pre-
vious studies®*** may better predict the decreased
volume than subtle thickness changes, more subject
to maturational alterations. The present observa-
tion of thicker cortex in preadolescents with 22q11DS
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Figure 5: Cortical thickness differences related to schizophrenia in adults. In the controls vs
non-schizophrenic patients, clusters in blue demonstrate thicker cortex in patients than controls, whereas
red / yellow clusters show thinner cortex in patients compared to controls. When controls are compared
to schizophrenic patients, only clusters of thinner cortex (red / yellow) are found in patients. Finally, the
comparison within 22q11DS reveals mostly areas of cortical thinning (red / yellow) in schizophrenic compared

to non-schizophrenic patients (see also text).

also contrast with observations of thinner cortex in
children aged from 8 to 17 years old?%2!. However,
methodological differences between these studies and
ours, such as scaling of the brain, divergences in corti-
cal thickness measurements, and absence of correction
for an effect of age in the statistical analyses, may ac-
count for a different direction of the results.

Thicker frontal cortex in preadolescents with 22q11DS
corroborates the hypothesis that the dynamic rather
than the absolute value of cortical thickness is more
relevant during brain development'®'3. Given that
we observe an increasing divergence of cortical thick-
ness differences from the youngest age bin to the 9
to 12 or the 12 to 15 age bins, we speculate that the
thicker cortex in patients was driven by a delay in
the normal process of cortical thinning with age. Al-
though the longitudinal analyses did not reach signif-
icance, a less important cortical loss in patients that
were between 6 and 9 and became 9 to 12 compared
to controls at the same age supports delayed cortical
maturation in the syndrome. Retarded onset of cor-
tical thinning was also recently observed in attention
deficit / hyperactivity disorder (ADHD)!3. Contrarily
to their observation of parallel trajectories of cortical
thickness change in ADHD and controls (simple de-

lay), the delay observed here in 22q11DS is associated
with deviant trajectories of cortical changes. Indeed,
while preadolescents with 22q11DS show highly sig-
nificant thicker cortex, no more difference is observed
from the age of 15 years old, suggesting that a larger
cortical loss during adolescence is responsible for the
disappearance of the difference. Although not reach-
ing significance, further longitudinal analyses tend to
confirm a higher rate of cortical thickness loss with age
observed in 22q11DS after the age of 12. The later ex-
cessive rate of thinning may reflect a disturbance in
the maturational processes occurring during adoles-
cence, namely a defect in the programmed synaptic
elimination.

Relevance of abnormal pruning in 22q11DS for
the susceptibility to develop schizophrenia

More than two decades ago, Feinberg®® proposed that
a defect in programmed synaptic elimination may be
associated with schizophrenia, a theory which is cor-
roborated by the observation of decreased neuropil
on neuropathological examinations?®. As a result of
excessive pruning, the hypothesis that hypoconnec-
tivity or misconnectivity favors the onset of the psy-
chiatric symptomatology has received a large interest.
If aberrant connectivity remains difficult to prove in
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vivo, e.g. using EEGY", fMRI*® or DTI*, exper-
imental neural network models provide an interest-
ing framework to investigate the impact of changes
to connectivity on the onset of symptoms. Using
neural network model of language perception®0-52,
Hoffman and McGlashan demonstrated that pruning
could have distinct consequence depending of its in-
tensity. They observed that moderate reduction of
connections was first associated with an increased ef-
ficiency of the network (as it may be the case dur-
ing normal maturation); whereas continued pruning
resulted in several levels of deficits. First, they ob-
served that prolongation of pruning was observed to
drive decreased efficiency of the network, corroborat-
ing the initial hypothesis by Keshavan that abnormal
maturation in the prefrontal cortex may impair the
emergence of increased functional efficiency related to
executive and social cognition®®. Hoffman and Mec-
Glashan then observed that further reduction to con-
nectivity triggered abnormal perceptions comparable
to hallucinations. Ultimately, they observed that a
regression of the hallucinatory symptomatology and
an exacerbation of the negative symptoms were as-
sociated with additional pruning. Given the similar-
ities with clinical observations of patients with first
episode or chronic schizophrenia, their neural network
model provides an attractive experimental setting for
the identification of factors interacting with the out-
come of the disease. Two factors were indeed defined
as primary determinants of the outcome: (1) a faster
rate of pruning appears as deleterious, precipitating
the onset of schizophrenic symptoms; (2) a high base-
line level of connections may be a protective factor,
preserving from the hallucinatory symptomatology.

The current observations of cortical thickness changes
in 22q11DS indeed nicely fit the conceptual framework
of Hoffman and McGlashan. The faster thinning ob-
served after 12 years old in the group of patients re-
call their first determinant, becoming meaningful for
the increased risk of schizophrenia in 22q11DS. We
also believe that our results are in agreement with
the second hypothesis of the baseline level of connec-
tions as a factor of good prognosis. Figure 5 shows
that patients without schizophrenia demonstrate pre-
served thickness as compared to age-matched con-
trols. Contrarily, patients with schizophrenia show a
thinner cortex, as compared to patients without, sug-
gesting that adult patients with schizophrenia have
undergone excessive pruning whereas adults without
did not. A distinct neuroanatomical phenotype in pa-
tients with and without schizophrenia is in agreement
with previous volumetric studies in the syndrome.
In a cross-sectional study, van Amelsvoort reported
smaller frontal and temporal gray matter in patients

with as compared to patients without schizophrenia®*.

More recently, using a longitudinal design, Gothelf et
al demonstrated that a more drastic the prefrontal
reduction was associated with the emergence of psy-
chotic symptoms?. If future studies following the
course of cortical changes during adolescence confirm
that exaggerated pruning is specifically seen in indi-
viduals developing symptoms, the search for factors
interacting with synaptic pruning may serve as a guide
for future targeted preventions.

Cortical thickness and cognitive abilities in
22q11DS

Finally, we also observed that children with 22q11DS
with higher cognitive performances demonstrates
thicker cortex (Figure 4). As discussed earlier, one
interpretation could be that, the level of connections
is tightly related to the network efficiency. As a re-
sult, within individuals similarly affected by a neu-
rodevelopmental condition, a thinner cortex may re-
flect a lower level of connections and be associated
with poorer performances. Many previous studies
on cortical thickness support the view that more is
better. Specifically, larger cortical thickness was as-
sociated with better cognitive functioning in elderly
individuals®®. Also, increased thickness was found
to be a valuable predictor of long term memory in
healthy adults®®. However, a unidirectional rela-
tionship between thickness value and performance is
less clear during normal brain maturation'®. In the
present study, the absence of age by group interac-
tion on cortical thickness values in 22q11DS suggests
that, at each age, patients with thicker cortex demon-
strate preserved cognitive abilities. A similar obser-
vation that thicker cortex is associated with better
outcome than thinner cortex was reported in children
with ADHD 4. Shaw et al speculated that a larger
period of thicker cortex allowed for prolonged period
of circuitry sculpting, a hypothesis that may also ap-
ply to explain the interaction between thickness and
IQ within 22q11DS.

In summary, the present cross-sectional and longitu-
dinal analyses provide compelling evidence for a dis-
ruption in the normal process of cortical maturation
in 22q11DS, possibly characterized by (1) delayed cor-
tical maturation, followed by (2) an excessive inten-
sity of the rate of cortical thinning after 12 years old.
We speculated that the deviant trajectories of corti-
cal maturation observed in 22q11DS provide strong
in vivo cues for a defect in the programmed synap-
tic elimination. Such a defect in neuronal pruning
has been largely put forward in the pathogenesis of
schizophrenia, and may thus explain the susceptibil-
ity of patients with 22q11DS to develop psychosis. We
also observed that adult patients without schizophre-
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nia demonstrate preserved frontal cortical thickness,
further strengthening the possibility that accelerated
cortical thinning is tightly related with the onset of
psychotic symptoms. Such a prominent role of dereg-
ulated pruning in the emergence of psychiatric and
cognitive symptomatology of schizophrenia opens av-
enues for further exploring the factors interacting with
the maturational processes.
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Main contributions

Taken together, the 8 articles presented in the Results section achieve the following original
contributions:

e Demonstration of specific reductions of the hippocampal body, posterior
fusiform gyrus and anterior cingulate cortex in patients affected by 22q11DS,
which is relevant for their cognitive and psychiatric phenotype

e Development of a new method for the quantification of local cortical fold-
ing, which is now available freely for the scientific community through FreeSurfer
software

e Demonstration of cortical folding abnormalities in 22q11DS, which suggest
early abnormal brain development in the syndrome

e Demonstration of a rostro-caudal and latero-medial gradient in volumet-
ric alterations, the distribution of which is highly suggestive of abnormal cerebral
growth along the territory of the posterior cerebral artery

e Demonstration of a deleterious effect of congenital heart disease on brain
structure in 22q11DS, which further our understanding of the pathogenesis of
acquired brain injury related to CHD and its surgery

e Demonstration of abnormal patterns of cortical thickness during pre-adolescence
and adolescence, which suggest abnormal brain maturation in patients with 22q11DS,
in turn relevant for their susceptibility to develop schizophrenia

Given that each article include its own discussion, this last part of the thesis will elaborate
series of links between these findings, and some perspectives for future research will be
delineated. A first chapter brings together results on brain structure in 22q11DS. Then,
some considerations related to cortical folding and the newly developed algorithm will be
addressed.
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An integrative view on brain
alterations in 22q11DS

1.1 Relationship between brain alterations in 22q11DS

In the three first studies (Studies 1a, 1b & 1c), we identified reduced volume of specific
structures, which we related to specific parts of the cognitive and psychiatric phenotype.
Study 1a discussed the reduction of the hippocampal body in relation to mnesic impair-
ments presented by affected individuals. Study 1b addressed the hypothesis that reduced
posterior fusiform gyrus may be responsible for social difficulties in the syndrome. Finally,
Study 1c provided strong evidence of a relationship between cingulate gyrus volume and
executive dysfunction or psychosis in patients with 22q11DS. Together, these studies illus-
trate a scheme common to most ROI studies, in which the structure is a priori chosen,
given its frequent implication in a specific cognitive process known to be altered in the
population of interest. When identified, volumetric changes may be correlated with some
cognitive performances, or with the intensity of certain psychiatric symptoms. At the end,
these classical ROI studies most often address the potential functional repercussions of the
observed volumetric changes.

Conversely, newer methods allow the measurement of structural brain alterations without
regional a priori. For instance, gyral volumes, cortical thickness and local gyrification in
Studies 4, 5 & 6 were measured over the entire hemisphere, without being bound to arbitrary
limits. We believe that such “new generation” studies may change the way researchers will
conduct neuroimaging studies and interpret results in the future. Still, structure — function
correlation can be conducted, but new possibilities also emerge to elaborate more conceptual
links bringing together the different alterations. Indeed, the cortex is a planar structure, so
that cortical volume can be approximated as the product of its thickness times its surface.
Thanks to the newer three-dimensional methods, it thus becomes possible to identify the
determinants of cortical volumetric differences previously observed with older methods.

The relevance of a precise identification of the nature of the alterations underlying volumet-
ric changes relies on the fact that, as discussed in the Introduction, thickness and surface
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(or folding) are distinctly regulated during brain development. Therefore, the identification
of the nature of structural alterations help to build hypotheses on the etiopathogenesis of
abnormal brain development in a given condition.

1.2 Identify the pathways leading to brain alterations in 22q11DS

Nature of the anomalies

In Study 4,

we demonstrated a highly significant reduction to cortical folding and surface area in pa-
tients with 22q11Ds and controls, which was largely affecting the medial view of the brain,
but also the dorsal frontal and parietal regions bilaterally, along with the parieto-temporo-
occipital junction in the right hemisphere. This pattern of surface reduction is reminiscent
of the volumetric reduction observed by previous volumetric studies or VBM studies in the
syndrome (Eliez et al., 2000; Kates et al., 2001; Simon et al., 2005), and to the pattern of
regional reductions that we observed in a larger overlapping sample in Study 5. The lateral
and medial reduction in cortical surface may indeed be the primary determinant of previ-
ously observed parietal reduction. The fact that these reductions are already observed in
children with the syndrome, along with the fact that gyrification is mostly determined early,
point to an early cause of the parietal abnormalities, rather than to a neurodegenerative
process. For instance, abnormal control of asymmetric division of neuronal precursors, or
disrupted neuronal migration may be responsible for the observed anomalies.

In Study 6,

we observed that preadolescents with 22q11DS show larger thickness values in the frontal
regions, whereas the same clusters converged to similar or even lower thickness by the end of
adolescence. Our preliminary longitudinal data confirmed the direction of a greater cortical
thickness loss during adolescence, although the difference did not reach significance in this
small sample. Observation of a greater thickness loss in the frontal region corroborates
a previous volumetric longitudinal observation in the syndrome. Gothelf and colleagues
(2005) observed a larger prefrontal reduction in 24 adolescents with 22q11DS compared to
23 with idiopathic developmental disabilities.

The above considerations illustrate how volumetric changes may be mediated by distinct
pathological processes at different time of the individual’s development. We strongly believe
that a precise identification of the mechanisms responsible for the brain anomalies will be
crucial for building future therapeutic strategies.

Localization of the anomalies

The regional distribution of the anomalies is another key factor that can help to unravel the
etiology and / or the timing of disrupted brain development. Among the studies presented
in the Results section, the following three examples illustrate how we grounded hypotheses
based on the localization of lesions:

In Study 1c,
we showed reduced volume of the cingulate gyrus, which we confirmed more recently in
Study 5 using the Desikan’s parcellation method (Desikan et al., 2006) over a larger sample
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of subjects. Given its localization, cingulate reduction may be another midline alterations in
the syndrome. Midline anomalies in the brain of patients with 22q11DS include the cavum
septum pellucidum, vermis of the cerebellar vermis, and frequent cysts around the frontal
horns of the ventricle (Mitnick et al., 1994; Chow et al., 1999; van Amelsvoort et al., 2001;
Shashi et al., 2004). Non-cerebral midline malformations are also frequent in 22q11DS,
encompassing cleft palate, cardiac malformations and thymic hypoplasia (Shprintzen et al.,
1978). Such a high prevalence of anomalies along the midline in 22q11DS potentially points
to a common etiology. The midline tissues that are frequently involved in the syndrome
are derived from the rostral neural crest; genetically induced perturbation of early neural
crest development may thus explain the higher incidence of the malformations associated
with 22q11DS (Scambler, 2000). To confirm a common etiology of the cerebral midline
anomalies, future research might correlate their intensity, with the idea that a correlation
between them supports a shared origin. Alternatively, studies in mouse models of 22q11.2
deletion may also help to address this issue.

In Study 5,

we measured regional cortical volumes over the entire brain of 61 patients with 22q11DS
compared to 80 healthy controls. Thanks to the increased precision of this method, we
were able to confirm the rostro-caudal gradient in brain alterations previously suggested by
lobar and regions-of-interest studies. Further, we revealed a previously unreported latero-
medial gradient in cortical reductions. As a result, we observed that cortical reductions were
strikingly distributed along the territory supplied by the posterior cerebral artery. In light
of the high frequency of vascular malformations in the syndrome (Shprintzen, 2000) and of
a previous angiographic observation (Chow et al., 1999), we speculated that reduced blood
perfusion pressure along the territory of the cerebral posterior artery may be responsible
for impaired cortical growth in these regions (see also Figure 1.1). We suggest that future
studies in the syndrome collect angiographic data, to be able to explore the relationship
between cerebrovascular anomalies and cortical volumes.

In Study 4 € 5,

we evidenced brain anomalies that were exclusively related to the presence of congenital
heart disease (CHD) in 22q11DS. Namely, we observed that cortical reductions at the
superior frontal and middle temporal gyri, along with parahipocampal reduction, were
associated with CHD. We also reported decreased gyrification at the parieto-occipital (PTO)
junction of patients with compared to without CHD. We suggested that the distribution
of the cortical reductions and reduced gyrification at the PTO jonction both points to the
location of the watershed territories of major cerebral arteries. If the superior frontal, middle
temporal and PTO junction are three distributed at the intersection between territories
supplied by three main arteries, we believe that methodological specificities may explain
why the two methods did not reveal exactly the same distribution of the alterations. Indeed,
the superior frontal and the middle temporal gyri are the only two parcels for which their
entire length (as measured by the Desikan’s method) is located at the junction between two
arterial territories. Conversely, as discussed in the validation article Study 3, the local GI
algorithm is not very sensitive to gyrification differences in regions where the hull has a high
curvature, such as the superior sagittal vault, and maybe also near to the inferior temporal
gyrus. As a result, IGI may not be able to catch any difference in these areas, whereas it
may be more sensitive than the volumetric parcellation at the PTO junction, where volume
differences may be diluted into several parcels.
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Percentage of cortical reduction in 22q11.2DS
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Figure 1.1: Reduced cortical volumes, reproduced from Study 5. The major arterial
territories are depicted on the right panel (reproduced from the book “Henry Gray’s
Anatomy of the Human Body”). Aside from the cingulate, all cortical regions that show
disproportionate reduction (green to red) are distributed along the territory supplied by
the posterior cerebral artery (in yellow on the right panel).

Within group factors

Finally, within group factors are also one important factor that may further our under-
standing of the pathogenesis of brain alterations in 22q11DS or in other conditions.

In Study 4 € 5,

we provided compelling that congenital heart disease affects brain structure and is associ-
ated with poorer cognitive performances in adults (Study 4 € 5). In particular, the 6.9%
cerebral reduction in patients with 22q11DS without CHD strikingly contrasts with the
16.9% reduction in those with CHD. As a result, we can speculate that CHD have largerly
contributed to exacerbate the pattern of volumetric findings previously reported in the
syndrome. We recommend that future research carefully collect informations about cardiac
status in patients with 22q11DS, to distinguish the contribution of the deletion and the
contribution of CHD on altered brain structures. Alternatively, it may also be interesting
to quantify brain structure using similar methods in non-syndromic patients with CHD.

In Study 6,

we explored cortical thickness differences related to genetic polymorphism of the catecholamine-
O-methyltransferase (COMT). Given the potential implication of dopamine in schizophrenia
pathogenesis, genetic polymorphism of the COMT, involved in dopamine degradation, has
received considerable interest in 22q11DS (Gothelf et al., 2005; Glaser et al., 2006; Kates et
al., 2006; van Amelsvoort et al., 2008; Zinkstok et al., 2008) and in schizophrenia (Zinkstok
et al., 2006; McIntosh et al., 2007). In the thickness article (Study 6), we did not ob-
serve major clusters of cortical thickness differences, nor divergent trajectories of cortical
thickness changes with age related to COMT polymorphism. Of note, we also did not
observe significant differences in lobar brain volumes, nor gyrification according to COMT
polymorphism. The absence of a prominent effect of the Val or Met allele diverges from
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observation by others (Gothelf et al., 2005; Kates et al., 2006; Zinkstok et al., 2008; van
Amelsvoort et al., 2008), but is consistent with some negative reports (Glaser et al., 2006;
Mata et al., 2008). Specifically, using a sub-sample of the group of patients examined in
Study 6, we previously reported no difference in cognitive function according to COMT
polymorphism (Glaser et al., 2006). The inconsistencies in COMT findings are puzzling,
and one could wonder whether the genetic polymorphism could not be modulated by other
factors. In this direction, Mata et al (2008) recently suggested that medication could be one
interaction, as suggested by the exacerbation of cognitive difference associated with COMT
polymorphism following 6 months of antipsychotic treatment (Woodward et al., 2007). The
absence of a preponderant COMT difference that we observed in a mostly untreated group
of patients corroborates the hypothesis that medication may be one factor potentiating the
genetic polymorphism.

1.3 Identify risk factors associated with the development of
psychosis

In Study 6,

we measured cortical thickness changes over the course of brain maturation from childhood
to adulthood. Our cross-sectional results, and the direction of longitudinal changes, pro-
vided compelling evidence for abnormal cortical maturation in the syndrome. We observed
a thicker cortex exclusively in pre-adolescents with 22q11DS, which completely disappeared
thereafter. We suggested that the observed thickness differences reflected (1) a delayed
cortical maturation (retarded onset of thinning) and (2) abnormal pruning of the cortical
circuitry, which is relevant for the susceptibility to develop schizophrenia. Indeed, increased
rate of pruning is consistent with neuropathological studies that observed reduced neuropil
in the brain of patients with schizophrenia (Arnold, 1999). We also discussed how cortical
thickness changes fit the conceptual framework that Hoffman & McGlashan (1997; 2006)
built based on their neural network models. They suggested that the baseline level of con-
nections may be a protective factor. Accordingly, we identified that children and adolescents
who performed better on IQ scores had thicker cortices than those with lower performances.
A second determinant of prognosis suggested by Hofman & McGlashan is the faster rate of
pruning, which seems associated with the onset of hallucinatory symptomatology in their
neural network models. We similarly observed that patients with 22q11DS tend to show
faster cortical thinning than controls during adolescence, corroborating a previous volu-
metric observation by Gothelf and colleagues (2005). We also showed that adults patients
with 22q11DS and without schizophrenia showed preserved thickness compared to those
with schizophrenia. Thus, abnormal pruning potentially represent a central factor in the
pathogenesis of schizophrenia. Future longitudinal studies following the course of cortical
changes during large periods are required to confirm the association between exaggerated
pruning and the onset of schizophrenia. In the meantime, the search for factors interacting
with synaptic pruning may serve as a guide for future targeted preventions.

Possible causes for an abnormal pruning in 22q11DS
If a faster pruning seems relevant for the psychiatric symptomatology in 22q11DS, what are
the possible underlying mechanisms triggering it? Two models have been largely discussed
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in the pathogenesis of schizophrenia. Feinberg (1982) extensively discussed how abnormal
cortical maturation may participate to the pathogenesis of schizophrenia, as a “late neu-
rodevelopmental model”. By contrast, Weinberger (1987) proposed that most of the brain
anomalies that predispose to later onset of schizophrenia are caused by a defect in early
brain development (the “neurodevelopmental hypothesis”). A few years later, Keshavan et
al. (1994; 1999) conciliated these two models in a single unified framework, proposing that
abnormal pruning in schizophrenia is caused by the interaction of an early, pre- or perinatal,
lesion with the critical period of pruning in adolescence.

In 22¢q11DS, an early, genetically-driven, insult is clearly pertinent, given the association
of the syndrome with physical anomalies such as cardiac and vascular malformations, elec-
trolytic disorder, or immune deficiency. Aside from our observations of abnormal gyri-
fication, other neuroanatomical findings associated with 22q11DS puts forward an early
abnormal neurodevelopment, e.g. polymicrogyria (Robin et al., 2006), enlarged sylvian fis-
sure (Bingham et al., 1997), or cavum pellucidum (Chow et al., 1999). Various mechanisms
have been proposed to answer the question as to how, in 22q11DS or schizophrenia, an
early adversity interacts with the normal course of brain maturation, and causes abnormal,
excessive, pruning. Given that brain development follows highly complex series of sequen-
tial and parallel events, Keshavan et al. (1999) suggested that a disruption in one step
will impair the correct evolution of all subsequent steps. If the specific factors involved in
such a deleterious cascade culminating in accelerated pruning and emergence of symptoms
remain to be elucidated, the authors proposed that dysfunction of the glutamatergic or
dopaminergic systems both represents pertinent candidates.

Gyrification € psychosis

In the studies presented in the Results section, we did not address the question as to
how gyrification may differ according to psychosis in our sample of participants. Here, we
present these additional statistical analyses. From the cohort of 44 patients presented in
the IGI comparisons Study 4, we selected all patients who presented psychosis, as defined
by the presence of both delusions and hallucinations. Twenty-two psychotic patients were
identified, aged from 10 to 37 years old. These 22 psychotic subjects were the individually
matched for age and gender with 22 healthy participants from the pool of controls, and IGI
was compared on a vertex-wise basis exactly as reported in Study 4. As shown on Figure 1.2,
patients with psychosis presented a highly significant! IGI reduction. On the medial aspect
of the brain, the reduction observed in psychotic patients was relatively comparable to the
one observed when comparing the entire sample of patients with 22q11DS and controls (i.e.
extensively affecting the medial posterior region). However, we observed a different pattern
of reduction on the lateral view of both hemispheres, with frontal regions being more largely
reduced than what we observed in the whole sample. No cluster of increased gyrification in
the psychotic compared to control group was observed. The pattern of reduced gyrification
over the medial aspect of the brain further supports an implication of the cingulate gyrus
in the psychotic symptomatology, as discussed in Study 4. Further, specific frontal IGI
decrease observed in psychotic patients with 22q11DS corroborates previously published
studies in non-syndromic patients with schizophrenia compared to controls (Kulynych et
al, 1997; Sallet et al., 2003; Jou et al., 2005).

Leorrected for multiple comparisons using a False Discovery Rate of FDR<0.01
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Figure 1.2: IGI comparisons according to psychosis in 22q11DS. The first row depicts
comparisons between the entire sample of patients and controls. The second shows only
patients with psychotic symptoms compared to controls. These two comparisons were
corrected for multiple comparisons using a False Discovery threshold of FDR<0.01. The
last two rows depict gyrification changes associated with psychotic symptoms within the
syndrome, during the prodromal period of 10 to 16 years old.

In subsequent exploratory analysis, we aimed at comparing patients with 22q11DS with
and without psychotic symptoms. For this within group analysis, we chose to keep only
patients between 10 and 16 years old, i.e. over the prodromal period during which patients
usually show the first symptoms?. In our sample of patients between 10 and 16 years old,
the first analysis compared those who present hallucinations (n=7) compared to those who
do not (n=7). A second analysis compared those who showed delusions (n=>5) to those
without (n=9). In both cases, these exploratory comparisons on small sample could not be

2In addition to allow for a focus on structural changes associated with the very first symptoms, this
restricted age range also permitted the obtention of age-matched sub-groups within the syndrome
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corrected for multiple comparisons, but nevertheless yielded interesting results (see Figure
1.2). Patients with hallucinations showed reduced gyrification at the right middle frontal
and left frontal superior gyri, whereas a large cluster of reduced right prefrontal gyrification
was observed in patients with hallucinations compared to those without. But the most
interesting finding was probably reduced gyrification at the left inferior frontal gyrus in
both comparisons, close to the Broca’s area. Reduced gyrification around the Broca’s area
corroborates recent results by Cachia et al. (2008) in schizophrenic patients with resistant
auditory hallucinations. Further, the implication of language areas reminds a large body
of literature pointing to disrupted semantic integration in schizophrenia (reviewed by (Ku-
perberg, 2008)).

Turning to mechanisms underlying reduced gyrification in patients with psychosis, a lot
of questions remain open. In particular, it remains difficult to distinguish whether the
reduced gyrification observed here constitutes a vulnerability which is determined early in
development. Alternatively, the restricted size of the clusters also makes it possible that
the observed changes correspond to remodeling of the cortical surface occurring during
adolescence (i.e. at the time of the observation). We are currently analyzing longitudinal
data to address this issue. In particular, we are interested in knowing whether the IGI
algorithm is able to reflect and quantify cortical surface changes associated with maturation
(i.e. a sort of “tangential atrophy” by contrast to the classically measured “perpendicular”
or “radial” cortical thinning). In addition to require longitudinal studies to be verified,
the present question also raises the necessity of applying IGI to larger samples of typically
developing subjects or individuals with various neurodevelopmental or neurodegenerative
conditions, to understand more deeply its behavior.
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| local Gyrification Index (IGI),
a new method

To better understand what IGI can bring to further our understanding of gyrification, the
algorithm should be applied to large cohorts of individuals. To achieve a large applications,
we employed two strategies. First, thanks to FreeSurfer’s developers, the IGI method is
now freely available for the scientific community. Second, we are currently quantifying IGI
in our own cohorts, as well as on data provided by diverse collaborations.

FreeSurfer software, distributed by the Athinoula Center for Biomedical Imaging from the
Massachusetts Harvard Hospital (MGH) and Massachusetts Institute of Technology (MIT),
is among the most popular neuroimaging software. Having met FreeSurfer’s developers at
the Human Brain Mapping conference in Chicago last year, I was proposed the opportunity
to include the local Gyrification Index code in their software. After two weeks in Boston in
last october and some e-mails exchange, we were able to full integrate the method within
the FreeSurfer’s pipeline. Even if my code was originally written in Matlab, thanks to a
partial rewritting, the IGI method is now a combination of Matlab and C code routines.
The access to the source code allowed a drastic reduction in the time processing of the
highly iterative IGI computation', which was reduced from about 2 days of processing to
3 hours per hemisphere! This reduction was mostly permitted by the use of the surfaces’
topological information embedded in the hidden FreeSurfer’s file format, that previously
had to be entirely recalculated in Matlab with highly time-consuming loops. Local GI
algorithm was included as a beta version in FreeSurfer’s release on March 31, 2008; the
bug-free version was released on May 6, 2008. Information for users is available on the wiki
page, a screenshot of which is depicted on Figure 2.1. As shown by numerous questions
on the mailing list, IGI already received a large interest. We hope that the wide distribu-
tion ensured by the software will permit its application in various pathological conditions,
thereby increasing the knowledge of the algorithm’s behavior. Further, the integration of
the IGI method within this highly dynamic platform will also ensure continuity of technical
developments.

Lobtaining the entire IGI map over one hemisphere requires about 800 to 1’200 computations
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Figure 2.1: Screenshot from the FreeSurfer’s |Gl wiki page, which can be found at
https://surfer.nmr.mgh.harvard.edu/fswiki/LGI

In addition to provide the IGI algorithm to other groups through FreeSurfer, we are also
currently applying it to our own data, and to MRI data in collaboration with other groups.
Before quantifying IGI in diverse pathological conditions, we will determine the factors that
influence [GI in typically developing children, adolescents and adults.

2.1 Determinants of I/GI in healthy participants

As a first step toward the delineation of the factors correlated with average IGI value, we
measured [GI in the sample of healthy participants from our 22q11DS Geneva cohort. This
sample of control participants is the one used in Studies 5 € 6, encompassing 44 females
and 36 males, with a mean age of 15.9 £8.4 (range: 6 —39) and an average 1Q of 111.7 £12.8.

To quantify the contribution of various parameters on IGI value, we conducted a stepwise
multiple regression model. Average IGI was used as the dependent variable, and total brain
volume, age, gender, average hemispheric thickness and IQ were the independent variables.
Among the 5 independent variables included in the regression analysis, we observed that
only age, brain volume and average thickness contributed significantly to the variance in
average IGI. These three variables combined accounted for 60.9% and 57.6% of the variance
in average [GI values of the left and right hemispheres, respectively. In both hemispheres,
the independent factors affecting IGI were entered in the following order (see Table 2.1):
first, a negative correlation with age, as the main determinant of average local Gyrification
Index, followed by a positive correlation with cerebral volume, and a negative correlation
with mean hemispheric cortical thickness. Gender and IQ did not significantly contribute
to the final model. Some elements of discussion related to the three determinants of IGI
follows.
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Right hemisphere Left hemisphere
Adj. R? 16} p Adj. R? 16 p
1. Age 0.452  -0.853 <0.001 | 0.412  -0.819 <0.001
2. Brain Volume 0.575 0.356  <0.001 | 0.543 0.375 <0.001
3. Mean Thickness | 0.609  -0.307  0.007 0.576  -0.306  0.010

Table 2.1: Hierarchical contributions to the variance in average lGI
Adjusted R? measure the proportion of the variance accounted for by the inclusion of
each additional independent variables on IGI values. 3 denotes standardized correlation
coefficients.

First determinant: Age

The regression model presented in Table 2.1 confirm the dynamic change in gyrification
with age previously observed in Study 4. The intensity of the observed association, as the
primary determinant of G, strikingly contrasts with previous large-scale 2D studies that
consistently report a stable GI throughout brain development and maturation (Armstrong
et al., 1995; Zilles et al., 1988). During the first years of life, the relative stability of the
degree of folding has been explained by “compensation” between sulci (i.e. sulcal depth is
counterbalanced by neighboring sulci during brain growth) (Armstrong et al., 1995). How-
ever, no GI studies have focused on gyrification during late childhood and adolescence, when
major maturation processes take place. Here, we observe that IGI significantly decreases
with age, suggesting that the cortical surface undergoes major continuous remodeling as it
matures. However, as mentioned in the first chapter of the Discussion, the nature of the
processes underlying this linear decrease remains difficult to explain and may reflect a sort of
“tangential” cortical maturation. Other authors have observed sulcal shape modifications
after the age of 20 years (Kochunov et al., 2005; Magnotta et al., 1999). Further, the
simultaneous cortical thinning and brain growth driven by myelination observed during
brain maturation (Sowell et al., 2003) may exert mechanical constraint on the sulcal shape.
It could be postulated that the pressure exerted by the expansion of the underlying axonal
mass may deform the thinning cortex outwardly, thereby decreasing sulcal depth. To ex-
plore these hypotheses, we are currently conducting intra-individual analyses to determine
whether [GI changes occur at the same time and in the same regions where cortical thickness
loss is observed.

Second determinant: Brain Volume

Our results also provide evidence that Gyrification Index in humans is affected by brain
volume. As the divisor in the Gyrification Index quotient is the global brain perimeter, one
could expect that the resulting ratio would already account for inter-individual differences
in brain volume. However, the positive correlation between GI and cerebral volume means
that bigger brains demonstrate a larger percentage of cortical area hidden within the sulci.
Studies of comparative neuroanatomy and fractal geometry provide ways for understanding
the relationship between gyrification and cerebral volume.

As mentionned in the Introduction part, comparative studies of mammalian brains observed
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that bigger brains, such as those of dolphins or elephants, were often highly convoluted
(Jerison et al., 1961; Haug, 1987). Following these observations, quantitative assessments
of the relationship between gyrification and volume across species have proposed the use of
fractal geometry to characterize brain architecture (Hofman, 1991). According to geometric
principles, the relationship of any object’s area with its volume is described by the law:

Area = VolumeP/3 (2.1)

where D is the surface dimension.

Simple objects, like a sphere or a cube, follow the rule of geometric similarity; their surface
scales to the two thirds power of their volume (D=2). Convoluted, or fractal, objects, are
defined as objects for which surface area scale with their volume proportionally larger than
the geometric similarity rule would predict (D>2). Fractal surfaces are thus “near-space
filling surface” (Mandelbrot, 1982). As remarked by Mandelbrot in its famous treaty “the
fractal geometry of nature”, quantitative studies of the relationship between cortical sur-
face and brain volume across species beautifully fit in fractal geometry?. Solving the above
equation, Hofman (1991) indeed estimated D across species at 2.7. In order to further define
if the positive correlation between GI and volume may be related to a similar fractal scaling

rule, we estimated the surface dimension D in our sample of healthy human brains®.

Using the same method as Hofman in our sample of 80 healthy subjects, we obtained
surface dimension estimates of D=2.61 (adj. R?=0.89, p<0.01) and D=2.69 (adj. R?=0.86,
p<0.01), respectively for the left and right hemispheres. The surface dimensions observed
here in humans is relatively similar to the one estimated by Hofman across species (Hofman,
1991). This makes it tempting to argue that this further confirms that the human brain
architecture is, along with other mammalian brains (Hofman, 1991; Zhang & Sejnowski,
2000), governed by a universal scaling rule. However, the surface dimension method requires
large variations in area or volume to accurately predict the D value. Box-counting methods
for each individual, which may be more appropriate when inter-individuals variations do
not encompass large order of magnitude, usually report FD around 2.5 in humans (Im et
al., 2006). Nevertheless, the surface dimension equation provide a framework to explain
why, by necessity, Gyrification Index would be positively correlated with brain volume. GI
is indeed computed as the ratio between the total cortical area (having a surface dimension
which we estimated around 2.6) divided by its outer envelope (by definition a simple object,
thus more likely to have a surface dimension close from 2). Formally:

Pialgrea  k VO3

GI = =
Hullyrea  koV~2/3

= V003 (2.2)

2And he ironically adds “Knowing that the extent of folding is of purely geometric origin relieves Man
from feeling threatened by Dolphins or Whales : they are bigger than us but need not to be more highly
evolved.”

3The method used here for estimating Fractal Dimension, based on the relationship between area and
volume, differs from the classical box-counting method that is traditionnally used in clinical studies. To
avoid confusion, we have denoted it “surface dimension” (D). More specifically, the box-counting method
measures FD for each individual brain, thus resulting in values that can be compared between groups. The
measurement of surface dimension presented here and used in comparative neuroanatomy is derived from
the area - volume relationship, as described in Mandelbrot (1982) and illustrated in Hofman (1991), and
results in a single value for the whole group.
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The above equation demonstrates why, with accurate three-dimensional reconstruction, we
observe a significant relationship between Gyrification Index and brain volume.

Third determinant: Mean Thickness

As observed in the multiple regression model, another structural determinants of IGI is av-
erage thickness. We observe a negative correlation between gyrification and mean cortical
thickness* which recalls the simultaneous observation of a thicker cortex and reduced fold-
ing in 22q11DS (Studies 3 € 6). The negative correlation between cortical complexity and
thickness is also consistent with observations using Fractal Dimension in healthy individuals
(Im et al., 2006). Moreover, similar to the relationship between volume and gyrification,
comparative neuroanatomists have also observed, in extreme cases, an inverse relationship
between cortical thickness and the degree of folding. For example, dolphins and manatees
are cetaceans of similar size, but the thin cortex of dolphins shows a high degree of folding,
whereas the very thick cortex of the manatee is almost lissencephalic (Haug, 1987). It is
possible that such extreme cases illustrate that thicker cortices are, for purely mechanical
reasons, less prone to be highly folded.

Together, both interactions between IGI and volume or thickness in healthy brains support
the hypothesis that gyrification closely depends upon complex structural constraints, which
are not yet fully understood.

Gender & IGI

Finally, although gender was not a significant parameter in our regression model, we also
observed higher [GI values in males than females (detailed values are reported in Study 4).
Gender differences in gyrification have already been reported using other three-dimensional
measurements of cortical complexity. Higher Fractal Dimension (Luders et al., 2004) and
increased curvature (Luders et al., 2006) were observed in females compared to males. As
females have smaller brain volumes than males (Giedd et al., 1997), increased spatial fre-
quency of fissuration of the brain surface in females has been suggested as a compensatory
mechanism to increase cortical area in their smaller brains (Luders et al., 2004). Conversely,
our results of smaller GI in females to males show that the higher fissuration and curvature
previously reported in the cortex of females does not allow for increased area. On the con-
trary, females do not only have smaller absolute cortical surfaces, but also proportionally
smaller cortical area than males. Despite this absolute gender difference, it is interesting
that gender does not appear as a significant determinant of Gyrification Index in our hi-
erarchical regression model. It may be that gender differences in gyrification are primarily
driven by differences in brain volume and cortical thickness, rather than correspond to a
specific sexual dimorphism of the brain.

‘having age as another parameter in the same model allows to account for the effect of age on cortical
thickness, and thus the remaining association between [GI and thickness remains significant after removing
the effect of age on both variables
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Figure 2.2: Average IGI in the left hemisphere as a function of age. Measurements

are shown for 380 healthy participants aged from 6 to 100 years old (combination of our
own data and the OASIS cohort)

In an attempt to confirm the above considerations in a larger sample of subjects, we are cur-
rently analyzing data from a normative cohort including more than 300 normative subjects,
aged 18 to 96. The Open Acess Series of Imaging Studies (OASIS, www.oasis-brains.org)
is a project of free normative MRI dataset initiated by Dr. Randy Buckner at the Howard
Hughes Medical Institute (HHMI) at Harvard University, the Neuroinformatics Research
Group (NRG) at Washington University School of Medicine, and the Biomedical Informat-
ics Research Network (BIRN). Thanks to the collaboration with the MGH who provided
the entire dataset processed in FreeSurfer pipeline, we measured [GI in these individuals.
Preliminary results confirm the linear IGI decrease with age (see Figure 2.2); further explo-
rations are under way.

In addition to identify normal influences on gyrification by “looking back” from grown-up
brains and infer what happened during early cerebral development, we are also addressing
the question from the other way around. Thanks to a collaboration with Professor Guibaud
in Debrousse hospital (Lyon, France), we have access to fetal MR images and explore the
technical challenge of obtaining 3D representations of the fetal brain. As mentioned in the
Introduction, issues related to in utero MRI encompass fetal motion and the low resolution
of the images. During his master thesis, Damien Ferrario worked on the combination of a set
of low resolution images, to obtain a high resolution image of the fetal brain that are more
suitable for accurate subsequent reconstruction. The preliminary 3D cortical mesh models
that he could obtain are promising (see Figure 2.3, from the conference paper accepted at
EUSIPCO 2008). We currently pursue efforts to optimize these cortical reconstructions,
with the goal to obtain sufficiently accurate models allowing for the quantification of the
relationship between brain volume, degree of folding and thickness during very early brain
development. In addition to provide an in vivo framework for testing a variety of hypotheses
on how the cortex folds, such information would open nice avenues for the establishment of
quantitative milestones useful in clinical settings.
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(a) Fetus of 23 weeks (b) Fetus of 27 weeks

(c) Fetus of 28.5 weeks (d) Fetus of 32 weeks

Figure 2.3: Sagittal MRI sections of the fetal brain, with the outer cortical sur-
face overlaid in red. On the right, a preliminary 3D cortical reconstruction is shown
(Figures from D. Ferrario’s work accepted at EUSIPCO conference in Lausanne,
www. eusipco2008.0rg)

2.2 Applications of /GI in pathological conditions

Finally, we also aim at delineating the determinants of IGI in a variety of conditions asso-
ciated with abnormal brain structure.

e Evidently, we are interested in measuring IGI in patients with schizophrenia who
not affected by 22q11.2 deletion syndrome. In collaboration with Dr Merlo in Geneva,
we have access to MRI data of patients at their first psychotic episode. Other oppor-
tunities for measuring IGI in large cohorts of patients, or in relation to diffusion data
and tractographic reconstructions, are currently under discussion.

e Among the neurodevelopmental conditions, we measured /Gl in the brain of 14
high-functioning adult with autism (Hadjikhani et al., 2006), but were not able to
identify differences in gyrification compared to 14 matched controls. Given a previous
report of higher 2D-GI in the frontal lobe of autistic children (Hardan et al., 2004),
it remains unclear if the absence of difference is related some to neurodegenerative
process occuring in these adults’ brains, or to methodological differences.

Another neurodevelopmental condition in which we applied IGI is microcephalia
vera. In collaboration with A. Verloes in Robert Debré hospital in Paris, we mea-
sured a major gyrification decrease in a small sample of patients affected by this very
rare genetic condition. The observation of increased thickness in these patients with
microcephalia further support a negative association between thickness and folding,
along with a position association between folding and volume.

e Finally, we are also measuring /Gl in neurodegenerative conditions. In collabora-
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tion with SH. Woodward at Stanford University, we identified clusters of reduced gyri-
fication in 50 combat veterans affected by posttraumatic stress disorder (PTSD)
to 47 veterans without PTSD (Woodward et al., 2006). The clusters of reduced IGI in
the brain of PTSD+ subjects were located at the left insula, right superior temporal
sulcus and bilaterally in the occipital lobes, suggesting that IGI is also able to capture
differences in brain shape related to a neurodegenerative process.

At last, we will also measure [GI in the brain of the patients included in the OASIS
cohort who present mild symptoms of Alzheimer disease, and explore whether [GI
is sensitive to the first atrophic changes associated with this devastating disease.



“Le mot de la fin”

For the reader who finally reached the end of this longer-than-ezxpected dissertation, I would
like to conclude on a very brief and less rigorous note.

Throughout this dissertation, different aspects of brain maturation and neuroimaging were
discussed, and I hope that I was able to transmit that I enjoyed a lot these three years of
research. I particularly liked the possibility to elaborate links between different disciplines.
Of course, as a MD-PhD student co-directed by both the Faculty of Medicine and the
Swiss Federal Institute of Technology, I was interested in bringing technical aspects and
medically-oriented questions at the same place. But I also enjoyed bridging psychiatric
aspects with neuroscience and neuroimaging, and with more somatic medical disciplines, as
for instance exploring the impact of congenital heart disease on brain structure, or discussing
with obstetricians in a fetal medicine congress.

As shown by the diverse studies published or under revision, this thesis represents a few
contributions to the field of 22q11DS, and also hopefully, to the domain of cortical folding
with the newly developed method. However, as raised in the Discussion part, an even
greater number of studies are left for the future, which I am looking forward to address.
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Annexes

Annex 1 — Psychotic symptoms in our cohort of patients with
22q11DS

The three graphics presented below detail the distribution of psychotic symptoms across
age in 65 patients with 22q11DS from our Geneva study cohort.
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Distribution of psychotic symptomatology:

- blue — schizophrenia

- red — psychosis (i.e. hallucinations AND delusions)

- yellow — psychotic symptoms (i.e. hallucinations OR delusions)

Units are given in percentage for each age bin.
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