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            Abstract

            
               
Background: The corpus callosum is the largest connective fiber between two hemispheres and a crucial structure for the integrated cerebral
                  function of the normal brain. The study of agenesis of the corpus callosum (ACC) develops insights into neurodevelopmental
                  delays and autism in children. 
               

               Materials and Methods: This is a case series of eight children with ACC confirmed by a neuroimaging in a teaching hospital. The clinico-neuroradiological profile
                  of ACC were studied retrospectively and reviewed clinical correlation with neuroradioimaging in the light of neuropathophysiology
                  knowledge.
               

               Results: The study group was appeared as nonsyndromic. Every subject had a normal chromosomal study by karyotyping. These ACC patients
                  neither had a specific recognizable syndrome nor the constellation of malformations are indicative of a disorder. 
               

               The mean age of subjects was 21.3 months, and no predilection for gender. The global developmental delay was the most common
                  presentation found in seven ACC (87.5%) children. The second commonest, four ACC (50%) patients, was seizure. Two ACC (25%)
                  had colpocephaly. Five ACC children (62.5%) had somatic anomalies; four ACC (50%) patients had cardiac defects.
               

               Conclusions: ACC children present a poor neurodevelopmental outcome. 
               

               The extracallosal brain anomaly determines a worse neurological prognosis in nonsyndromic ACC. Grey matter heterotopia in
                  neuroimaging was associated with seizure in ACC children. 
               

               However, colpocephaly along with ACC may present with normal neurodevelopment. Hence, ACC in neuroimaging may have not predicted
                  the final neurological outcome.
               

               ACC children with normal karyotyping may have somatic malformations. Moreover, echocardiography can be considered an initial
                  routine screening in nonsyndromic ACC children.
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               Introduction

            The corpus callosum (CC) is the largest connective white matter of the brain.1 The CC is predominantly an excitatory fiber for interhemispheric transfer (IHT) which is responsible for the integrated brain
               function. 2

            The CC develops from the pioneer fibers during the 12th to the 20th weeks of gestation, and crosses the midline under the
               guidance of commissural patterned glial cells. This is a multistep development observed in the animal model, and can be hindered
               in different steps by multiple causes. These are 1: genetic defects (trisomy 18 and 13 in 20%), metabolic disorder, maternal substance use (alcohol), and congenital infections.
               
            

            Only 30% to 45% of agenesis of the corpus callosum (ACC) patients have definite etiology.2 Of these, 10% had chromosomal abnormalities, and 20-35% had specific genetic syndromes. ACC is a rare anomaly and is listed
               in ORPHAnet (ORPHA200).
            

            The estimated birth-prevalence of ACC is 0.018% in a population-based study3 and 2% to 3% in a pediatric population with neurodevelopmental delay. 2

            ACC most commonly presents with neurodevelopment delays in children, and the second most common is seizures.  Various associated
               malformations with ACC are described such as somatic anomalies, facial dysmorphism, cardiac defects, etc. 3  
            

            Computerized tomography (CT), or Magnetic resonance imaging (MRI) of the brain is the best choice to diagnose ACC, and treatment
               is mostly supportive. 1

            The functional anatomical classification of CC4 has failed to delineate the possible neurodevelopmental deficit associated due to ACC. Hence, the study of ACC may provide
               an understnading of normal integrated brain function and insight into neurodeveloptal disorders in children. 2 
            

            We discuss the clinico-neuroradiological features of eight ACC children in the light of literature. 

         

         
               Materials and Methods 

            This is a case series of eight children who were confirmed ACC by neuroradioimaging. 

            We excluded secondary ACC (destroyed after normal formation) to major neural maldevelopment like holoprosencephaly, lissencephaly,
               etc.
            

            They were presented with a neurodevelopmental deficit or different neurological symptoms in the Pediatric department of Institute
               of Postgraduate Medical Education and Research from 2007 to 2014.
            

            The data were obtained from medical records. The following variables were reviewed retrospectively: demography, natal history,
               clinical details (history, general (Including dysmorphism), and systemic examination), assessment of development; MRI (1.5
               or 3 Tesla) and/ or CT brain, Karyotyping, Echocardiography, and Auditory Brainstem Evoked Responses (ABER), electroencephalography
               (EEG), thyroid blood tests [T3, T4, thyroid-stimulating hormone (TSH)] and relevant investigations. 
            

            Excel was used for data management and statistical calculations like mean, range, and percentage.

         

         
               Results

            The detailed analysis of the variable is laid down in table 1.

            
                  
                  Table 1

                  Agenesis of corpus collosum neuroradioimaging diagnosed cases

               

               
                     
                        
                           	
                              
                           
                            Case No.

                           
                        
                        	
                              
                           
                            Age

                           
                        
                        	
                              
                           
                            Gender

                           
                        
                        	
                              
                           
                            Clinical Presentation

                           
                        
                        	
                              
                           
                            Dysmorphic features

                           
                        
                        	
                              
                           
                            Heart defect

                           
                        
                        	
                              
                           
                            Famliy h/o genetic disease

                           
                        
                        	
                              
                           
                            Natal history

                           
                        
                        	
                              
                           
                            MRI /CT

                           
                        
                        	
                              
                           
                            Extracallosal  MRI /CT findings

                           
                        
                        	
                              
                           
                            Chromosomal analysis

                           
                        
                        	
                              
                           
                            Other tests

                           
                        
                     

                     
                           	
                              
                           
                            1

                           
                        
                        	
                              
                           
                            3yr

                           
                        
                        	
                              
                           
                            M

                           
                        
                        	
                              
                           
                            Developmental delay

                           
                        
                        	
                              
                           
                            Short stature coarse facies low set ears bilateral ptosis hepatosplenomegaly undescended testicle

                           
                        
                        	
                              
                           
                            atrial septal defect Valvular pulmonary stenosis

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            Nothing significant

                           
                        
                        	
                              
                           
                            CT agenesis of corpus callosum

                           
                        
                        	
                              
                           
                            Bilateral subdural effusion

                           
                        
                        	
                              
                           
                            46XY

                           
                        
                        	
                              
                           
                            T4 TSH - Within normal  limits (wnl)

                           
                        
                     

                     
                           	
                              
                           
                            2

                           
                        
                        	
                              
                           
                            11mons

                           
                        
                        	
                              
                           
                            M

                           
                        
                        	
                              
                           
                            Seizure, developmental delay

                           
                        
                        	
                              
                           
                            Cleft lip /palate

                           
                        
                        	
                              
                           
                            Patent ductus arteriosus

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            Nothing significant

                           
                        
                        	
                              
                           
                            MRI dysgenesis of corpus callosum

                           
                        
                        	
                              
                           
                            Grey matter heterotopia around temporal horn of left lateral  ventricle, Right frontal white matter signal abnormality with
                              abnormal sulcal pattern
                           

                           
                        
                        	
                              
                           
                            46XY

                           
                        
                        	
                              
                           
                            T4 TSH - wnl

                           
                        
                     

                     
                           	
                              
                           
                            3

                           
                        
                        	
                              
                           
                            3yr

                           
                        
                        	
                              
                           
                            F

                           
                        
                        	
                              
                           
                            Developmental delay

                           
                        
                        	
                              
                           
                            Facial dysmorphism low set ears hypertelorism flat occiput umbilical hernia inguinal hernia

                           
                        
                        	
                              
                           
                            Doppler Echo - moderate aortic regurgitation

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            Mother Chicken pox in 3rd trimester

                           
                        
                        	
                              
                           
                            MRI hypoplasia of splenium of corpus callosum

                           
                        
                        	
                              
                           
                            Parieto-occipetal periventricular white matter volume loss (T2)

                           
                        
                        	
                              
                           
                            46XX

                           
                        
                        	
                              
                           
                            ABER -normal T4 TSH - wnl, VEP - wnl, ECG -- wnl

                           
                        
                     

                     
                           	
                              
                           
                            4

                           
                        
                        	
                              
                           
                            2yr

                           
                        
                        	
                              
                           
                            F

                           
                        
                        	
                              
                           
                            Seizure started after one month of age, developmental delay

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            Perinatal Asphaxia

                           
                        
                        	
                              
                           
                            MRI brain agenesis of corpus callosum

                           
                        
                        	
                              
                           
                            Subependymal grey matter heterotopia bilateral, intraventricular subarachnoid cyst , Periventriclar whitematter hypoplasia

                           
                        
                        	
                              
                           
                            46XX

                           
                        
                        	
                              
                           
                            TSH T4 T3 wnl

                           
                        
                     

                     
                           	
                              
                           
                            5

                           
                        
                        	
                              
                           
                            6mon

                           
                        
                        	
                              
                           
                            M

                           
                        
                        	
                              
                           
                            Developmental delay

                           
                        
                        	
                              
                           
                            Cleft lip cleft palate, lipoma at lumboscaral region suggestive of neural tube defect ambiguous genitalia

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            Nothing significant

                           
                        
                        	
                              
                           
                            CT agenesis of corpus callosum

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            46XY

                           
                        
                        	
                              
                           
                            TSH T4 T3 wnl

                           
                        
                     

                     
                           	
                              
                           
                            6

                           
                        
                        	
                              
                           
                            2yr

                           
                        
                        	
                              
                           
                            F

                           
                        
                        	
                              
                           
                            Atypical febrile convulsion developmental delay

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            Nothing significant

                           
                        
                        	
                              
                           
                            CT scan shows Colpocephaly with cc agenesis

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            46XX

                           
                        
                        	
                              
                           
                            T4 TSH - wnl

                           
                        
                     

                     
                           	
                              
                           
                            7

                           
                        
                        	
                              
                           
                            10mon

                           
                        
                        	
                              
                           
                            M

                           
                        
                        	
                              
                           
                            Developmental delay 

                           
                        
                        	
                              
                           
                            Low set ears

                           
                        
                        	
                              
                           
                            Perimembraneous ventricular septal defect

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            Nothing significant

                           
                        
                        	
                              
                           
                            MRI shows corpus callosum agenesis colpocephaly (Figure  1)
                           

                           
                        
                        	
                              
                           
                            Sunependymal grey matter heterotopia on left side 

                           
                        
                        	
                              
                           
                            46XY

                           
                        
                        	
                              
                           
                            TSH T4 T3 wnl EEG

                           
                        
                     

                     
                           	
                              
                           
                            8

                           
                        
                        	
                              
                           
                            1yr 11m

                           
                        
                        	
                              
                           
                            F

                           
                        
                        	
                              
                           
                            Global Development delay Seizure  

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            None

                           
                        
                        	
                              
                           
                            Nothing significan

                           
                        
                        	
                              
                           
                            MRI splenium and corpus callosum Hypoplasia (Figure  2)
                           

                           
                        
                        	
                              
                           
                            None 

                           
                        
                        	
                              
                           
                            46XX

                           
                        
                        	
                              
                           
                            TSH - boderline raised

                           
                        
                     

                  
               

            

            
                  
                  Figure 1

                  MRI brain (images of case no. 7) showing agenesis of the corpus callosum and colpocephaly

               
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/fea2a49b-77fc-4054-aac9-406044dcc068image1.png]

            
                  
                  Figure 2

                  MRI brain the sagittal planes (images of case no. 8) showing partial agenesis of the corpus callosum (hypoplasia of splenium
                     and a part of trank)
                  

               
[image: https://s3-us-west-2.amazonaws.com/typeset-prod-media-server/fea2a49b-77fc-4054-aac9-406044dcc068image2.png]

         

         
               Discussion

            ACC presents from infant to adulthood with various clinical features such as neurodevelopmental delay in children, and schizophrenia
               in adults.2

            The clinical presentation of ACCs commonly occurs between 12 months3 to 24 months, 1 and a range of 2 days to 10 years in children.5 In this series, the mean age of ACC was 21.3 months with a range of 6 months to 3 years. Although male predominance was described
               in literature with a ratio of 3:26; gender preponderance was not observed in this series.
            

            In this series, the global neurodevelopmental delay was observed in seven ACC children (87.5%). Similarly, other studies revealed
               significant number of neurodevelopmental delays in ACC patients, from 77%4 to 85%.6 
            

            However, ACC may incidentally be detected by neuroimaging in an absolutely asymptomatic child without any apparent neuro-deficit
               for ACC. 1 The six-year girl (case no. 6) in the series was diagnosed with ACC with colpocephaly. She presented with an atypical febrile
               seizure but had a normal developmental assessment.
            

            IHT occurs through an alternate route in the ACC brain. 2 These alternate pathways are (1) other physiological connecting fibers like anterior commissure, or (2) newly developed anatomical
               pathways in ACC fetal brain like Probst bundles, a misrouted interhemispheric axons to counterbalance social-adaptive functioning.4 Additionally, underdeveloped/diminished sized anterior commissures were found in 60%2 to 73%4 ACC, and also non-developed/non-functioning new pathways were found in ACC. 
            

            IHT requires precise connection, whereas underdeveloped/nonfunctioning pathways in fetal ACC brain alter the cortical connectivity,
               consequently, the poor neurodevelopment was seen among ACC children. 'Fiber tracking' delineates the alternate pathways by
               diffusion tensor imaging and fiber tractography. 2 We could not perform ' fiber tracking' as it is not feasible in the center. Moreover, 'fiber tracking' is mainly used for
               research. 2 Therefore, only neuroimaging does not predict the final neurodevelopmental outcomes because this can not delineate alternate
               pathways. 
            

            In our series, four subjects had epilepsy (50%). Epilepsy was also frequently reported, 36%4 to 45.8 %,7 in ACC children. 
            

            Unterberger I et al., (2016)8 concluded that a malformation of cortical development (MCD) is the focus for epilepsy in ACC, not originating from ACC. Grey
               matter heterotopia is the most prevalent MCD in ACC neuroimaging. 9 Grey matter heterotopia was found in two epileptic ACC in our series (case no. 2 and 4). MCDs are also responsible for the
               neurodevelopmental delay. 4 The generalized tonic-clonic seizure was observed in every ACC of this series. Cases, serial number 2 and 4 were managed
               with phenobarbitone, and cases, serial number 6 and 8 were treated with valproate.
            

            The extra-callosal malformations are reported frequently in ACC patients. 3, 4, 9 The following extra-callosal malformation of the brain were found in our series: grey matter heterotopia, frontal white matter
               signal abnormality with the abnormal sulcal pattern, periventricular white matter hypoplasia, and intraventricular subarachnoid
               cyst. Hence, ACC is considered a part of a spectrum of generalized cerebral dysgenesis. 9 
            

            Anatomically, ACC has two subtypes:1 complete agenesis and partial (dysgenesis/hypoplasia). In this series, five ACC had the complete agenesis (57%) which was
               similar to another study (52%). 4 Three had partial ACC agenesis. However, the clinical features do not differ in subtypes as alternate pathways are the most
               important determining factor. 2

            ACC is divided into nonsyndromic and syndromic. 1 A syndromic ACC was reported in Apert syndrome, Aicardi syndrome, 10 etc. The most common variety is nonsyndromic ACC. 5, 10

            Five ACC children in the present series had a somatic abnormality. However, we didn't find any specific features which is
               diagnostic of a syndrome. In the series, face dysmorphism (low-set ears, hypertelorism, congenital ptosis) were found in three
               ACC children. Cleft lip /palate, genitalia (ambiguous genitalia, undescended testicle), and abdominal hernia were found in
               two ACC children each. A similar incidence of somatic abnormalities in ACC was observed 3 - gastrointestinal (7.5%), musculoskeletal (30.1%), and genitourinary (11.5%).
            

            An array comparative genomic hybridization (aCGH) is a study to detect any imbalances in entire deoxyribonucleic acid sequence
               in genome,11 and is used for ACC patients with somatic abnormalities to find out any associated genetic disorders. However, previous studies
               revealed that aCGH could not be significantly informative regarding clinical aspects of ACC.4 Al-Hashim AH et al. (2016)4 showed that 30% of genetically abnormal ACC had no clinical significance. 4 Furthermore, a significant number ACC patients with systemic abnormalities had neither any identifiable syndrome nor a genetic
               etiology. 4 Therefore, an aCGH to search out a genetic imbalances in an ACC with somatic abnormality might not be cost-effective from
               a clinical perspective. Hence, aCGH would be an advanced research tool. 
            

            Normal karyotypes in every subject were found in this study group. The aCGH could not be done due to non-feasibility.

            Maternal infection of cytomegalovirus,12 rubella, 13 and influenza14 were conjectured as a causal association with ACC. A varicella non-immunized mother in the present series (case no 3) had
               clinically evident chickenpox during the third trimester which was diagnosed by two consultants. So serological or virological
               confirmation were not ordered. Of those, maternal rubella13 was diagnosed only by clinically similar to the index case here. 
            

            The reasoning behind the conjecture12, 13, 14 was a possible association between maternal infection and fetal brain malformation. Congenital varicella syndrome can cause
               brain anomalies mostly in the first trimester, but it is also found in the third trimester.15 Therefore, maternal chickenpox might be associated with the development of ACC. After PUBMED and Google Scholar search, we
               didn't find any case reported maternal chickenpox with fetal ACC. The index case, according to our knowledge, is the first
               report of maternal chickenpox associated with ACC.
            

            The ACC patients with congenital heart disease were reported at 21%4 to 27.6%. 3 Congenital heart disease was found in four subjects in this series which is higher 20.5%3 than in previous nonsyndromic ACC studies. Therefore, we emphasize echocardiographic routine screening in every nonsyndromic
               ACC. 
            

            In the series, neuroimaging revealed colpocephaly associated with two ACC children (cases, serilal number no. 6 and 7). Colpocephaly
               is the disproportionate dilation of the posterior horns of the lateral ventricles in neuroimaging,2 indicative of the persistence of fetal vesicular configuration in the brain.16 Colpocephaly is the most commonly found in ACC. 17 
            

            One ACC child with colpocephaly (case no.7) presented with global neurodevelopment. Colpocephaly diminishes cortical association
               fibers, this would be the pathophysiology of neurodevelopmental delay in ACC. 2

            The girl child (case no 6) in the series has had an atypical febrile seizure, so CT brain was advised which revealed colpocephaly
               with ACC, and the cortical matter thinning around the occipital horns without any abnormality in brain parenchyma. It is inferred
               that an epileptic focus in colpocephaly originated from the disordered white matter of the occipital and posterior temporal
               region. 2, 18 Furthermore, she had a normal electroencephalogram, and normal neurodevelopmental assessment, without any neurological deficit
               or behavioral abnormalities. It is reported in the literature that colpocephaly was found in a normal person.19 Bodensteiner and Gay (1990 )20 demonstrated that neuroradiologically revealed structural change is colpocephaly; however,  the  white matter changes such
               as the diminished thickness/arrested development behind the colpocephaly could not be detected by neuroradiology. Therefore,
               the clinical presentation would be varied. 20

            Finally, the knowledge of clinico-neuroradioogical presentation ACC would help us to understand the CC function and neurocortical
               plasticity in poorly neurodeveloped children. 2 

         

         
               Limitation of the Study

            Retrospective study from a pediatric department.

         

         
               Message/ Key points

            A spectrum of clinical presentation of nonsyndromic ACC - from global developmental delay to asymptomatic, associated extra
               colossal anomaly and somatic abnormalities.
            

            Seizure focus might be at coexisting cortical developmental malformation, not originating from ACC. 

            The study emphasizes echocardiographic screening of nonsyndromic ACC.

            Maternal chickenpox could be an association of ACC.
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