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Abstract:
Congenital hydrocephalus (CH), characterized by incomplete clearance of cerebrospinal fluid and subsequent enlargement of brain ventricles, is the most common congenital brain disorder. The lack of curative strategies for CH reflects our poor understanding of the underlying pathogenesis. Here, we present an overview of recent findings in the pathogenesis of CH from human genetic studies and discuss the implications of these findings for treatment for CH. Findings from these -omics data has the potential to re-classify CH according to a molecular nomenclature which may increase precision for genetic counseling, outcome prognostication, and treatment stratification. Beyond immediate patient benefit, genomic data may also inform future clinical trials and catalyze the development of non-surgical, molecularly-targeted therapies. We therefore advocate further application of genomic sequencing in clinical practice by the neurosurgical community as a diagnostic adjunct in the evaluation and management of patients diagnosed with CH. 



Introduction: 
Hydrocephalus is defined as a pathological accumulation of cerebrospinal fluid (CSF) in the ventricular system of the brain. Given this broad definition, it has been proposed to more narrowly define this disorder as a “distension of the cerebral ventricular system due to inadequate passage of CSF from its point of production to its point of absorption” 1. Although secondary hydrocephalus is often found in the setting of obstructive brain tumors, leptomeningeal disease, infection and hemorrhage, these patients typically develop elevated intracranial pressure and demonstrate a clear obstructive pathology 2. Infantile hydrocephalus, however, is often present without a known antecedent or identifiable obstruction, and is therefore classified as primary (idiopathic) or congenital hydrocephalus (CH) 3. CH is the most common developmental neurological disease that affects 1/1,000 live births 4 and costs the US healthcare system in excess of $2 billion annually 4,5. CH can occur in the setting of complete/partial intraventricular obstruction (non-communicating hydrocephalus), most often due to aqueductal stenosis; however, commonly this infantile form of hydrocephalus is “communicating” and no physical obstruction to CSF flow is apparent. 

Surgical CSF shunting or endoscopic third ventriculostomy (ETV) procedures aimed at reducing CSF accumulation are the current mainstay of treatment. While these procedures can be lifesaving, they carry high rates of morbidity, complication, and failure, often requiring repeat surgeries and life-long neurosurgical management 3. Even after surgical intervention, however, ventriculomegaly persists in many CH patients, and shunting often does not improve neurodevelopmental outcomes in this patient population 6-8. Paradoxically, some CH patients demonstrate normal or low intracranial pressure (ICP) at the time of shunt placement 3,9. Together, these observations highlight the fundamental challenge of managing such a heterogenous disease, and argues that some CH patients may not benefit from neurosurgical intervention. This therefore raises the question of whether ventriculomegaly in shunt-refractory hydrocephalus is a primary disorder of CSF homeostasis, or an associated epiphenomenon of a more critically impaired neurodevelopmental process. An improved understanding of the cellular and molecular mechanisms that drive the pathogenesis of CH in human patients could improve diagnostic testing, therapeutic options, and patient outcomes. 

Perhaps the most efficient and unbiased approach to gain insight into CH pathogenesis is to identify novel disease-causing genetic variations. Genetic studies in animals 11 and in human syndromic CH 10-13 show that single inherited variants can exert large effects on CH risk 14,15. Nevertheless, despite reports of multiplex pedigrees that feature CH as the predominant phenotypic feature (i.e., “non-syndromic" CH), the number of genes identified and the proportion of CH patients explained by these genes small 16. Variants in these genes are predicted to account for less than 5% of primary CH cases 17, despite that greater than 40% of all CH cases have been predicted to have an underlying genetic etiology 18. Thus, most of CH cases remain genetically unexplained, emphasizing the need for continued gene discovery. The identification of novel human CH disease genes may guide generation of animal models that can help elucidate disease mechanisms, catalyze the discovery of medically-based treatments, and reduce neurosurgical refraction. 

Locus and phenotypic heterogeneity, incomplete penetrance, and pleiotropy have hindered CH gene discovery efforts using traditional family-based linkage approaches 16. CH and other clinically heterogenous neurodevelopmental disorders (NDD) also show strong signs of negative selection, suggesting that the genetic architecture of these diseases consists of rare variants with large deleterious effects. These observations, along with the sporadic nature of CH, suggest that a significant proportion of variants that strongly contribute to disease pathogenesis in CH are likely to have arisen de novo in the population. To that end, whole exome sequencing (WES) of case-parent trios (affected patient and their parents) is an efficient and cost-effective method of disease-causing gene discovery that enables selective sequencing of all protein coding genomic regions 19. This makes WES a suitable technique for the detection of rare deleterious variants, especially when used to sequence a large cohort of patients and their unaffected family members. WES has recently demonstrated the importance of rare damaging de novo mutations (DNMs) and transmitted (inherited) mutations with variable expressivity and incomplete penetrance as important mechanisms of disease in several different genetically heterogeneous NDDs, including autism, epilepsy, and intellectual disability 20,21. Genetic studies using other omics data followed by functional experiments also discover several novel loci associated with CH 22-25. In this article, we review recent gene discovery efforts for CH and discuss the clinical and research utility of WES in understanding the molecular pathogenesis of this disorder. We suggest WES and other next-generation sequencing-based technologies will become mainstay diagnostic and prognostic adjuncts for patients clinically diagnosed with CH.



Main text:
Applying genomic sequencing to the discovery of CH genes and pathways 

Only eighteen years ago, the human genome project was completed after thirteen years of work at a total cost of $2.7 billion 26. Over the last two decades, technological advancement and innovative multiparallel sequencing approaches have driven the time and cost investment of genomic sequencing far lower than would be predicted by the exponential growth of computational power, allowing next-generation sequencing (NGS) technologies to be widely applicable in both research and clinical environments (Figure 1). With particular relevance to recent CH gene discovery, WES applies targeted capture of the exome – the protein coding regions of the genome – along with flanking intronic regions followed by massively parallel sequencing to recognize variation across the exome relative to a reference sequence 27. Comprising only 1.2% of the human genome, the exome is disproportionately represented in genetic diseases, harboring an estimated 85.5% of all deleterious variants causative of human diseases (Figure 2) 28. Where proband-maternal-paternal trio data is available, WES can also identify coding region and splice site de novo mutations (DNMs), which have been highly associated to CH pathogenesis 29-31. Thus, WES presents itself as a more time- and cost-effective methodology for unbiased CH gene discovery and diagnosis for patients with idiopathic hydrocephalus and has repeatedly been proven successful in gene discovery for CH as well as other congenital or neurological conditions 20,23,26,30,32-36.  Additionally, genomic studies can direct future functional studies into CH pathogenesis, identifying underlying disease processes and potentially catalyzing the development of future therapeutic options 22.

It is also important to delineate that many genes have been reported as associated with CH, however for most of these, defects or dysfunction in the genetic code do not necessarily translate into clinical manifestations of hydrocephalus in patients 37. For the purposes of this review, we will be discussing only the currently-known high-confidence CH gene candidates. These high-confidence genes are those for which strong evidence exists that primary CH results directly from their alteration, including multiple damaging DNMs, an exome-wide significant mutational burden, and/or multiple independent transmitted mutations co-segregating with CH in independent pedigrees (Table 1). 

Although the rate of gene discovery is increasing exponentially, relatively few high-confidence CH genes have been described, and those discovered comprise a small portion of the expected number of CH-associated genes (Figure 1). Thus, while a genetic panel may be less expensive and able to identify the most common variants in known CH genes, WES has the advantage of superior resolution to identify gene dysfunction, which can translate to enhanced discovery of novel CH genes, as well as novel single nucleotide (SNVs), copy number (CNVs), and other structural variants on known CH genes 38. Importantly, WES analysis of CH patients can also contribute to phenotypic expansion of currently-described syndromes for which a CH phenotype is not currently documented, further aiding diagnostic yield. 

Whole-genome sequencing (WGS) shares many of the advantages of WES over traditional genetic testing but includes information on variants in the noncoding region including in sites which can lead to disease phenotypes if altered such as promoter, enhancer, and branch splice site regions. Additionally, WGS boasts increased uniformity of coverage depth across the exome to inform variant calling in regions of the genome not amenable to capture 35. Despite this, WGS is currently several times more expensive with only moderately increased diagnostic yield over WES. For that reason, it is common practice to use the more expensive WGS as a secondary approach only in cases where genetic etiology is expected, but WES analysis was not able to resolve a genetic basis of disease. 

With increasing accessibility and affordability of next-generation sequencing (NGS) technologies, and especially WES, there has been an explosion in gene and pathway discovery for many diseases, including CH (Figure 1). The discovery of new genes and structural variants associated with CH is improving our understanding of the biological pathways involved in this elusive pathology. Further, the identification of these genetic mutations is shedding light on the relative contribution of the aggregate disease profile that must be considered when applying genetic analysis such as WES to the diagnosis of CH. Therefore, we advocate a tier-sequencing approach (i.e., WES followed by WGS in patients whose finding was negative from WES) for routine medical practice. Studies of clinical utility and cost-effectiveness have showed that genomic sequencing in complex pediatric patients saves significant costs and dramatically improves the diagnostic yield of traditional cytogenic or targeted panel sequencing approaches 39-41.

Relative Contribution of Chromosomal Aneuploidy and Copy Number Variants

While strong evidence of ubiquitous, primary CH has yet to be described as a result of chromosomal aneuploidy or copy number variation, there are a number of structural variants where the extent of association to CH is unknown. 

Historically, down syndrome 42, or trisomy 21, has been linked to CH in large cohort studies featuring 11,000 cases and 7.8 million controls 43. Down syndrome is the most common autosomal trisomy 3 and is often characterized by delays in physical growth and varying intellectual disability. Independent studies have shown that Down syndrome patients have a greater activation of the mTORC1 pathway in brain tissue than those patients without Down syndrome. Hydrocephalus is one of many neuroanatomical phenotypes linked with an increase in activation of mTORC1 44. Compoundingly, a recent study has reported significant association of CNV deletion events in trisomy 21 patients with fetal ventriculomegaly 45. Furthermore, others have identified a number of copy number variations as potential causes of fetal ventriculomegaly and thus potential agents of CH pathogenesis 46. 

After Down syndrome, trisomy 18 47 is the second most common autosomal trisomy 43. It is one of many cytogenetic abnormalities associated with hydrocephalus 3. However, this association is very rare. It is unusual to see CH present alongside trisomy 18 in the absence of other brain abnormalities. Further research is necessary to determine if this presentation of CH is coincidental or a high-confidence association 47.

Lastly, Furey et al. report five verified de novo CNVs after applying XHMM algorithms to call CNVs from a cohort of 125 WES-sequenced trios, with two duplication events occurring at the SHH locus. The protein coded by SHH is the canonical ligand for PTCH1, a high-confidence CH gene that regulates neurogenesis by conveying spatial information to ventral neural progenitor cells in the neural tube 30. Notably, de novo single nucleotide variants in SHH were also disproportionally enriched compared to the expected number in a later study of 232 CH trios discussed later in this review 36. Further studies will be needed to fully elucidate the involvement of SHH in the pathogenesis of CH. 

Relative contribution of single nucleotide variants and small insertion/deletion events

Contrastingly, single nucleotide variants (SNVs) and small (less than100 base pair) insertion/deletion events (indels) comprise the majority of novel CH gene and pathway discoveries through genomic approaches. Current WES capture and analysis is known to be accurate in identifying the vast majority of SNV and indel events, and novel technologies are developed daily to increase the coverage and calling of WES while decreasing cost. 

Autosomal-dominant inheritance and de novo variants

Recently, analysis of WES data from CH trios (proband, mother, father) for DNMs and rare, autosomal dominant variants has yielded rich results for the discovery of novel CH genes and expansion of CH pathway involvements 36,48,49. Recent studies have applied WES of CH patients and found significant evidence tying variants in FOXJ1 into CH pathogenesis in both de novo and transmitted modalities of inheritance. These have implicated impaired cilia formation and function to the development of CH symptoms, further suggesting a currently-unknown underlying disease mechanism for CH 24,25  Most recently, analysis of 381 neurosurgically-treated CH patients (232 trios) found that damaging DNMs account for >17% of all CH cases with five genes (TRIM71, SMARCC1, PTEN, PIK3CA and FOXJ1) identified as having significant de novo mutation burden 36. From this report and application of similar methods, CH pathway homologies may be elucidated. For example, the finding that PI3K signaling genes PIK3CA, PTEN and MTOR are frequently mutated in sporadic CH implicates the PI3K pathway in hydrocephalus molecular pathology 50. Further analysis of recurrent DNMs has also identified FOXJ1, FMN2, and PTCH1, which all harbored multiple DNMs and damaging inherited variants, as likely CH genes 36. Additionally, TRIM71, PTCH1, and SMARCC1, all high-confidence or probable CH genes, were found to have significant burden of de novo and transmitted variants in an exome sequencing study of 125 trios with 52 additional probands 48. Additionally, de novo variants in SHH, which encodes PTCH1 ligand, were also disproportionately elevated in the CH cohort. Notably, all four genes (TRIM71, PTCH1, SMARCC1, SHH) are required for neural tube development and regulate prenatal neural stem cell progression, implicating impaired neurogenesis in the pathology of a subset of CH cases 31,48,51,52. Another report examined a cohort of exome-sequenced, L1CAM-negative CH patients applying XHMM algorithms to predict de novo copy number variants in addition to traditional analyses, and identified SLC12A6 and SLC12A7, closely-related K-Cl cotransporters, as novel CH-associated genes 49. Thus, WES can be applied to the detection of a wide number of autosomal-dominant variants, with particular focus being given to DNMs in instances where trio data is available. 

Autosomal-recessive inheritance

WES of CH patients has also identified rare autosomal recessive variants, further elucidating the genetic profile of CH. Prior to the widespread application of WES, however, gene discovery through rare variants was much slower. For example, Al-Dosari et al. describe a case study of two consanguineous families which underwent linkage analysis and autozygosity mapping followed by direct sequencing of a 6.9Mb interval, revealing MPDZ as a novel CH disease gene with a constellation of associated additional clinical findings including neurodevelopmental delay, seizures, coloboma, ocular disorders, and craniofacial malformations as well as various systemic defects beyond the nervous system 53. Ekici et al. describe the second autosomal-recessive CH gene identified without WES. Through positional cloning and targeted sequencing of a consanguineous family, they identified a novel splice site mutation in CCDC88C resulting in a consistent complex hydrocephalic brain malformation with associated craniofacial abnormalities 54,55. WES-mediated studies, by comparison, are faster and able to identify single CH disease genes from complex multi-syndromic or pleiotropic phenotypes. Slavotinek et al. report exome sequencing of five probands from three nonconsanguineous families with cerebral ventriculomegaly, echogenic kidneys and histopathological findings of congenital nephrosis to identify novel deleterious autosomal-recessive variants in CRMB2 in all sequenced probands 56. In another case study, WES identified compound-heterozygous variants in ATP1A3 in a single patient inherited from unaffected parents. These mutations were subsequently confirmed as causal of CH by immohistochemical studies of ATP1A3 activity in mouse embryonic brain tissue 57. Shaheen et al. increased the study cohort size, performing a WES and Axiom SNP-chip array study on a moderate size CH cohort of 27 families, each with two or more children diagnosed with CH. The group was able to identify likely-causal mutations in 21 of 27 families (78%) and described two novel CH genes, EML1 and WDR81, highlighting ciliopathies as a major contributing factor to CH pathology 38. WES, therefore, demonstrates robust performance in ascertaining causal autosomal-recessive CH variants, with particular power in consanguineous families or in those where pedigree data supports an autosomal-recessive modality of inheritance. 

X-linked Inheritance

X-linked hydrocephalus (HSAS), which is characterized by intellectual disability and enlarged brain ventricles, was the first form of CH to be mapped to a defect in a specific gene. Through analysis of recombination events, Rosenthal et al. mapped the gene HSAS to an interval of two Mb in Xq28. Further analysis of patient-derived cDNA of the same chromosomal subregion revealed a novel mRNA species of L1, a highly-conserved glycoprotein involved in the migration and adhesion of neurons 14. Consequently, Camp et al. conducted a mutation analysis of L1CAM, an L1 gene found within the identified Xq28 subregion, in 25 HSAS families and subsequently confirmed L1CAM as the primary HSAS gene and the first identified CH gene 58. Sheen et al. later reported three familial cases of periventricular hypertropia (PH) with hydrocephalus and suggestive linkage to the Xq28 subregion. Specifically focusing on FLNA which had been previously reported as associated with PH, the group found significant phenotypic heterogeneity in FLNA variants, suggesting a more complex inheritance pattern 20,59,60. Lastly, Saillour et al. report variants in AP1S2 as causative in an X-linked syndrome characterized by hydrocephalus and intellectual disability 61.

Value of a Diagnosis

Together, CH afflicts millions of children globally. Although clinically the disease appears similar across patients, each CH gene variant is, to a degree, rare and can constitute a unique CH pathogenesis specific to each patient. An understanding of the underlying genetic pathway for each patient is important, not only for development of targeted therapy, but also for accurate diagnosis. Often, patients presenting with a genetic syndrome wait months-to-years before receiving a specific diagnosis, a challenging and time-consuming process termed “the diagnostic odyssey.” In a 2013 study of 613 rare disease patients, the average elapsed time from first clinical presentation to the correct diagnosis was 7.6 years in the United States. Moreover, each patient visited an average of eight separate physicians and received three misdiagnoses 62. Further, a recent analysis comparing Canadian rare disease patients who received a diagnosis to those who did not, found multifold benefits for the diagnosed patients. 

Beyond the primary positive medical impact of increased access to disease-specific therapies, diagnosis provided positive social impacts, such as the ability for patients to join disease-specific support groups, and positive personal impacts including a higher reported sense of patient empowerment and self-confidence as well as the ability to conduct life-planning and reproductive decision-making. These factors all significantly contribute to positive outcomes and satisfaction as a result of diagnosis, and improve overall quality of life for patients 63. Although there has been no report of the personalized treatment for CH patients with known disease-causing mutations, personalized treatments have been initiated for several rare diseases, including ethosuximide for GNB encephalopathy 64, levodopa for CTNNB1/β-catenin deficient dystonia 65, and 5-aminoimidazole-4-carboxamide riboside for AMPD2- related Rationale for dopa-responsive 66, which suggests targeted gene therapies could soon come to fruition for CH patients who have undergone genomic sequencing. Furthermore, genetically diagnosing CH opens the possibility of stratifying surgical outcomes by gene variant; currently, there is no such data on this. Such analysis could ultimately predict responsiveness to shunting and/or aid in prognostication for patients and families.  

Future Directions

Although WES has the potential to enhance the care and management of patients with CH, there are limitations in its diagnostic capabilities. Specifically in cases (1) lacking true genetic etiology; (2) with genetic etiology in regions of the genome not captured by WES such as promoter, enhancer, and branch-splice sites 67; with lowered detection threshold for chromosomal abnormalities; and (4) with genetic etiology in areas of the exome not amenable to capture. There are also areas upon which further study, novel technologies, and consensus guidelines may improve the utility of WES for the diagnosis of CH.

Functional Analysis for Variants of Unknown Significance (VUS)

As genomic medicine becomes more commonplace, an increasing number of gene variants are being identified. Many of these alterations are in previously undescribed genes or are in areas of otherwise unknown clinical significance (VUS). Traditional genetic approaches for interpreting the importance of genetic variants, such as case-control or co-segregation studies, require a large sample size, which limits the discovery of rare, novel, or unique disease-causing entities. Computational predictions of pathogenicity described previously are useful in variant filtration, however, they lack the high confidence level required for clinical translation and direct application to patient care 68-70. Additionally, continued community annotation with current ACMG pathogenicity classifiers and data sharing via databases such as ClinVar can provide continually-increasing knowledge for future diagnostic efforts 70-72.

Continuous Review

As the discovery of new CH-related genes accelerates, and known gene phenotypes are further defined, a clearer picture of the full spectrum of CH is coming into focus. These new insights are unveiling the importance of previously unknown and under-appreciated gene mutations and alterations as disease-causing agents, and as such, is actively redefining our definitions of many pathologies such as CH. As our knowledge continues to grow, it is likely that variants of previously unknown significance will become diagnostic parameters, and phenotypes thought to be constrained to the pediatric population may be further defined in adults. Furthermore, periodically reviewing previous collected samples in undiagnosed patients is also important. Multiple studies have reported an increased diagnostic yield ranging from +5.9% – +22.0% from reanalysis of data several years after initial analysis 73,74. Surprisingly, however, despite this potential for improvement in patient care, there are no official guidelines or regulations regarding the reanalysis of samples and thus it is rarely performed. A 2017 study reported that only 1 out of the 21 surveyed labs continuously reviewed undiagnosed cases 75. As such, there remains an unmet clinical and scientific need for universal policies and regulations governing the periodic review of undiagnosed cases. Making this a universal practice will not only improve clinical care of individual patients but will increase the cohort of patients with unique mutations available to study and has the potential to meaningfully impact our understanding of genetic disease.

Multiomic Analysis:
With increasing availability of data and the continual development of new analytical techniques, integration of multiple modalities of patient data including genomics, transcriptomics, epigenomics, and phenomics, may present a new methodology for discovery of CH genes, phenotypic clusters, and pathway involvements. A few recent studies in CH and other congenital neurological diseases have applied integrative multiomic approaches 23,36, but widespread adoption could revolutionize the field of CH genomics, driving new discoveries and informing future functional investigation in a poorly-understood and deeply heterogeneous disease. 

Conclusions: 
Taken together, these studies present WES as an efficient and inexpensive methodology for both the discovery of novel CH genes and the clinical diagnosis of idiopathic hydrocephalus. Genomic investigation of CH has elucidated many novel CH genes and pathways and presents itself as a potent tool for the diagnosis of both known, and in conjunction with functional variant analysis, unknown forms of idiopathic hydrocephalus. Here we describe the process of discovery for all CH genes along with relative contribution towards aggregate disease profile. We also review the current knowledge in the field of CH through the lens of WES and identify shortcomings that prevent optimal utility of WES in the diagnosis of CH while also offering suggestions of future directions to ameliorate these shortcomings. Finally, we discuss the multifold positive implications of a specific genetic diagnosis through genomic medicine including more targeted therapy, greater patient sovereignty in healthcare and reproductive decisions, and the ability to join disease-, syndrome-, or gene-specific affinity groups. With WES and whole-genome sequencing becoming increasingly more affordable and accessible, we predict genomic medicine will soon become commonly applied to the clinical diagnosis of a multitude of idiopathic conditions, including, but not limited to, CH. We, therefore, encourage the routine use of WES and other in-depth genetic analysis for all patients with CH. This developing genetic medicine approach will allow a transition from the general CSF shunting approach currently taken for most CH patients, to a patient-centered approach focused on therapeutic decisions based on pathological mechanisms that have the ability to treat the underlying disease and improve patient outcomes.


Disclosures: 
This work was supported by the Gruber Science Fellowship (G.A.), by the NIH Medical Scientist Training Program Training Grant T32GM136651 (P.Q.D), and by R01 NS111029-01A1, R01 NS109358, K12 228168 and the Rudi Schulte Research Institute (K.T.K.). S.C.J is supported by a K99/R00 Pathway to Independence Award (K99HL143036 and R00HL143036-02).

Describe any perceived Conflict(s) of Interest:
The authors declare that this review was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Acknowledgments: 
We thank the many children and adults with CH and their families who have contributed to our studies. Without their commitment to improving the state of the science in CH, this work would not have been possible.



References:

1.	Rekate HL. The definition and classification of hydrocephalus: a personal recommendation to stimulate debate. Cerebrospinal Fluid Res. 2008;5:2.
2.	Robert SM, Reeves BC, Marlier A, et al. Inflammatory hydrocephalus. Child's Nervous System. 2021.
3.	Tully HM, Dobyns WB. Infantile hydrocephalus: a review of epidemiology, classification and causes. Eur J Med Genet. 2014;57(8):359-368.
4.	Simon TD, Riva-Cambrin J, Srivastava R, et al. Hospital care for children with hydrocephalus in the United States: utilization, charges, comorbidities, and deaths. J Neurosurg Pediatr. 2008;1(2):131-137.
5.	Shannon CN, Simon TD, Reed GT, et al. The economic impact of ventriculoperitoneal shunt failure. J Neurosurg Pediatr. 2011;8(6):593-599.
6.	Casey AT, Kimmings EJ, Kleinlugtebeld AD, Taylor WA, Harkness WF, Hayward RD. The long-term outlook for hydrocephalus in childhood. A ten-year cohort study of 155 patients. Pediatr Neurosurg. 1997;27(2):63-70.
7.	Hoppe-Hirsch E, Laroussinie F, Brunet L, et al. Late outcome of the surgical treatment of hydrocephalus. Childs Nerv Syst. 1998;14(3):97-99.
8.	Lindquist B, Carlsson G, Persson EK, Uvebrant P. Learning disabilities in a population-based group of children with hydrocephalus. Acta Paediatr. 2005;94(7):878-883.
9.	Bret P, Chazal J. Chronic ("normal pressure") hydrocephalus in childhood and adolescence. A review of 16 cases and reappraisal of the syndrome. Childs Nerv Syst. 1995;11(12):687-691.
10.	Badano JL, Mitsuma N, Beales PL, Katsanis N. The ciliopathies: an emerging class of human genetic disorders. Annu Rev Genomics Hum Genet. 2006;7:125-148.
11.	Putoux A, Thomas S, Coene KL, et al. KIF7 mutations cause fetal hydrolethalus and acrocallosal syndromes. Nature genetics. 2011;43(6):601-606.
12.	Sotak BN, Gleeson JG. Can't get there from here: cilia and hydrocephalus. Nat Med. 2012;18(12):1742-1743.
13.	Lee L. Riding the wave of ependymal cilia: genetic susceptibility to hydrocephalus in primary ciliary dyskinesia. J Neurosci Res. 2013;91(9):1117-1132.
14.	Rosenthal A, Jouet M, Kenwrick S. Aberrant splicing of neural cell adhesion molecule L1 mRNA in a family with X-linked hydrocephalus. Nature genetics. 1992;2(2):107-112.
15.	Jouet M, Feldman E, Yates J, et al. Refining the genetic location of the gene for X linked hydrocephalus within Xq28. J Med Genet. 1993;30(3):214-217.
16.	Kousi M, Katsanis N. The Genetic Basis of Hydrocephalus. Annu Rev Neurosci. 2016;39:409-435.
17.	Adle-Biassette H, Saugier-Veber P, Fallet-Bianco C, et al. Neuropathological review of 138 cases genetically tested for X-linked hydrocephalus: evidence for closely related clinical entities of unknown molecular bases. Acta neuropathologica. 2013;126(3):427-442.
18.	Zhang J, Williams MA, Rigamonti D. Genetics of human hydrocephalus. J Neurol. 2006;253(10):1255-1266.
19.	Chong JX, Buckingham KJ, Jhangiani SN, et al. The Genetic Basis of Mendelian Phenotypes: Discoveries, Challenges, and Opportunities. American journal of human genetics. 2015;97(2):199-215.
20.	Epi KC, Epilepsy Phenome/Genome P, Allen AS, et al. De novo mutations in epileptic encephalopathies. Nature. 2013;501(7466):217-221.
21.	Krumm N, Turner TN, Baker C, et al. Excess of rare, inherited truncating mutations in autism. Nature genetics. 2015;47(6):582-588.
22.	Ito N, Riyadh MA, Ahmad SAI, et al. Dysfunction of the proteoglycan Tsukushi causes hydrocephalus through altered neurogenesis in the subventricular zone in mice. Science Translational Medicine. 2021;13(587):eaay7896.
23.	Hale AT, Bastarache L, Morales DM, Wellons JC, 3rd, Limbrick DD, Jr., Gamazon ER. Multi-omic analysis elucidates the genetic basis of hydrocephalus. Cell Rep. 2021;35(5):109085-109085.
24.	Wallmeier J, Frank D, Shoemark A, et al. De Novo Mutations in FOXJ1 Result in a Motile Ciliopathy with Hydrocephalus and Randomization of Left/Right Body Asymmetry. The American Journal of Human Genetics. 2019;105(5):1030-1039.
25.	Shapiro AJ, Kaspy K, Daniels MLA, et al. Autosomal dominant variants in FOXJ1 causing primary ciliary dyskinesia in two patients with obstructive hydrocephalus. Molecular Genetics & Genomic Medicine. 2021;n/a(n/a):e1726.
26.	Choi M, Scholl UI, Ji W, et al. Genetic diagnosis by whole exome capture and massively parallel DNA sequencing. Proceedings of the National Academy of Sciences. 2009;106(45):19096-19101.
27.	Choi M, Scholl UI, Ji W, et al. Genetic diagnosis by whole exome capture and massively parallel DNA sequencing. Proceedings of the National Academy of Sciences of the United States of America. 2009;106(45):19096-19101.
28.	Pennisi E. Genomics. ENCODE project writes eulogy for junk DNA. Science. 2012;337(6099):1159, 1161.
29.	Diab NS, King S, Dong W, et al. Analysis workflow to assess de novo genetic variants from human whole-exome sequencing. STAR Protocols. 2021;2(1):100383.
30.	Furey CG, Choi J, Jin SC, et al. De Novo Mutation in Genes Regulating Neural Stem Cell Fate in Human Congenital Hydrocephalus. Neuron. 2018;99(2):302-314.e304.
31.	Kundishora AJ, Singh AK, Allington G, et al. Genomics of human congenital hydrocephalus. Child's Nervous System. 2021.
32.	Duran D, Zeng X, Jin SC, et al. Mutations in Chromatin Modifier and Ephrin Signaling Genes in Vein of Galen Malformation. Neuron. 2019;101(3):429-443.e424.
33.	Diab NS, Barish S, Dong W, et al. Molecular Genetics and Complex Inheritance of Congenital Heart Disease. Genes. 2021;12(7).
34.	Yang Y, Muzny DM, Reid JG, et al. Clinical whole-exome sequencing for the diagnosis of mendelian disorders. N Engl J Med. 2013;369(16):1502-1511.
35.	Gilissen C, Hehir-Kwa JY, Thung DT, et al. Genome sequencing identifies major causes of severe intellectual disability. Nature. 2014;511(7509):344-347.
36.	Jin SC, Dong W, Kundishora AJ, et al. Exome sequencing implicates genetic disruption of prenatal neuro-gliogenesis in sporadic congenital hydrocephalus. Nature Medicine. 2020;26(11):1754-1765.
37.	McKnight I, Hart C, Park I-H, Shim JW. Genes causing congenital hydrocephalus: Their chromosomal characteristics of telomere proximity and DNA compositions. Experimental Neurology. 2021;335:113523.
38.	Shaheen R, Sebai MA, Patel N, et al. The genetic landscape of familial congenital hydrocephalus. Annals of neurology. 2017;81(6):890-897.
39.	Yeung A, Tan NB, Tan TY, et al. A cost-effectiveness analysis of genomic sequencing in a prospective versus historical cohort of complex pediatric patients. Genet Med. 2020;22(12):1986-1993.
40.	Duncavage EJ, Schroeder MC, O'Laughlin M, et al. Genome Sequencing as an Alternative to Cytogenetic Analysis in Myeloid Cancers. The New England journal of medicine. 2021;384(10):924-935.
41.	Ewans LJ, Schofield D, Shrestha R, et al. Whole-exome sequencing reanalysis at 12 months boosts diagnosis and is cost-effective when applied early in Mendelian disorders. Genet Med. 2018;20(12):1564-1574.
42.	Forcelini CM, Mallmann AB, Crusius PS, et al. Down syndrome with congenital hydrocephalus: case report. Arq Neuropsiquiatr. 2006;64(3B):869-871.
43.	Cleves MA, Hobbs CA, Cleves PA, Tilford JM, Bird TM, Robbins JM. Congenital defects among liveborn infants with Down syndrome. Birth defects research Part A, Clinical and molecular teratology. 2007;79(9):657-663.
44.	Switon K, Kotulska K, Janusz-Kaminska A, Zmorzynska J, Jaworski J. Molecular neurobiology of mTOR. Neuroscience. 2017;341:112-153.
45.	Xue H, Yu A, Lin N, et al. Detection of copy number variation associated with ventriculomegaly in fetuses using single nucleotide polymorphism arrays. Sci Rep. 2021;11(1):5291-5291.
46.	Wang Y, Hu P, Xu Z. Copy number variations and fetal ventriculomegaly. Current Opinion in Obstetrics and Gynecology. 2018;30(2).
47.	Metwalley KA, Farghalley HS, Abd-Elsayed AA. Congenital hydrocephalus in an Egyptian baby with trisomy 18: a case report. J Med Case Rep. 2009;3:114.
48.	Furey CG, Choi J, Jin SC, et al. De Novo Mutation in Genes Regulating Neural Stem Cell Fate in Human Congenital Hydrocephalus. Neuron. 2018;99(2):302-314 e304.
49.	Jin SC, Furey CG, Zeng X, et al. SLC12A ion transporter mutations in sporadic and familial human congenital hydrocephalus. Mol Genet Genomic Med. 2019;7(9):e892.
50.	Rivière J-B, Mirzaa GM, O'Roak BJ, et al. De novo germline and postzygotic mutations in AKT3, PIK3R2 and PIK3CA cause a spectrum of related megalencephaly syndromes. Nature genetics. 2012;44(8):934-940.
51.	Gavino C, Richard S. Patched1 haploinsufficiency impairs ependymal cilia function of the quaking viable mice, leading to fatal hydrocephalus. Mol Cell Neurosci. 2011;47(2):100-107.
52.	Vogel P, Read RW, Hansen GM, et al. Congenital hydrocephalus in genetically engineered mice. Vet Pathol. 2012;49(1):166-181.
53.	Al-Dosari MS, Al-Owain M, Tulbah M, et al. Mutation in MPDZ causes severe congenital hydrocephalus. J Med Genet. 2013;50(1):54-58.
54.	Ekici AB, Hilfinger D, Jatzwauk M, et al. Disturbed Wnt Signalling due to a Mutation in CCDC88C Causes an Autosomal Recessive Non-Syndromic Hydrocephalus with Medial Diverticulum. Mol Syndromol. 2010;1(3):99-112.
55.	Ruggeri G, Timms AE, Cheng C, et al. Bi-allelic mutations of CCDC88C are a rare cause of severe congenital hydrocephalus. American Journal of Medical Genetics Part A. 2018;176(3):676-681.
56.	Slavotinek A, Kaylor J, Pierce H, et al. CRB2 mutations produce a phenotype resembling congenital nephrosis, Finnish type, with cerebral ventriculomegaly and raised alpha-fetoprotein. American journal of human genetics. 2015;96(1):162-169.
57.	Allocco AA, Jin SC, Duy PQ, et al. Recessive Inheritance of Congenital Hydrocephalus With Other Structural Brain Abnormalities Caused by Compound Heterozygous Mutations in ATP1A3. Front Cell Neurosci. 2019;13:425.
58.	Van Camp G, Vits L, Coucke P, et al. A duplication in the L1CAM gene associated with X-linked hydrocephalus. Nature genetics. 1993;4(4):421-425.
59.	Sheen VL, Basel-Vanagaite L, Goodman JR, et al. Etiological heterogeneity of familial periventricular heterotopia and hydrocephalus. Brain Dev. 2004;26(5):326-334.
60.	Jefferies JL, Taylor MD, Rossano J, Belmont JW, Craigen WJ. Novel cardiac findings in periventricular nodular heterotopia. American Journal of Medical Genetics Part A. 2010;152A(1):165-168.
61.	Saillour Y, Zanni G, Des Portes V, et al. Mutations in the &lt;em&gt;AP1S2&lt;/em&gt; gene encoding the sigma 2 subunit of the adaptor protein 1 complex are associated with syndromic X-linked mental retardation with hydrocephalus and calcifications in basal ganglia. Journal of Medical Genetics. 2007;44(11):739.
62.	Angelis A, Tordrup D, Kanavos P. Socio-economic burden of rare diseases: A systematic review of cost of illness evidence. Health Policy. 2015;119(7):964-979.
63.	Esquivel-Sada D, Nguyen MT. Diagnosis of rare diseases under focus: impacts for Canadian patients. J Community Genet. 2018;9(1):37-50.
64.	Colombo S, Petri S, Shalomov B, et al. G protein-coupled potassium channels implicated in mouse and cellular models of GNB1 Encephalopathy. bioRxiv. 2019:697235.
65.	Pipo-Deveza J, Fehlings D, Chitayat D, Yoon G, Sroka H, Tein I. Rationale for dopa-responsive CTNNB1/ss-catenin deficient dystonia. Mov Disord. 2018;33(4):656-657.
66.	Akizu N, Cantagrel V, Schroth J, et al. AMPD2 regulates GTP synthesis and is mutated in a potentially treatable neurodegenerative brainstem disorder. Cell. 2013;154(3):505-517.
67.	Shannon CN, Simon TD, Reed GT, et al. The economic impact of ventriculoperitoneal shunt failure. J Neurosurg Pediatr. 2011;8(6):593-599.
68.	Thompson BA, Greenblatt MS, Vallee MP, et al. Calibration of multiple in silico tools for predicting pathogenicity of mismatch repair gene missense substitutions. Hum Mutat. 2013;34(1):255-265.
69.	Guo MH, Plummer L, Chan YM, Hirschhorn JN, Lippincott MF. Burden Testing of Rare Variants Identified through Exome Sequencing via Publicly Available Control Data. American journal of human genetics. 2018;103(4):522-534.
70.	Richards S, Aziz N, Bale S, et al. Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet Med. 2015;17(5):405-424.
71.	Harrison SM, Riggs ER, Maglott DR, et al. Using ClinVar as a Resource to Support Variant Interpretation. Current protocols in human genetics / editorial board, Jonathan L Haines  [et al]. 2016;89:8 16 11-18 16 23.
72.	Landrum MJ, Lee JM, Benson M, et al. ClinVar: public archive of interpretations of clinically relevant variants. Nucleic Acids Res. 2016;44(D1):D862-868.
73.	Liu P, Meng L, Normand EA, et al. Reanalysis of Clinical Exome Sequencing Data. The New England journal of medicine. 2019;380(25):2478-2480.
74.	Salfati EL, Spencer EG, Topol SE, et al. Re-analysis of whole-exome sequencing data uncovers novel diagnostic variants and improves molecular diagnostic yields for sudden death and idiopathic diseases. Genome Med. 2019;11(1):83.
75.	O'Daniel JM, McLaughlin HM, Amendola LM, et al. A survey of current practices for genomic sequencing test interpretation and reporting processes in US laboratories. Genet Med. 2017;19(5):575-582.


